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A GUJDE TO TIE DESIGN OF SHIPPIHG CASKS 

FOR TIE3 TWNSPOITI!ATION 01' RADIOACTIVE EWt%RIAL 

L. B, Shappert 

ABSTRACT 

The design of shippLng casks f o r  the transportation of 
radioactive material i s  governed not only by the physical 
properties of the source m t e r i a l  but a lso by regplations 
which place par t icu lar  Emits on in t e rna l  temperatures, cask 
s t ruc tu ra l  in tegr i ty ,  suxface dose -rates, e tc .  
most regulations a re  still i n  the formative stage since it 
i s  qui te  d i f f i c u l t  t o  translate desirable perfomfince speci- 
f ica t ions  i n t o  cask design specifications;  %his is  partic- 
u l a r ly  t rue  i n  the area of cask sti-uctural in tegr i ty .  

To date, 

This guide discusses the proposed regulations along 
w i t h  -the Latest available data concerning c r i t i c a l i t y ,  heat 
t ransfer ,  structural integri ty ,  shielding, and contamination 
of shipping casks. 

1. XIUXODUCTION 

Since e l e c t r i c i t y  i s  now being produced i n  pr ivate  nuclear reactors 
and, fur ther ,  the first p'ivate fuel-processing plant  has been authorized 
and w i l l  be i n  operation arowid 1966, private industiy w i l l  soon be in- 
volved in the shipping of spent f u e l  from the reactors to the processing 
p l an t ( s ) .  
of agencies (such as the Atomic Energy Coxiimission, the In te rs ta te  Corn- 
merce Commission, e tc .  ) have proposed repplations which w i l l ,  when 
accepted, govern such shipmnts i n  the i n t e r e s t  of publ3.c safety. 

technical sections of the proposed AE'C documnt [Code of Federal 

P r i o r  t o  the i n f l u x  of nimerous spent f u e l  shipments, a number 

The 
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ReLahtions ((TI<) T i t l e  10, Par ts  71 and 721 a re  noted i n  Table l.l,* 

Table 1.1. Technical Sections 

C r i t i c a l i t y  . 

Heat Remova 1 
Cask Structural  In tegr i ty  
Shielding 
Cask External Con-tarninntion 

_I_ 

In  order  to determine the reasoxt8.blemss of cei-tain pa r t s  i n  these 
sections, the  U,S. Atomic Energy Conmission has supported both experi- 
mental and theore t ica l  studios a t  the Oak Ridge National Laboratory and 
e1sedie:re. A t  ORKL!, exper imnta l  mrk has been done on cask s t ruc tu ra l  
in tegr i ty ,  cask heat t ransfer ,  and fire protection on isotope shipping 
containers; and theore t ica l  s tudies  have been mde on problems of 
cr iLLmli ty  control  during spent-fuel shipping. 

X u  Poiit has supported both theore t ica l  and exper imnta l  investigations 
of criticality and s t ruc tu ra l  in tegr i ty ,  i n  addition t o  s tudies  on f i r e  
pro iec t ion  of large shipping casks. 
and impact-tested models of lmffered isotope shipping casks and, i n  
additioiz, have nqde extensive investigations of basic c r i t i c a l i t y  data. 
The 1hmllli.n I n s t i t u t e  of Philadelphia has investigated the poss ib i l i t y  
and r e l i a b i l i t y  of impact-testing exact scale models of casks t o  determine 
the  e f fec t  o r  impact on the prototype. Other sites, notably Dow Chemical 

Company (!?ocQ F l a t s  Plant), Western Elec t r ic  Company (Sandia Laboratory), 

General Elec t r ic  (EanTord) has bWi.1-t 

and the University of Texas, have programs on impact testing:. 
Jaboia%ories have t es ted  shipping casks i n  a fire. 

Underwriters 

A number of .r.rorkers 

XThe AEC re ta la t ions  covering transportation of i r rad ia ted  f u e l  
elements discussed i n  %his  paper refer t o  those published i n  the Federal 
Re[;i:-t;cr on September 23, 1961, f o r  comment. However, i n  recent meetings 
a t  the hEC Headquarters (November, 1964), revised d ra f t s  of CFR Title 10 
F a r t s  71 and 72 mre discussed. It is c q e c t e d  t h a t  addi t ional  revisions 
~dll. be made as  a r e s u l t  of these meetings and anotlzer draft w i l l  be 
pu'blishcd i n  the ncar fu?;ur.c i n  the Federal Register for comment. A I . i s t  
o€  nos t other r e g ~ ~ l a t i o n s  app.Ucable .to the shipment o€ radioactive 
material- is given i n  Appendix 1. 
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accident probsbi l i t i es  with par t icu lar  emphasis on 
The Br i t i sh  have spent much time and e f f o r t  fruitfully 

have investigated 
t ruck  shipmnts.  
in these same areas, wEth particular emphasis on impact and fire tes t ing.  

This report i s  an attempt, t o  summarize those data which have been 
developcd t o  date and t o  present them in EI form most useful t o  those 
faced with designine an6 fabricat ing and/or using casks f o r  i r radiated 
nuclear fuel shipping. 
which Qppear t o  be most difficul..1; t o  meet have been stressed; however, an 
appraisal  of all parts of the  code has been attempted. 
contains, first, 8 short statement of the problems involved i n  the par t ic -  
ular  regulation; secondly, a summary of the applicable section of the 
proposed regulation (CYR T i t l e  10, Pasts 71 and 72); and finally, a dis- 
cussion of design; fabrication and operational nethods most likely t o  
result  i n  acceptable cask desig?. 

In general, data on tlrose parts of the regulations 

Each section 

This paper shoulcl be considered a status report since more information 
i s  being developed as a result of the ~ ~ . ~ ~ ? r n u s  testing programs, and msly 



mien the shipment 
accidental  c r i t i c a l i t y  
quanhfty o€ 235U t o  be 

2.1 Problem 

of f issi le Inaterial i s  contemplated, the hazard of 
while i n  t ransi t  must be carefu l0  studied. E the 
shipped is  less than 350 grams, no c r i t i c a l i t y  

hazard exists even i f  the m t e r i a l  i s  in solution form. The pecom~nded 
masses for safely handling 233U and 239Pu a r e  250 e; and 220 g, respectively,  1 

Iarger quant i t ies  my be shipped with l i t t l e  c r i t i c a l i t y  hazard if the 
f'issi2.c material  (plus any moderator which cou1.d become accidentally 
associatcd wi t11  the mLeria1) has the proper form, enrichment, and 
gcorre-try. 
m y  Le €ourLC1 in ref. 2 .  

The most couprehensivc source of c r i t i c a l  parameters available 

If the f i s s i l e  material  i s  i n  the form of f u e l  clemnts, economics 
n o n x l l y  corrpel one t o  consider transport  of as mny elements per cask as 
possible.  Inf'or- 
rmtion p-resenteti i n  Sect. 2.3 indicate  mcthods of c r i t i c a l i t y  control which 
erc useful i n  the shipment of large quant i t ies  of f iss i le  mterial, in- 
cluding t h e  cfi'ec'c t ha t  par t icu lar  variables have on the c r i t i c a l i t y  of a 
system, With such shipments, the effective mu1tiplicat;ion constant f o r  
the system i n  question n n r s t  be determined e i t h e r  by calculat ional  and/or 
expcrirnental rriethods. Nuclear codes, discussed i n  Sect ,  2.5, a r e  available 
t o  compute such basic nuclear constants of a par t icu lar  system. 
cxpcrinients are discussed i n  Sect. 2.4. 
t ion,  includinG the results of tw such cxperimnts, a r e  noted i n  Sect. 
2.5 e 

The hazaids of such a shipment must be closely examined. 

C r i t i c a l  
Methods of r eac t iv i ty  ver i f ica-  

It my be generally assumed tha t  the c r i t i c a l i t y  hazard of spent- 
fuel. shipnents my be successfully controlled with the use of f ixed poisons 
to the extent t h a t  heat t ransfer  and not c r i t i c a l i t y  will l i i n i t  the number 
of el.ernents to be shipped per cask. 

2.2 Regulations 

Conditions t o  be used i n  the control and evaluation of c r i t i c a l i t y  
during the shipment of spent f u e l  elements, taken from the proposed Code 
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of Federal Regulations, T i t l e  10, Part  72, are  discussed below: 
The number of f u e l  elermAs i n  a s ingle  cask must not 
exceed 75$ of the number required t o  obtain c r i t i c a l i t y  
under conditions spcci:fied below, o r  the effect ive neutron 

I’efrY mu1t:iplicntion constant, 
the same conditions . 
For calcuZationa1 and/or experimeotal purposes, it must 
be assumed that  mtcr is  distributed i n  and around the 
cask so as t o  CHUSC m x i m n  r eac t iv i ty  of the system i n  
que 5 ti on. 

1. 

does not exceed 0.9 under 

2 .  

The purpose i s  t o  ensure t h a t  accidental. inleakace, o r  
submergence of the cask i n  water, would not cause the 
system t o  become c r i t l c a l .  I n  addition, if  more than 
trace quant i t ies  of beryllium, graphite, o r  heavy water 
are expected t o  be present, fur ther  evaluation is  re- 
quired. 

3 .  If r eac t iv i ty  deweases with i r radiat ion,  the f u e l  
elernents should be considered unirracfiated. 
increases with i r radiat ion,  then the fuel e l e m n t s  should 
be considered i r rad ia ted  t o  the condition of maximum 
reactivity. 

The f u e l  elerrients should be considered t o  be i n  t h e i r  
most reactive army,  unless the  proposed spacing trill 

assure less than the maximum reac t iv i ty  and the fue l  
elements cannot be rearranged i n t o  a more react ive form 
by, f o r  example, s t - r u c t m l  damage. 

If react ivi ty  

4, 

5. S t ruc tura l  materials, including spacers, cask components, 
and neutron poisons intent ional ly  built i n t o  cask components 
o r  fuel elements, may be considered i f  t h e i r  effectiveness 
as neutron poisons cannot be reduced by s t ruc tu ra l  damage; 
by mclting of the fue l  o r  neutron poison; o r  by other 
mechanisms e i the r  under nomml conditions of t ransport  or 
i n  the event of an accident. 
Each cask and each shipment, &ether including one o r  wre 
casks, shall be examined for neutron in te rac t ion  between 

6 .  
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casks or  othcr shipments of spec ia l  nuclear material  on the 
vehicle a t  the point o f  origin, trans-shipment, o r  deltvery.  

The a b i l i t y  t o  cowply with these standards requires a complet: 
annlysis of the cask ax& f u e l  cornbin:. t ion and an evaluation of keff 
under the m o s t  adverse conditions. 
and control of c r i t i c a l i t y  are discussed i n  the following paragraphs, 

1;lethods of achieving t b i s  analysis 

2.3 Methods of C r i t i c a l i t y  Control 

D m  methocls of c r i t i c a l i t y  control t h a t  a re  norriaally considered f o r  
spent f u e l  elenleiits a re  ( f i s s i l e )  mss r e s t r i c t i o n  and the inclusion of 
Pixed poisons i n  the shipping cask. 
i n  rm,intsaininG Q subc r i t i ca l  conf'igumtion rmst be considered i n  the l igh t  

of the  effect  of' lead., s t ee l ,  o r  mtex ref lec t ion  and moderation, and the 
intcracLion of the cask wi th  other casks containing f issile m t e r i a l .  
Kornmlly, the most p rac t i ca l  of these methods i s  tne inclusion of fixed 

The u t i l i t y  of e i ther  of these methods 

poisons. 

2.3. l Fhss Restr ic t ion 

TJL.lcn a shipping cask i s  designed, the configuration and composition 
of the fuel element usually have been set. 
signed around the shape and s i z e  of the element, 
cask design, a riwnber of d i f fe ren t  fuel-element loadings normally are 
considered, and the e f f ec t  of moderatom and re f lec tors  on the  loadings 

The cask cavity i s  then de- 
ming the preliminary 

' 5 examined, Water i s  normally assumed t o  be present except when other 
ratom, i . e ,  graphite, a r e  shipped with the fuel. 

A t  som point, as the number of elements i n  the cavity is increased, 
c r i t i c a l i t y  might be achieved i f  the elements wre optinaally spaced and 
IJEW mter-mod.erated and ref lected.  Any number less than t h i s  minimum 
a l l o m  excessive leakage of' neutrons from the array and c r i t i c a l i t y  can- 
not be achieved, The proposed regulations noted previously allotr 75s of 
t h i s  c r i t i c a l  number t o  be shipped. 

b s s  r e s t r i c t i o n  can be an important method f o r  c r i t i c a l i t y  coni-rol 
i n  shipments ai' research r e a c t o r - t n e  f u e l  whose t o t a l  decay lieat output 
i s  nol; exccssivc., and whose c r i t i c a l  mass const i tutes  an apprcciable 

. 



nlunber of elements, I”w example, a minimum of 15 fresh, 168-gram 235U nlunber of elements, I”w example, a minimum of 15 fresh, 168-gram 235U 
fue l  elements of the PER typ (I@terials Testing Reactor) a re  mquired 
t o  a t t a i n  c r i t i c a l i t y  under water i n  tlie most optinnun spacing.3 ~hus, 

eleven e l emnt s  could be shipped i n  one cask with l i t t l e  concern f o r  
c r i t i c a l i t y .  The cask should, however, be evaluated f o r  possible in te r -  
ac t ion  with other un i t s  of SisGionable material. 

2.3.2 Pixed Poisons 

A neutron poison can be used i n  a cask to  increase the amount of 
f iss i le  material  transported a t  one t i m e  and still kcep the effect ive 
multiplication constant below 0.9. 
are those tha t  have a high mer-oscopic absorption cross section f o r  
t h e m 1  neutrons and a rc  r e l a t ive ly  inexpensive, such as  boron and cadmium. 
The boron rnay be fabricated i n  8x1 aluminum matrix (Doral) or incorporated 
i n  s t a in l e s s  steel. 
o r  s t e e l  f o r  rrechanical support and contaima?nt, 
poison i s  qui te  important and, t o  be most effect ive,  should be distributed, 
as mch as  possible, uni.fomily throzngkout the cask. 

Poisons that; are n o m l l y  considered 

Cadmium sheets are normally bonded lietween alwninum 
The arrangement of Lhe 

In  special’cases,  it might be necessary f o r  the poison t o  be 

accompanied by a e ra tors  t h a t  a considered are 
paraffin,  Water, and eonc 

An example of a cask which requires the use of f ixed poisons i s  an 
annular solut ion ca r r i e r  which has been used t o  transport  uranyl (23%) 

n i t r a t e  (see Fig. 2.1). The annular vessel  has a solut ion thickness of 
2 in., a volum of 175 l i ters ,  and is  covered with a 30-mil-thick cadmium 
sheet which is “black” t o  t h e r m 1  neutrons but “transparent” t o  fas t  
ncutrons. Fast  neutrons tha t  diffuse out of the vesse l  and become moder- 
ated i n  the paraf f in  or concrete cannot return.  
t o  shl.pmnt with 225 g l l i t e r  23313 solut ion and was found t o  be quite 

The cask tms t es ted  pr ior  

unreactive . 
A second exnnple of a cask which uses a neutron poison t o  prevent 

designed t o  transport  21+ i r r a -  4 c r i t i c a l i t y  is the  BfU-1 shipping cask 
diated ME3 ty-pe f u e l  elements (Pig,  2.2). 
when f u l k  loaded, contains two i den t i ca l  baskets, one on top the other, 

The cask, weighing 23,000 lb 
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ORNF-LR-DWG 30865AR1 

4 f t -  ( {  1" , ̂--I_.. .__.. . . 

STAINLESS STEEL 
ANNULAR SOLUTION 
VESSEL 
STAINLESS STEEL 

EXTERIOR 

CADMIUM SHEET 
OVER STAINLESS 
STEEL VESSEL 

WRYTES CONCRETE 

TYPiCAL SECTION 

Fig;. 2*1. Amii?c+;z* Uranyl N i t  

Fig. 2.2. BMI-1 Shipping Cask with One Fuel I3asket Removed, 
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which provide both posi t ionin 
fuel. 
surjraccs are opcn with the fuel elcmcnts constrained by angle irons on 
the corners t o  f a c i l i t a t e  radiat ion heat t ransfer  during dry sh ipmnt  . 

Another cask which employs a fixed poison t o  control  critica1i"cy 
was designed by the National lkad Company (14odel ITL-I%'-MPR-775) t o  be 

used f o r  transporting MI?R-type fuel- elements. 
array Ls rouGhly khat of a r igh t  c i rcu lar  cylinder, '22-1/2 i n .  i n  diameter 
by 27 i n ,  long with fi.ve l/l+-in. Bora1 plates d i v i d i w  the fuel elements 
in to  six compartxento, each 3 -1 /8 - i~  wide (see Fig. 2.3). 
ca1ii;y of t h i s  cask containing both f resh  and i r rad ia ted  f u e l  has been 
cxperinlentally checked and is  described i n  Sect. 2 *5.2 

s.L;ability a& a neutron poison for 

The cen t r a l  divider pla tes  are constructed of Boml; the outside 

The geometry of the fuel- 

The subcr i t i -  

Te s 
Fig. 2.3. National Lead Company Shipping Cask f o r  Research and 

t Reactor Fuels, P a r t i a l l y  haded  tcith Plate-TSrpe Fuel Ekments. 

The poison i n  a cask sIiould be checked per iodical ly  t o  ensme i t s  
effectiveness;  such an instiwncnt is  described by Anthony S and consists 
of a small neutron source and a detector attached t o  a forked probe. 
The sourcc i s  placed on one side of a divider  plate, which is  underwater, 
while  the detector  ir; on the other side, 
units, the number of neutrons s t r ik ing  the dc-tector. 
tested on a cadmium plate, and voids with a diameter as smll  as 1-1/4 in. 

A meter indicates,  i n  r e l a t ive  
The device was 
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were easily detected. 
Additional data 816 available i n  which heterogeneous potsons, such 

as s t e e l  rods, copper, Boral, and boron steel-plate partitions, have 
been used t o  poison highly enriched homogeneous systems. 6 ,  7 

2.4 Selected and Correlated C r i t i c a l  Data 

N O ~ I W ,  tile c r i t i c a l  mass of 2 3 5 ~ ,  i n  mixtures of 2 3 5 ~  and 238 u, 
Uranium 

The minimum 

1 is  minimizcd when It is  mixed homogeneously with a moderator. 
containing up to approximately 55 of 235 U is an exception. 
c r i t i c a l  mass under these conditions my be obtained by lumping the fuel  
i n  rods or  slugs and arranging them i n  a l a t t i c e .  
fact that cpithe-1 neutrons are eas i ly  trapped i n  the 2381J resonance 
sl;ruc"Cui-c when the f u e l  and nmderator'are intimately mixed. 
i s  lumped, -the neutrons have a higher probability of becoming thermalized 
i n  the moaerator, thus escaping the 238U resonances. 

This i s  due t o  the 

When the f u e l  

C r i t i c a l  data which have been calculated by Brosm f o r  sl igli t ly 

enrit:lied (1.03 to 5.0$) uranium rods moderated i n  Sight water m e  presented 
below. t 

8 

FiLqre 2.4 shows the m i n i m  c r i t i c a l  mss produced with the o p t i m  
rod spacing and moderabion as a function of rod enrichment. (The minirmun 
c r i t i c a l  mss was calculated i n  a spherical  geometry a, 7. is, therefore, 
eonservati-ve f o r  a l l  other geometries. ) 
c r i t i c a l  msc,' as a function of uranium enrichmnt and is extended above 

2 ?'$ emickrrsnt based on homogeneous systems. 
t o  he shipped is Less than the minimum critical f o r  the enrichment and 
conditions noted i n  Figs. 2.4 or 2.5, the system would be subc r i t i ca l  i n  
l i g h t  water. 
deteimjne the amount of 235U that can be shipped i n  one container, a 
safety f ac to r  of 45% be applied t o  the mass as read from the graphs. 
These curves a re  va l id  if the uranium is i n  the oxide o r  metal Tom. 

Figure 2.5 cross-plots the minimum 

Thus, if the mass of urariim 

It is recommended tha t  if Figs. 2.1~ and 2.5 a re  used t o  

It is  often desirable t o  mlre shipments which contain masses greater 
than the m i n i m  critical a s  noted i n  Figs. 2.4 and 2.5, such as i n  the 
case of reactor fuel elements. 
i s  such t h a t  excess neutron leakage occurs a t  -the surface of the array 

If the  geometry of the f u e l  i n  a shipment 



Fig. 2.4. IvEnLmnrn Critical Mass of Tota l  Uranium as n Function 
(No s':rety of Uranium Rod Diameter f o r  Uranium Rods in Light; Water, 

factor included. ) 

URANIUM ENRiCWMENT (W/O L?35) 

Fig. 2.5. Minirmam C r i t i c a l  Wss 0% 235 U for JIetcrogenecsils and 
Homogeneous U-csniunl-Watcr Sys tern as a Function of 235U Enrichnent . 
(No safety fac tor  ~nc luded . )  
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(assuming optimm conditions of l i gh t  water moderation and reflection),  
c r i t i c a l i t y  cannot be achieved and thc  shipment m y  be safely made without 
resor-king t o  neutron poisons. T h i s  i s  more l ike ly  t o  be the case Men 
shipping unirradiated h e  1, since thc individual e 1-ements my be separatecl 
b y  lwgex. distances without incurring it m i g h t  penalty as would be Wle case 
if' the cI.erncnLs mrc  shield&. 

Two uzicf'ul pararat.tcrs i n  establishing nuclear safety Linlits for h e 1  

cXcrents i n  arrays a re  ( a )  the minirrimti c r i t i c a l  mass of uranium required 
i n  a un i t  of area to be c r i t i c a l  i n  I i ch t  water and (b) the m i n i m  
critical msss of uranium required pcr  unit of length t o  'ne c r i t i c a l  in 
Light i rntc~.  
up t o  5'1: enriched, and the l a t t e r  is  shown i n  Fig. 2.7 f o r  bobh uranium up 
t o  93;: cnrichcd and 9395 enriched UO 

mtw. 

't'he r o r n E r  parame-tcr is  shown i n  Fig. 2.G f o r  uranium rods 

en a mixture of U02-Th02 i n  light 
2 

The use of F igs .  2.6 and 2.7 can bes t  be i l l u s t r a t e d  by an exarrrple. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
URANIUM ROD DIAMETER (in.) 

Fig. 2.6. M i n i I n u m  C r i t i c a l  Mass Per Unit Area as 8 Function of 
Umnium Rod Diameter f o r  Urdniwa liods i n  Light Water. 



_. .. 
% 23su IN w5u..238U OR % OF 9316 ENKICIILD UOz IN U+ThO2 

235, Fig. 2.7. M i n i m  Critical YBSS Pcr Foot as a Function of 
Enrichnent . 

Problem 2.1. Eql-oying both Figs. 2.6 and 2.7, determine the 
number of unisradiated EGCR fuel elements that may be safely shipped i n  
one vehicle. 

2.1. 

Some of' the fue l  element-specifications are  given i n  Table 

Table 2 .I, EGCR Fuel Eleiient Specifications 

T%ee 7-pin cluster  
Dimens ions 

Active length 

3.155-in. diameter by 

26.625 in. 

28,27 in. long 

Kg uranium per ekmcnt 
Eru5cku.nen.t 2.46% 

K& *35U/eLemrl.t 0.214 
Fuel  pellet  diameter 0.707 in .  

8.70 & 
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Solution: From Fig. 2.6, the minimum c r i t i c a l  mss per un i t  area 
f o r  t h i s  fue l  enrichment and pellet diameter is  55 &/ft2; since 

( 5 5  kg/ft2)/(8.70 kg/ebmnt) = 6.34 e l emnt s / f t  2 , 
2 then an infin3.te plane array containing 6.34 elements/ft would j u s t  

achieve c r i t i c a l i t y  i f  flooded am3 ref lected with l i gh t  water. The 
re@&itions permit 8 shipmnt  of 7576 of t h i s  c r i t i c a l  number; thus it is 
possible t o  ship a plane array of W R  f u e l  elements containing 4.75 
elements/ft 2 and remain subc r i t i ca l  under a l l  flooding conditions, 

In order t o  u6e Fig. 2,7, the kilograms of 235U per f o o t  of active 
length of f u e l  element must be known. 
i s  

For the  EGCR element, t h i s  value 

0.214 kg 235U/2.22 ft of element = O.Og65 kg 235U/ft-eleernent . 
, I  

For an enrichment of 2.46$, the m i n i m  c r i t i c a l m s s  of uranium per unit 

length from Fig. 2.7 i s  1,23 J c g  235U/ft. Therefore, 

(1.23 kg 235U/ft ) / (~.~965 kg 235U/ft-element) = 12.75 elernents . 
Based on t h i s  resu l t ,  a 9-element array (75% of 12.75, rounded off') 

of unjmxidiated f u e l  may be stored o r  shipped without c r i t i c a u t y  
problem 

It should be pointed out t ha t  since t h i s  calculation i s  based on an 
uranium content per foot  of length, the 9-elemnt array my be any length; 
therefore, a s  many EGCR elements as necessary my be stacked ver t ical ly ,  
60 long as the array does not exceed 9 v e r t i c a l  rotm of elements. 

These calculations a re  conservative and somewhat res t r ic t ive ;  i f  it 
i s  required orily t o  ship 8 limited number of elements i n  one vehicle, the 
r e su l t s  may be adequate. E, however, a large number of elements mst be 

shipped i n  one vehicle and the required geometry cannot be guaranteed, 
then addi t ional  c r i t i c a l i t y  calculations must be made 
are discussed i n  Sect. 2.5. 

Such calculations 



2#4.1 Research Type Reactors 

C r i t i c a l  experimnts have been made u t i l i z  ng  Oak Ridge Rcsearc 1. 

Reactor (ORR) and Bulk Shielding Facility (SF) fuel elemnts.' 
elemnts are the MII.R plate type, clad i n  aluminum, and normally contain 
between 140 and 200 grams o f  93$ enriched uranium per element. 

The elements were srrangcd i n  approximately square a r r a~~s ,  one 
element high, and the spacing between the elerrents vas varied. The 

results m e  shown in Fig. 2.8 and Table 2.2 i n  t e r n  of the c r i t i c a l  
number of fuel elements as a function of the distance between loeating 
bosses. 
elemnts and extend l a t e r a l l y  on all four s ides ,  ) 
converted t o  plate-to-plate spacing by adding 0,kb i n .  t o  the distances 
between bosses p a r a l l e l  t o  the,f"uel pla tes  and 0.164. i n .  to the distance 

These 

{The locating bosses are mounted on the end boxes of the 
These tlistances can be 

be tmxn bosses perpendicular to the plates.  (See Table 2.2) 
The optinm s p a c i q  of these 

elements is about 0.2 in., which. 
corresponds t o  an H/LJ atom ratio of 
370. This is spproxirrbstely the 6 8 ~  

r a t i o  that i s  associated with the 
minimum c r i t i c a l  mss of othcr h e 1  
elenlents of t h i s  same general type 
(e.g. 10 plate  elements with 13- or 

20-mil aluninum cladding), 
The increase i n  the number of 

OF33 elements required f o r  criti- 
ca l i ty ,  as the spacing between e&- 

ments increases (see Fig. 2.8) indi- 
cates  t ha t  an i n f i n i t e  array of 
these elements spaced 1-1/2 in .  
apart  probably would be subcr i t ica l .  

In  other experiments u t i l i z i n g  
t h i s  ph te - type  fuel clemnt ,9  the 
effect ,  of placing 20-mil-thick cad- 
mium sheets betwcen rotm of closely 

65 
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ORNL-L~?.VK 3 % ~  ........... 

0 68-9 ELEMENTS 

c A 26 66-g ELkMtiulS  W I T H  3 140 Q 

F L E h E N T j  ON OUTSIDE EDGE 
OF ARRAY 

ELEMENTS IN CENTER or ARRAY 
AND 27 140 g ELEMENTS ON 

. OUlSiDE EDGE OF ARRilY 

0 26 lG6-g ELEMENTS W I l H  6 200-9 
. .  

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

I 

15 
o 0 2 5  050 075 100 1 2 5  ( 5 c  

DISTANCE BETWEEN LOCATIN6 BDSSE6w I 

Fig. 2.8. Critical Number of 
ORR Fuel Elements  in Approxiinalxly 
Square Arrays in Water as a 
Function of the Dis tame Between 
Locat ing Bo<- +ses. 
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Table 2.2. Cr i t i ca l  Number of ORR Fuel E ~ I E ~ ~ s  in Approximately 
Square Arrays i n  Water 

x 

Distance Between locating Bosses (in.1 

BOSeE Bosses 
Pora f l e  1 t o  
Fuel P la tes  Fuel Plates 

Perpendicular t o  
Approximte 

Apprmimnhe Cr i t i ca l  Nws 
Cr i t i ca l  Army (g of 23%) 

0 

1/8 
1/4 
3/8 
3./2 

3/4 

I. 

1- 1/4 

15 - 1/2 168- 1 e Lemnt s 
15 168-g elements 
15 168-g elements 

15-1/2 l.68-g elemnts 
s6-1/2 168-g elements 
20-1/2 168-e; elements 

168-g elements { *: 140-g elementsa 
28 168-g elements 

b 6 200-6 e x m n t s  
27 140-g elements 
15 168-9 elements 
15 168-8; elements 
L5 168-15 elements 
3.5 168-g elements 
l5-1/4 l68-g elemnts 
l.5-1/4 168-g elements 
L5-1/4 168-g elements 

i 

2575 
25 10 

25 l.5 
2575 
277.5 
3450 

5200 

9575 

2510 
25 10 

2505 
2520 
2550 
2540 
2545 

2575 32 168-g ekments 
4 140-g elementsc 

0 

0 0 2622 13 168-9 elements 
3 140-g elemnts  b 

0 0 18-3/4 140-g elmenix 2615 
0 0 13 200-g elements 2620 

a 

'~n center of array. 

On outside cdge of army. 

C D i q x s s e d  throughout array. 



packed elements i n  wnter was investigated. 
i n  an 11-by-12 arxay and had an average loading of 160 E; 235U per element, 
There was no appreciable multiplication of source neutrons notcd. 

l'he elements were arranged 

2.5 Methods of Reactivity Analysis 

The shipment; of f i s s i l e  material  requires an accurate estimation of 
c r i t i c a l i t y  hazard involved uricler the most adverse conditions. In the 
case of the shipment of f ix1 clements, the conditions t h a t  a re  normilly 
postulated are t h a t  fresh Sues, (o r  fuel i n  its most reactive condition) 
becomcs moderated and ref lected with l i g h t  w t e r  dis t r ibuted i n  and 
arourici. the cask, 
see Sect. 2.2 , )  

(For a more complete description of required conditions, 

The most reliable in formt ion  concerning the c r i t i c a l i t y  hazard of a 

system containing a specific arrangement of f iss i le  m t e r i a l  and moderator 
can be obtained by perforndng c r i t i c a l  experinlcnts on the f u e l  i n  question 
undei- the conditions of in tc res  

A secona source of inforimt;ion m y  be a 
rneiits which have been gexformd on fuel elerrents 
eLenenCs i n  question. 
Lased upon published c r i t i c a l  data such as t ha t  presented i n  Sect,. 2.4, 

closely resemble t'ne 
Also f o r  sore spec i f ic  cases, nuclear sa fe ty  my be 

Nul.ti~roup machine calculations often can be used t o  predict  the 
r eac t iv i ty  of a specif ic  fuel and shipment. If' appropriate, c r i t i c a l  
experiments have not been nnde, t h i s  my be the only mthod available.  
Such mchine ca1culatio;m should be used. t o  predict  known r e su l t s  of c r i t i -  
c a l  experiments using f u e l  that resembles, as closely as possible, the f u e l  
under consideration, as a check on the calculat ional  me-thod. 

The reason t h i s  check i s  so important i s  t h a t  it i s  sornetirnes d i f f i c u l t  

used t o  calculate 
i s  given i n  Table 

t o  obtain r e l i ab le  cross-section data for the core miter ia l .  Xf the code 
w i t h  i t s  CYOSS sections can be used t o  predict  knokrii effect ive multiplica- 
t i o n  constants i n  par t icu lar  experiments, then a higher degree of confidence 
i s  achieved i n  a prediction of other s imilar  f u e l  arrangements. 

There are a riumlicr of ml t igroup reactor codes available which can be 
€OF the f u e l  and cask i n  question. A p a r t i a l  l i s t i n g  kerf 

2 . 3 .  
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Table 2.3.  Available Codes 

No. of 
Code Nam %e No, of ezs. Dim ns i oris Re r e  re nee 

CT.JR3 Diffusion No r e s t r i c t ion  2 KAPL 17211. 
EQUIPOISE-2 Diffusion 4 2 O R N E ~ = 6 O m  11-67 
I\.IODRIC Diffusion 50 1 K- 1520 

PIX! Dif f us ion f e w  2 WmD-TM- 179 
DSN Transport N0 r e s t r i e t l o n  1 w - 2 3 & ;  
S NG Transport I\Tca re strict  9 on 1 M L  T-1-159 
TD(: Transport No restric-bi on 2 mMs-234c; 

- , ,  

Often two of these codes can be combined and u t i l i zed  more e f fec t ive ly  
together than by themselves. For example, MODRIC i s  a one-dimensional 
50-g~roup code but has the a b i l i t y  t o  accept a predetermined axial buckling. 
If the ax ia l  buckling is not included, or i f  it i s  not accmt . te ly  knoim 

(as w i l l  probably be the case}, then the code colrlputes the inrameters as  

if the fuel were i n f i n i t e l y  long. This will be conservati , but nay be 

acceptable. If not, MODRIC, a diffusion code, my be used t o  &i.tcrmine 
wciGhted constants (cross sections and diffusion constants) f o r  a few 
e n u r a  groups, which, i n  turn, can be used i n  a two-dimension, few-group 
t ransport  code, such as EQUI.POE;E, PDQ, o r  TDC. A n  example of t h i s  method, 

which has the advantaGe of obtaining greater accuracy f o r  shorter  computing 
t i r e s  and smaller costs ,  is  presented i n  Sect.  2.5.1, 

The ava i l ab i l i t y  of nuclear codes is noted in Appendix 2 .  

2.5.1 Comparison of Calculated. and Measured C r i t i c a l  D a t a  f o r  a 
Simulated N.S.  Savannah Core 

C r i t i c a l  experiments called "Yarty 11" and "Marty 111" have been 
performed on It$ enriched UO 

2 
t ha t  of the N,S , Savannsh. lo 

instead of the  p elements contained i n  the prototype core and lare used 
bo cornpal-e the c r i - t ic i , l  water heip&ts of a s ta in less -s tee l  egg-crate core 

fuel elements arranged i n  a core s imilar  t o  
These experiments u t i l i zed  16 f u e l  elements 



(lilizrty 11) t o  tha t  of an aluminum egg-crate core (Marty 111) for a var ie ty  
of control rod patterns.  

multiplication fac tors  of these systems were measured. A n  attempt 
was thrjn made t o  predict  these multiplication fac tors  u t i l i z i n g  michine 

11 codes and a four-group analy t ica l  model. 
A desire t o  account f o r  thc two d imnsionalaspec ts  of the N.S. 

Savanmh core led t o  the use of the  PD& code, which is a 2-dimnsional 
diffusion-theory code limited t o  Sour or  less energy groups. 
group capabi l i t ies  of the code trere u t i l i zed  t o  handle the  strong absorp- 
t i o n  properties of the core I control  rods. 

The f u l l -  

Strongly absorbing regions, such as control rods, can bc represented 
i n  the PIQ code by a eurreiit-per-~~it.-f lux-bazndary coriilition a t  the 
surface of the absorbing region. To obtain r e a l i s t i c  transpost-theory 
values f o r  the control-rod boundary conditions, the one-dimensional SNG 

transport-tineory code tras The SNG code a l so  served t o  obtain 
react ion r a t e s  throughout the strongly absorbing U02 fuel region where, 
again, diffusion theo-ry was not expected t o  apply. 
node1 was thus a cofibinitfon of one-dimensional transport-theory and two- 
dimensional diffusion-theory codes, 

The resul t ing ana ly t ica l  

The ca l cuh tcd  resu l t s  are compared wihh experimental results i n  
Fig. 2,9. 

0RM.-LR-DWG 529  .... 

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

Pig. 2 .g. Comparison of Calculated and Experimental Mnltipliccttion 
Factors i n  l&rty I1 tmd Marty III Crit ical  Experiment. 
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The expression k re fers  t o  the experimentally rneasured "dynamic" d 

(The "dynamic" multiplication f ac to r  implies Y m t  
rmiltiplicution facbor while k, refers t o  the calculated " s t a t i c "  mult,i- 
p l ica t ion  f ac to r  .I3 

0 

i s  d i f f e ren t  than one, i .e,,  the reactor is on a period, and the keff 
delayed neutron groups have a d i f fe ren t  ePfective lifetim than when 
the  x a c t o r  i s  " s t a t i c "  o r  not on D, period. 
delayed neutron lifcbime equal t o  that  of the s t a t i c  system, and as  

-1 becomes lai-,";es, t h i s  a s s u q t i o n  becomes less val-id. 

A conrparison of the expcrinientnllfr measured and %he calculated 

Most calculations assum a 

lkerf I 
values of k (see Fig. 2.9) are i n  close agreement. 
amlysis may he applied t o  poisoned arrays of t h i s  f u e l  vhich are t o  be 

transported i n  shipping casks, t o  e s t i m t e  how far such an arxay is  from 

This method of 

becorniw c r i t i c a l  under the conditions specified i n  the regulations, 

2.5.2 Neutron MultipLication Measurements --- 

A pract ical  mctliod f o r  determining the reac t iv i ty  of a par t icu lar  
system is  by making multiplication r iasuremnts  on the system. Such 
measurerncnts my be made p r i o r  t o  cask design t o  determine c r i t i c a l p a r a -  
meters t h a t  could e f f ec t  the design o r  after cask desien and fabricat ion 
t o  ver i fy  calculations.  

Such measurements are made by adding f u e l  elements t o  a subc r i t i ca l  
a r ray  (tthich includes a neutron source) and monitoring the neutron f lux  
o r  count ra te .  The re la t ive  multiplication factor ,  14, nay be determined 
by comparing Lhe count r a t e  with the fuel present t o  count r a t e  with no 
f u e l  ( j u s t  the neutron source) present. 

I'he inverse of the neutron multiplication f ac to r  ( 1 / M )  can then be 

p lo t ted  as the ordinate against  the number of e l emnt s  (or the mass of 
f i ss ionable  material) ,  which gives that par t icu lar  value of M, and the 
cu-rve may be extrapolated t o  thc point where l / M  i s  equal t o  zero 
( M  - 00) t o  determine the nurriber of elements required t o  make the system 
c r i t i c a l .  If the system i s  highly poisoned, the extrapolation may indi- 
ca te  an i n f i n i t e  number of clements would not; produce c r i t i c a l i t y .  
closer the cxperiiilentaJ- system gets t o  c r i t i c a l i t y ,  the More accurate 
t he  extrapolation w i l l  be, 

!The 
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This  method is  qui te  useful  i n  indicating the subcr i t ica l i ty  of a 
specific system, but multiplication measzrrcmnts made under one set  of 
conditions cannot be applied t o  a second s e t  of conditions; ierzsurcrnents 
lfi 1st be repeated, 

Such experiments can be carried out both i n  the shipping cusk and 
i n  the laboratory. 
f u e l  assemblles were tes ted $0 determine the mxirmun reac t iv i ty  f o r  a 
p a r l i c u b r  loading which mi&t  be expected durinc shipment af thc  ele- 

ments.14 A total of 28 r u e 1  assemblies were available f o r  t;he t e s t .  m e  

assembl ics, each of which consisted of a c lus te r  of seven s ta in less -s tee l  
tubes containing UO pellets fastened i n t o  a graphite sleeve, wei-e placed 

on a trictng-ular pi tch i n  a stxinless-steel tank, and the system vas 

flooded with water (see Fig. 2.10). 

Recently, clean F&pcrimntsl Gas Cooled Reactor ( E X R )  

2 

Fig. 2.10. Typical EGCR Fuel Element Arrangement. 

Spacing be tmen  the assemblies m s  varied, but; the most reactive 
ar.rsngcment vas v i t h  t h e  graphite sleeves touching each other. The 
reciprocal. neutron imrlt9plication curve i s  shown i n  Fig. 2.11. It xms 
conclixlcd tha t  as f e w  as  40 assemblies might be made c r i t i c a l  when re- 
fleeted and rnv3~ratcd by water, but the exact numrher i s  uncertain due 
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Fig. 2.11. Xeeiprocal Meutran Multiplication Curve f o r  EGClIi Fuel 
Assemblies in Close-Packad Triiargular I a t t i ce ,  Water-Moderated and 
r+axLccterl e 

t o  the long extrapolation. I n  any s under the conditions 
specLfied cannot be mde critical. 

A second example of using multiplication measurements t o  experinen- 
t a l l y  linves-f;igate the c r i t i c a l i t y  hazard of a shipment of f’ue1 elements 
was demonstrated when Nat iona l  h a d  Company made such measurements as 
various I f l R  typc fuel elerwnts were loaded i n t o  their Model NL-W-I@X-775 

15 cask.  

The reciprocal  multiplication curve (Fig.  2 .E), carrii d t o  the 
(This cask is described i n  Sect. 2.3.2,)  

capacity of the cask (28 elements), indicates shipments of the elements 
and loadings tes ted would be safe and t h a t  c r i t i c a l i t y  would not be 
possible with th i s  general fuel-poison geometry. 
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1 

Univers i ty  of MicLiqan 
Ford Nuclear R rctor 

0 Battelle Research Reactor 
0 Jndustrial Reactol- Lab Reactor - 32.1% Burnup 

RESIDUAL 235U IN FUEL LOADED IN CASK (kg) 

Fig. 2 .E. Reciprocal Multiplication Curves for Various MCR-Type 
Fuel  Elemnts in a Cusk, 
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3. NEAT TRANSPER 

It is necessary khat  the tcrrrpei-sture throughout a cask tha t  i s  used 
t o  transport  i r radiated f u e l  elcrrmrts be kept within cer ta in  predetermined 
1 i i u i - L ~  during shlpment; excessive -t;eruperatu.res i n  the cavity coi~ld cause 
st i-uctuml f a i l u r c  of the fuel clement cladding. A fuel e l e m n t  i z i  con- 
sidered f a i l e d  i% f i s s i o n  products can leak i n to  the primry coobn t  ana 
contaminate : :IC cask in t e r io r .  (Section 6,2 prese~iks acceptaSjl-e limits 
on the contnmiilation of the p r i m l y  coolant.) Fuel t h a t  is  expected t o  
release excessive f i s s i o n  products i n t o  the cask cavity (which m y  include 
unclad f u e l )  should be canned p r io r  t o  shipmnt .  

The m o s t  probable cause of fue l  element failure during shipment is 
overheating duc t o  inadequate heat removal. H i @  “cerrrperature weakcris the 
cladding of the f u e l  and causes increased in t e rna l  presswe of gaseous 
f i s s i o n  products. 

!i21e heat load the t  the  cask must d iss ipa te  occurs primrily from 
f i s s i o n  proiiuct decay ana, t o  a lesser extent, solar heating, Heat removal 
from the cask m y  be by forced o r  natural  c i rculat ion of a coolant through 
o r  around the cask, 1cf l iquid i s  used as a coolant, then hazards analysis 
must exanline the consequences of a loss  of the l iquid Lo determine whether 
o r  not the resu l t ing  f u e l  temperatures would be excessive. 

3.2 Regulations 

The temperature of any easily accessible cask surface should not ex- 
ceed 180?F, The temperature of the %el elements and fixed poisons inside 
the cask should be kept below t h e i r  failure temperature, even under acci- 
dent conditions, The proposed mEurimum temperatuse l i m i t  f o r  the hot tes t  
element, under n o m 1  condi.tions, i n  the cask is (a )  3009,  (10) the f u e l  
operating temperature i n  the reactor, o r  ( e )  3OO?F below the faflure 
teirrpcmturc, whichever i s  g ~ e a t ~ r .  Under accident conditions, the temper- 
a ture  should go no higher than 200%’ below the f a i l u r e  temperaturn. 
Limit ( c )  implies an experimental deteimrination whele l i m i t s  ( a )  and ( b )  

should be known. 
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Failure  temperature is defined as the minimum temperature a t  which 
one cask, f u l l  of i n i t i a l l y  sound fuel e lemnts ,  1d11, within 48 hours, 
release t o  the primary coolant LOO curies of beta-gamma o r  one curie of 
a lpha radioact ivi ty  . 

Primary gaseous o r  l iquid coolants, i.e., coolants which are i n  
contact with the f'uel, must not be circulated oubside of the shielding of 
the cask. The temperature of' any l iquid primx-y coolant must remain 20%' 

below i t s  boi l ing point a t  tlie anticipated operating pressure of the cask. 
The i n t en t  of these reguInZ,ions i s  t o  prevent the release of radio- 

act ive material, par t icu lar ly  i n  a mobile form, such as a gas or  aerosol, 
Attention should be paid par t icu lar ly  t o  the amaunt of radioactive iodine 
in the f u e l  a t  the time of shjpmnt,  since it could const i tute  a serious 
biological  hazard should It escape. 

A11 temperatures calcula.t;cd f o r  the contents of the cask should 
assum an ambient a2r temperature of 100% and the mxzmWn solar  heat load 

antlcipated during the shipmnt  . 
3.3 Heat Removal from Fuel Elements 

Heat i s  n o m l l y  removed from spent fie1 elements by e i t h e r  of two 
schcms. 
contacting both the elements and the inner cask wall. Heat is transferred 
from the elerncnts t o  the wall by na tura l  convection of the air and by 
radiation. The lieat i s  then conducted through the cask shield and dis- 

sipated t o  the atmosphere by na tura l  convection and radiation. This i s  
generally the least ef f ic ien t ,  but safest ,  mthod of heat removal since 
it i s  unlikely t h a t  the a i r  could be accidently replaced by a less effect ive 
coolant. 

The first and simplest is t o  aUow a i r  t o  remin i n  the cavity, 

A second scheme tha t  i s  usually considered is  t h a t  of f i l l i n g  the 
Heat t ransfer  from the f u e l  t o  the cask walls cask cavity with water. 

by the truter trill be almost en t i r e ly  by convec-tion, and the f u e l  e l e m n t  
temperatures w i l l  be lower than 5f a i r  was used as a coolant, The heat i s  
then conducted through the shielding and dissipated i n  the same manner as 
deacribcd i n  the previous paragraph. 

R modification of t h i s  nlethoci i s  t o  force-circulate a secondary 



coolant, e..g,, water, through the ca6k cavity (which would contact 
priTrn1-y coolant and not the f u e l  itself’) an4 dissipate the heat from an 
air-cooled rad ia tor  outside of the cask. Much greater  amounts of heat 
may be diss ipated i n  t h i s  way, but any meckanical method of heat removal 
should have a back-up system. ZT the primary and back-up systems become 
inoperative, o s  the l iquid coolant comp2etel;y leaks avay (a possible 
result of a severe accident), the heat must still be removed without 
allo.rring the -fuel t o  fail due t o  excessive temperatures, 

the 

3.4 Heat Sources 

3.4. l Fiss ion Products 

Tt~o sources of heat which should considered i n  determining the 
maximun temperature of the spent fuel  i n  the cask are the f iss ion pro6ucts 
i n  the fuel and the solar heat absorbed by the cask. 
normally has the largest  effect on t tion throughout 
the cask. 

The f o m r  source 

The amount of decay heat produc be estimated 
from Fig. 3.1 (ref. I&): 
t o  opera’ii.nC; pover. 
curves, the operating t lm .  

The ordi Po, is the ratio of decay potrer 
The abscissa i s  the decay t im and the parametric 

Pro: l e m  3.1. Determine the  amount of decay heat produced from an 
elemcnt t h a t  had operated f o r  1 year i n  a reactor  a t  a power l e v e l  of 1 luh.r 
per element and was removed and cooled I20 days. 

S o lut ion  : T~ = 365 days 
T, = I20 days 
Po = 1,000,000 wat ts  per element 

From Fie;. 3.1 
-4 Pc;/Po = 5.4 x 10 

Hence, f o r  one element 

-4 
Ps = (Ps/Po)(Po> t= (5.4 x 10 )(1,000,000) = 540 watts 
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3.4.2 Solar Radiation 

The r a t e  a t  which the eartL, intercepts  scdr  energy on a surface 
n o m 1  t o  the sun's rays a t  a point above the ear th 's  atmosphere is  4112 
B t U / h r - f t  ; tliis value i s  known us the solar constant.17 The amount of 
& o u r  rad ia t ion  received a t  a point on the surface of the ear th  on a c lear  
day $nen the sun i s  a t  the zenith varZes with a m a n  value of TO$ gerieral3y 
considered suf'ficiently accurate for engineering purposes. 

2 

Tota l  so la r  radiat ion i s  wdc up of both d i r ec t  radiation from the 
sun and diffuse o r  scattered solar radiat ion,  On c lear  days, the f rac t ion  
of scat tered radiat ion is a finction ok the sun's posi t ion and var ies  from 
about 16$ of the d i r e c t  s o l a r  radiation, i f  the sun i s  d i r ec t ly  overhead, 
t o  about l3@, if  the sun is  very low i n  the sky. 18 

Figure 3.2 indicates  t h a t  Qsi i s  the t o t a l  amount of incident s o l a r  
and d i f fuse  radiat ion as a function of time of day falling on horizontal  
and vert2 

SOLAR TIME JUNE 21 ' P.M. 

Fig. 3.2. Incident Solar Energy on Clear Days, I&titude 42%. 

The curves marked N. VEW., S. VERT., and E. VEXrr. indicate the t o t a l  
amount of solar  plus scattered radiat ion received by v e r t i c a l  surfaces 
facing north, south, and east ,  respectively. The so lar  energy received by 
B v e r t i c a l  west wall my be considered a s  the reverse of t ha t  given f o r  
E.  VEI?". The curves mrhd  horizontal  and norrml indicate the so lar  energy 
received by a horizontalo surface and a surface t h a t  i s  always normal t o  
the sun I s  rays. 

A l l  curves include thc contribution of diffuse radiat ion t o  the t o t a l  
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heat load; the diffuse radiat ion f o r  a horizontal  surface i s  a l so  
separately noted i n  Fie;, 3.2. 

To determine the heat load affect ing the surface, the incident 
given i n  Fig. 3.2 must be multiplies by the absorptivity ‘si’ hcntdnll; value, 

(emissivity), eSOlar, of t h a t  surface. 
fnzportant t o  remember -l;tiat, the absorpt ivi ty  (emissivity) on a aurfaec i s  a 
function of the wave length of the radiation, and there m y  he a s ien l f icant  
difference be twen the values obtained from the l i t e r a t u r e  f o r  low-tempera- 
ture  sources (100 t o  2500%’) and f o r  the sun. 
cinissivit ies of various sur faces as a function of wave length o r  average 
temperature . 

Thus, Qsolar = Qsiesolar. It is  

Table 3.1 presents the 

Note t h a t  f o r  most polishcd metals, the en iss iv i ty  (absorptivity) of 
the surface i s  higher when exposed t o  solar radiat ion than iT the surface 
i s  exposed t o  lower temperatures or  ionger wave-leng-th radiation. There 
a m  paints  that m y  be applied t o  such surfaces t o  reverse the siLuation, 
Thi tc  zinc-oxide paint  has a low value of emissivity a t  solar-wave lengths 
(0.18), but a t  100- the emissivity is high (0.95). 
s i t ua t ion  i n  t ha t  a surface 
absorb l i t t l e  solar rad ia t io  

Tnis i s  the i dea l  
hly painted with zinc-oxide pa in t  would 
e t  wauld have a high emissivity a t  Lower 

operating temperatures. 

3.5 €ka t  Xenroval from a Cask Surface 

Heat transfer from the surface of the cask is  nomiaIly accomplished 
through the mechanisms of natural  convection and radiation. Tne former 
mechanism i s  usually Ync most s igni f icant  with the exccption tha t  i f  t h s  
cask were in s t i l l  a i r ,  convective t r ans fe r  could drop t o  a point where 
a s igni f icant  part  of the heat would be transferred by radiation, Tnis 
i s  considered the worst condition which mjght be found i n  n o m 1  transport, 
and calculations of cask equilibrium teinperal;ures should be basen on t h i s  
assumption. 

, 

Convective heat-transfer coeff ic ients  arc low (Ec = 1 t o  3), even a t  
large temperature differences i n  still a i r .  I n  the case of most large 
heat-transfer surfaces placed in s t i l l  a i r ,  t u r l ~ u h n t  a i r  f l o w  pr*o’uably 
exists i f  the v e r t i c a l  heat-transfer height i s  g rcak r  Ynan 2 f t .  Assuming 
tha t  tu%ulent; PI-ow docs ex is t ,  I n  which case the s igni f icant  length 01’ the 



Table 3.2. E r d s s i v i t i e a  of Surfaces a t  Various Temperatures 
Including t h a t  Associated with Solar Temperatures 

Wave Icny;th and Average Temperature - _- 
9.3 11 5.4 P 3.6 II 1.8 CI 0.6 l.l 

Mnter in l  LOO P 530 F 1000 F 2500 F Solar 

bktalc. 

A lUmir1m . . . . . . . . . . .  Polished 0.04 0.05 0.08 0.19 -0 .3  
Oxidized . . . . . . . . . . .  0.11 0.32 0.18 

Surface ?*oofing . . . . . . .  0 e 2 2  

24-ST matliered . . . . . . .  0.4 0.32 0 2 7  

Anodized ( a t  1000 F)  . . . . .  0.94 0.42 0.60 0.34 

Pol islied . . . . . . . . . . .  0.08 0.17 0.26 0.40 0.49 

Polished . . . . . . . . . . .  0.06 0.08 0.13 0.25 0.45 

Cliromium 

Iron 

0.42 0.46 

0.90 0.B 

Cast, oxidized . . . . . . . .  0.63 0.66 0.76 

@.lvanizcd, new 0.23 .... 
GG h-~t-ani zed, d i r ty  . . . . . .  0.28 . . I .  .... 
Steel p h t e ,  rough . . . . . .  0.94 0.97 0.98 

18-8, polished . . . . . . . .  0.15 0.18 0.22 

18-8, weathered . . . . . . .  0.85 0.85 0.85 

. . . . . . .  .... 

S t a i n l e s s  S t ee l  

Steel tube 

Oxidized . . . . . . . . . . .  .... 0.80 
Tungsten f ikxcen t  . . , , . . , 0.03 .... .... 4.18 

Paints  
Alurniriized lacquer . . . . . . .  0.65 0.65 

Cream paints 0.95 0.88 0.70 0 .42 0.35 
Lacquer, b L a C l i  . . . . . . . . .  0.36 0.98 

BeEd paint  0.96 .... .... 0.74 
Yellow paint 0.95 .*.. 0.5 .... 0.30 
011 p a i n t s  (a11 colors)  -0.94 9 
White (Zno) 0.95 0.91 .... 0.18 

. . . . . . . . . .  
. . . . . . . .  b q b l a c k  paint  0.96 0.97 .*.. 0 *97 0.97 . . . . . . . . . . .  .... . . . . . . . . . .  . . . .  . . . . . . . . . .  .... 



cask (the v e r t i c a l  height) disappears from the formulas f o r  cn1c::latiW 
gc, the exact cask dimenslons are not necessary t o  calculate the heat; 
t ransfer  coeff ic ient .  Under these conditions, McAdams20 recornends the 
simplified dimensional equntion ( f o r  cylinders or  plane surfaces i n  a i r  
under turbu l e  r i t  c ondi t i oris ) , 

1/3 I 

h = C A t  
C 1 

where C 

0.18 f o r  horizontal  cyl.inders, 0.22 for hea-bed p le tes  facing up, and A t  

i s  the temperature difPcrence between the cask surface and ambient a i r  
i n  degrees 5’. 

is assigned the value of 0.19 f o r  vertical planes and cylinders, 1 

The amount of heat l o s t  by radiat ion depends upon the cask geometry, 
emissivity, the absolute temperature of the  cask and of the radiat ion 
receiver, and i s  gi.ven by the formula 

where Q i s  i n  Btu/hr, A i n  ft2, cr = 0.173 x loe8 3tu/ft 2 - h r - O T i  4 , I& is 

the  grey-body shape fac tor  which can be writ ten FAFE (the product of the 
geometric shape factor ,  FA, and grey-body factor ,  FE), and T and T2 are 
the absolute temgcratures of the :mace and enclosing body, respectively. 

coeff ic ient  so t h a t  a t o t a l  heat-transfer coeff ic ient  my be computed as  
follows : 

1 

It is  convenient t o  determ.int, an equivalent radiant heat-transfer 

- I 

(3) ht = he + hr , 

If the heat transferred by radiat ion can be expressed by the 
e quat ion 

(4 1 Q/A = iZ ( T  r 1 - T2> 
then by equating t h i s  to Eq. (2 )  the effect ive radiant heat-transfer 
coeff ic ient  my be calculated by 
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Since, according t o  Scct.  3.2, the cask surroundings a re  assumed t o  
be loo??, a p lo t  of Xr vs TL - T2 is given i n  Fig.  3.3, where T 
t o  bc 560% ( l O O v ) ,  and 
cask surface. 

is assumed 
the emtssivity of the 

2 
was assunlrd equal t o  e 1' 

Fig. 3.3. CO 
as  8 Function of AT. 

The cask surface temperature, t2 (in OF), m y  be determined from the 
nomograph shown i n  Fig. 3.4, which i s  based on Eqs,  (1) and (5) .  
the emissivity of' the cask surface E and i t s  heat flux Q/A are required 
t o  estimate t2. 

by  the radioactive source but a l so  the diurnal  so la r  heat load. 
. diurnal  s o l a r  heat load will change the equilibrium temperature of the 

cask surface snd cause it t o  vary i n  a cyclic mnner throughout the 
shield., 

bc dumped i n  magnitude and w i l l  l ag  the temperature change on the cask 
surface. 
cask intercepts the sun ' s  rays, and the heat trill be transferred not only 
r ad ia l ly  but 3 l S O  circumferentially t o  the cooler s ide .  

Only 

The cask tcmJcmf;ure i s  affected by no-t only- the heat f l u x  produced 
The 

The temperature change on the i n t e r i o r  sui'face of the shield will 

The s i tua t ion  i s  conrplicated by the f a c t  that  only part of the 

Fig. 3.3. CO 
as  8 Function of AT. 

The cask surface temperature, t2 (in OF), m y  be determined from the 
nomograph shown i n  Fig. 3.4, which i s  based on Eqs,  (1) and (5) .  
the emissivity of' the cask surface E and i t s  heat flux Q/A are required 
t o  estimate t2. 

by  the radioactive source but a l so  the diurnal  so la r  heat load. 
. diurnal  s o l a r  heat load will change the equilibrium temperature of the 

cask surface snd cause it t o  vary i n  a cyclic mnner throughout the 
shield., 

bc dumped i n  magnitude and w i l l  l ag  the temperature change on the cask 
surface. 
cask intercepts the sun ' s  rays, and the heat trill be transferred not only 
r ad ia l ly  but 3 l S O  circumferentially t o  the cooler s ide .  

Only 

The cask tcmJcmf;ure i s  affected by no-t only- the heat f l u x  produced 
The 

The temperature change on the i n t e r i o r  sui'face of the shield will 

The s i tua t ion  i s  conrplicated by the f a c t  that  only part of the 
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Fig. 3.4. Tize Cask Surface Temperature i n  Still A i r  Based on the 
Surface Heat Flux and M s s i v i t y .  



Figure 3.5, which indic US the increase i n  te7typeraI;ur.e of the 
extelrnal. cask surface per un i t  of effect ive solar heat flux a s  a function 
of 
en t i r e  cask surface m s  exposed to the addi t ional  solar k a t  flux. 
cctlcuk tc the average tcmpcratxre lncrcase of the c8sk on t h i s  basis would. 

oixiausly Be conservative, c7lthouC;h the l oca l  beqxratux’c increase irhei-e 

the 4solcir i s  maximum could approach t h i s  value, 

f o r  several  cask sizes,  was determined on the supposition tha t  the 
To 

ORNL-D’NG 04-8185 

- _ _ _  

3 15 26 

ONE-INCH STEEL SHELL ON OU’ISIM OF EACH LEAD CASK. 
ASSUMED INSIDE SURFACE INSIJLATED. 

0 1 2 3 4 5 6 
F(w ,I i*e) (Btu/hr-f?- “F) 

Fig. 3.5. Amplitude Response of Cask Temperatures t o  Solar Heat 
F l m  of Frequency =e 1 Cycle/Dsy f o r  various Effective Outside Heat 
Transfer Coefficients. 

%‘he mathenlatical model of the cask, f rom which Fig. 3.5 was deter- 
mined,21 assumed tha t  the teirperaturc gradicnt a t  the inside wall ~ m s  

zero.  
cask wall was w7ithin a few percent of t ha t  produced on the outside ?mil. 

That i o ,  through 10 in. of lead, l i t t l e  damping occurred. Even though 
appreciable damping can occur t o  the temperature f Iuctuation when the heat 
i s  conducted t o  the cooler side of the cask, it i s  1-ikely tha t  there i s  a 

much srri11.w circumferential temperature var ia t ion  around the inside cask 
w a l l  than the outside. 1% my,  therefore, bc ressonable to determine the 
average i n s i d e  tempernturc variation f rom Fig. 3.5 based on the solar flux 
avcragcd over the en t i r e  outside surface; the inside temperature f luctuat ion 

Under these conditions, the tempci-ature r i se  produced on the inside 



i n  this should give 
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a reasonable approximation t o  the dete mined 
actual  value 

Problem 3.2. A steel-shelled,  lead.-filled cyl indrical  cask whose 
fnside and outside r a d i i  are 20 Tn. and 3l in., respectively, has an 
outside surface heat flux due t o  i t s  radioactive source of 400 Etu/kr*f t  . 
The a i r  temperature i s  loo?!? ard the cask i s  sitting i n  the summer noonday 
sun, Assuming the mxinnun 
so la r  heat flux i s  averaged over the en t i r e  surface, detemrclne the mimum 
inside cavity trurface teqpra%m increase due to the solar heat b a d .  

Since E = 0.6 and Q/A = 400 Btu/hr*f t  , then from Fig. 

2 '  

The emissivity of the cask surface is 0.6. 

2 Solution. 
3.4, %he sur€ace t enpe ra tue  OS the  cask from the radioactive source is  

t = 2789 s 

and 

x =  
The m a x i m  ef fec t ive  sola 

assuming the cask's longitudinal axis is in 8 
tha t  case, a t  noon the sun's rays would be no 
cy l indr ica l  surfacc (i.e., the cask's length times diameter) which is 
f ac to r  TT less than the en t i r e  surface area. Since a t  noon, including 
diffuse radiation, 

2 'si = 345 Btu/hr*ft  

f o r  a n o m 1  surface, then the so la r  heat flux averaged over the  surface 
i s  

2 - 
= 2 cb . E  = 2 x 345 x g.6 = 66 Btu/hr+St @solar ?T Sl 7r 

I 
Since 

and from Fig. 3.5 
h = 2.25 



then 

m = (0.182)(66) = 129 

Approximtely t h i s  mximwn teiuperature increase would be expected on 
the inside cavity surface under the conditions specified,  

- 3.5.1 Use o f  Fins on a Cask -. 
Since the heat load on the cask is normally rejected t o  the atmosphere 

from the cask surface, the use of Pjns on the cask surface w i l l  result i n  
lower terrrpera.t;ures throughout the cask. 
f ins does not, however, d i ss ipa te  heat with the same efficiency as  the cask 
p r i m  surface. The convective heat t ransfer  coeff ic ient  i s  reduced since 
the temperature decreases  long the f i n .  

The t o t a l  surface area of the 

Zn addition, the effect ive radiat ion heat t ransfer  coeff ic ient  of the 

en t i r e  cask can a l s o  be reduced because one fin may "see" a considerable 
amount of the aajacent f i n  which i s  about the same tenrperature an& the 
p r i m  surfaces ''view" of the surrounding radiat ion receiver will be p a r t i a l l y  
blocked by f i n s .  

Since the fins generally do not diss ipate  as 
a s  does the prim surface, it is convenient t o  de t  
f i n s  are so  t h a t  a modified t o t a l  surface area ( f i n s  plus the prime sur- 
face)  may be manipulated as i f  it were a11 at the  same temperature as the 
prime surface. 

The ef fec t ive  surface area of f i n s  my be determined from the equation 

22 The f i n  efficiency qeff may be evaluated from the equation 

= (Tanh ML)/ML 'kff ( 7 )  

where 



and 
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hc + hi, the t o t a l  heat t ransfer  coefficient,  Btu/hr-ft 2 -9 

R; u/hr-ft 2 - (1 - F)Sr, the mdified. radiation heat t ransfer  coefficient, 

radiat ion heat t ransfer  coefficient (Fig. 3.3)  
view fac tor  f o r  the surface i n  question 
the t h e m 1  conductivity of the f i n  material, Btu/hr-ft-”F 
f i n  thickness, f t  

f i n  tridth, f t  

view factor,  F, represents the ineffective area f rac t ion  
f o r  radiant heat transfer, hr must be multiplied by (1 - F)  t o  
effect ive radiation heat t ransfer  coefficient,  

- 

The view factor, F, is given Tor opposed parallel rectangles i n  
3.6 and f o r  d i r ec t  radiation between adjacent rectangles i n  perpendic- 
planes i n  Fig. 3.7 (ref. 2 

RADIATION BETWEEN PARALLEL 
PLANES, DIRECTLY OPPOSED 

1 2:1 RECTANGLE 

2 LONG, NARROW RECTANGLES 

1 2 3 4 5 6 7 

Fig. 3.6, V i e w  Factor F f o r  Opposed Rcctangles. 

SMALLER SIDE 
DISTANCE BETWEEN PLANES 



DIMENSION RA 

Fig. 3.7. V i e w  Factor F for Di 

shipping cask t o  transport  four spent Yankee Atomic Power Reactor 
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Radiation 
ktween Adiocent 
Rectangles in Per- 
pendicular Plones 

Y = Ratio, (Length of 
Unique Side of That 
Rectacqle on Whose 
Area the Heat Transfer 
Equation i s  Bgspd) 
(Length of Common 
S i b )  = y/x in Sketch 

Z i Rdio, (Length of 
Unique S i d e  of Other 
Rectangle) 4 (Length 
of Cmmon Side), = 
L/x in Sketch 

elenrents *ich were operated f o r  417 days and decayed f o r  100 days. 
cy l indr ica l  cask, designed t o  transport the elements ver t ica l ly ,  kas a 
24 in .  I.D., a 45 in .  O.D., and a height of 150 in .  
1-in.-thick s t a in l e s s  steel which hss an emmissivity and t h e m 1  conduc- 
t i v i t y  of 0.6 and 9 Btu/hr-ft-%’, respectively,  
t e q e r a t w e  of the cask (1) assuming no fins and (2) assuming 1/2-in.-thick 
f in s ,  4 in .  wide spaced on 3-in. centers, are welded t o  t he  surface and run 
the height of the cask. For simplification, assume t h a t  a l l  of the heat 
is t ransferred Tram the cyl indrical  surface and none from the cask ends. 

The 

The outer s h e l l  i s  

Determine the surface 

Specifications of th.e Yanlaee a e l  are given i n  Table 3.2. 
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Table 3.2. Specifications of Yankee Atomic Fuel. 

Core thermal power 480 mw 

Burnup 8200 Mwd/Mt U 
I r radiat ion time ( f u l l  power days) 

Pins per m e 1  e l e m n t  380 
Elements per core 76 
Length of element 1.24 inches 
Active length 90 inches 
Decay t i m e  before shipment 

4x7 dsys 

100 days 

Solution 1, 
mined Prom Table 3.2. 

The operating power of an average element my be deter- 
" 

= 480 mw/75 elements = 6.33 mcJ-/ebment 

Since T equals 417 days and equau  1.00 days, ps/p0 from Fig. 3 
i s  6.35; x I.0Oo4. Thus 

pS = (P,/P,)(P,) = (6,35 x lC1-~)(6.33 x 

= 4OOO watts = 13,650 Btu/hr 

Neglecting the ends, the cask surface area with 
2 

= nD L = ~ ( 4 5 ) ( 1 5 0 )  = 21,300 in.* = 148 ft *s 0 

The decay heat from four average e lemnts ,  Q, = (4)(13,650) = 54,500 
Btu/hr and 

&/As = 54,500/148 = 368 Btu/hr-ft 2 

Since the emissivity E = 0.6, from Fig. 3.4, the surface temperature 
(assuming an a d i e n t  a i r  temperature 02 100%) is 

1709 + iooT = 2709 

Solution 2. %sed on an or ig ina l  square foo t  of prime surface without 
f in s ,  the surface area of the fins = ( 4  f i n s ) ( 4  + 4 + 0.5)/12 in, = 2.84 P t  
and the base surface area = 1 ft2 - (4  f ins ) (0 ,5) / l2  in.  -t 0.835 ft2. 
Therefore, the t o t a l  area with f i n s  = 2.04 + 0.835 = 3.675 ft2/ft2 of 

2 

original p r i m  surface. 



The efficiency of the f i n s  i s  given by Eq. (7) and is affected by F, 
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the  view factor of the f i n s  and prime aWace, 
To determine the view fac tor  F, the geomtry of the f ins  must be 

exsmrtned (see Fig, 3.8). 
ORNL-DWG 64-4396- RZ 

The 
is given 
spacing; 

ana 

F = 0.55 . 
ca( cb) for radiat ion from surface C ta surface A 

(o r  B) m y  be determined from Fig. 3*7 and is a function of the r a t i o s  
of f i n  height t o  length ( z / x )  and f i n  spacing to length (y/x). 
case, the f in s  r u n  the length of the cask (150 in.), and the ratios are: 

The view fac tor  F 

In t h i s  

Z/X = 4 / s o  = 0.0267 

Y/X = 2.5/150 = 0.0167 

F~~ (and F ~ ~ )  = o 
Thus, 

The t o t a l  view factor  is therefore 0.55. 



In order t o  determine Er, a trial-and-error approach is necessary. 
A value of xr is  assumed, the cask surface telg?erature calculated and a 
re-examfnation of 'i; must be made based on the computed At; i f  the error 
is too great, the process should be repeated. 

A reasonable value for Xr m y  be estimted i f  the a s s w t i o n  is mde 
that  the Sins are a t  the sane tenrpemture a6 the prime surface; then F i g ,  

3.3 and Fig .  3.4 can be UP 3. 
The surface area wlth fins = 3.675 ft /origLml ft of cask surf"ace. 

The total surface area is, thus, 3,675 x 14-8 = 5% ft2. Since Q/A = 
(54,500 3tu/hr)/545 ft2 = 103 E%u/hr, the surface temperature ts determined 
fromFig. 3.4 (E: = 0,6)  equals 1629. 

r 

2 2 

FromFig. 3.3 for a A t  o f  (162 - 10O)v = 62'9, 

and, 

Thus , 

therefom, 

from Eq, 

The effective are8 = (0.82)(2.84) + 0.835 = 2.324 + ,835 
= 3.14 ft2/ft2 

of the original cask sul-face; thus, 

2 the total epfective area = (3.14)(148) = 464 ft 
Q/A = 54,500/4-64 = 118 Btu/hr-ft* 

From Fig. 3.4, the surface temperature ts = l 7 O " F  



c = 0.87 (compare with 0.85 assumed) 

= 0.78 (campsre with O,75 a c s w d )  
hr 

The or ig ina l  val-ues of sr and h are  accurate enough t o  preclude 
C 

recalculating ts 

Thus, the cask surface temperature could be reduced from 2709 t o  
170% by the use of f i n s .  Since the f i n s  would lower the surface teqer- 
a t w e  t o  below 1809, it would- rust be necessary t o  curround the cask with 

some protective f ramcmrk t o  prevent d i r e c t  contact by unauthorized 
persons as required by the regulations noted in Sect. 3.2. 

3.6 Keat Conduction Through a Cask Wall 

!The amount of heat being conduct 
cask i s  given by 

where 

and A1and A2 refer t o  the inside and outside surface area, respectively; 
k, the t h e m 1  conductivity of the shield material; x1 and xz the inside 
and outside r ad i i ,  respectively; and &t the temperature difference from 
the inside t o  the outside of the shield (Fig ,  3.9). 
across the shield may be estimated from Eq. ( 9 )  by assuming no heat i s  

The temperature drop 

l o s t  through the 
cask dimensions. 

It is  qui te  
gap will develop 
fabr ica t ion  (see 

ends of the cask and by knowing the heat source and the 

possible t h a t  if a cask shield material  is lead, an a i r  
betwen the lead and the outer steel ahe l l  during cask 
Sect. 3.8). Such a gap w i l l  cause 8 ~emperature drop 

across the air f i lm  whtch ~3.11, i n  turn, increase the cavity temperature. 
Ilf the gap is  small, heat t ransfer  will be mainly by conduction, and the 
temperature drop across it may be computed by the usual method, shown by 
Eq. (11). 
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AIR 
G A P  

Fig. 3.9. Schetnatic of Cylindrical  Cask. 

mere 
Q = heat transferred a c w s s  the film, 

x = the thickness of' the a i r  film, P t  
k = the t h e m 1  conductivity 

tempemture, ~ t u / k - f t -  OF 

Problem 3.4, Calculate the inside wall temgeratuxe of the finned 
cask described i n  problem 3.3. Assurzle a 1/3;1-in. a i r  gap between the 

, outer s t e e l  s h e l l  and the Lead. 
nesses a re  1/2 in. and 1 in., respectively, and the cask has 9 in .  of 
lead shielding. 

The inner and outer s t e e l  s h e l l  thick- 

Solution. From problem 3.3, 
A1 = T' DiL = ?r(25)(150) = 11,800 in.* = 82 f t  2 

A2 = ?r DOL = .rr(43)(150) = 20,300 in.2 = 141 f t  2 

The temperature drop across the outer shell m y  be calculated as if  

the s h e l l  were 8r f la t  plate .  In this case, Eq. (11) is applicable and 
Qx A t  = Tk 



where 
Q 
X 

k 

54,500 B h / h  
the shell t h i chess ,  
9 Btu/hr-ft- 9 
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1/12 ft 

The temperature F:?WSS the a i r  film is calculated i n  a similar way. 
2 surface area Inside of the outeln shell, a t  the a i r  film, is  138 f t  . 

outside s-face temperature was conputed t o  be about 1709 (problem 3.3) 
may be evaluated a t  somewbat above that temperature, say 200pF. and kair 

The 
The 

kair = 0.01?4 B t U / h - f t - ? F  

aid 

The temperatu 

Eg. ( 9 ) .  

Resrraxlging Eq. ( 9 )  

where 

x - x1 g/L2 == 0.75 f t  2 

k = 19 Btu/hr-ft-?F 

The temperature drop through the inner she l l  my be calculated from 
Eq. (11). 
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The temperatme a t  the inner cask wall is, therefore: 

170 
59 

3 -6 
19.7 
3.1 

255 ?? 
7 

Almost 7G$ of the tempem%ure drop through the shield occurs across 
the a i r  gap. 
lead and outer steel shell i n  order t o  keep temperatures in the cavity 

This emphasizes the importance of a good bond between the 

as l o w  as possible. 

3.7 Temperatures i n  Pin Type Fuel Elements 

Most power reactor f u e l  elements are made up of f i e 1  
a square array. If water is 
e lemnts ,  the pins would have 
a i r  c i rculat ing in the  cask and 
another. The determination 
h r g e  array of pins 
experiments were cond 
fac tors  affecting the 
and reasonably accurate mth 

temperature i n  a p i  

Stainle ss-stee 
e lec t r i ca l ly  heated 
pins, 2 ft long and 
array modules by use of t r ans i t e  end p la tes  and spaced on 0.68-in. centers 
(Fig. 3.10). Larger arrays were b u i l t  
64 pins. The four pins of each module 
e l ec t r i ca l ly  a t  various heat inputs i n  
heat fluxes, 

up from the modules t o  a maximum of 
were wired i n  series and heated 
order t o  cover a wide range of 



Fig. 3.10. Sub-BiurClle of 8 Mock Reactor Fuel Element. 

A m o d e 1  of a fuel bundle, a f t e r  being assembled from the mdlulcs, 
was then placed into a section of stainless-steel plpc, which simulated 

the inside she l l  of a cask (see Fig. 3*ll), 
shielding t o  h 

of asbestos cl 

The resistance of lead 
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The m t h e m t i c a l  model used Lo predict  the pin  temperatures assumd 
only radiant heat t ransfer  from pin  t o  pin,  
is  the controll ing mode 02 heat t ransfer  i n  a dry, air-filled cask cavity, 
i f  the f u e l  p in  temperatures a r e  high, and the m t h e m t i c s  of the model was 

simplified. 
s u l t s  based on radiant heat t ransfer  should. be conservative i n  the  sense 
t h a t  the predicted temperature i n  the center of the bundle would be higher 
than the measured tenrperature e 

This vas done because radiation 

Since no attempt  mu made t o  account f o r  convection, the re- 

The basic equation that describes the radiant heat flux from surface 1 
t o  surface 2 i s  of the form 

where 
c T =  

4 4  5 ‘ = A 2 - 2  F’ cr(T1 - T2) 

A l ,  A2 = 
F =  -12 

Stefan-Boltzmnn constant 
absolute temperatures of tubes 1 and 
net radiation from 1 and 2 

areas of 1 and 2 
radiat ion fac tor  beeween 1 and 2 

is a complicated The radiat ion fac tor  F -12 
emissivit ies,  and view fac tors  not on ly’ lor  rad ia t  
l a n d  2 but between a l l  surfaces of the system. For reasonably high 
emissivi t ies  (0.5 or greater) ,  the  f ac to r  

1 
1 

=: - + 2  (7 - 1) 
FE 

where 
FE = view fac tor  

and 
E = the  emissivity of all surfaces 

can be approximated by 

(13) 

(assumed t o  be ident ica l ) .  

This is exact onky when 1 and 2 are the only radiat ing o r  receiving 
surfaces.25 For very low emissivit ies,  the fac tor  can b e t t e r  be estimated 
by a more complicated procedure, 26 
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Since power reactor f u e l  pins are  normally closely spaced, it was 
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Since power reactor f u e l  pins are  normally closely spaced, it was 

assumed tha t  a central ly  located f u e l  p in  i n  a square array would radiate 
only t o  four  adjacent; tubes, four  diagonal tubes, and eight other tubes 
located adjacent t o  the diagonal tubes, 
a cen t ra l  pin must be t o t a l l y  intercepted by these sixteen tubes (under 
these assumptions) and may be siunmed up as follows: 

The t o t a l  heat, ai, radiated by 

16 rn 4 ,4 
Q i = a A Z  - 

1 . I -  

j: 

4 4  16 Ti .. T 
Q i = a A Z  - 1 4- 2(L - 1) 

E i d  j=1 F 

This equation was written f o r  each tube i n  a bundle ana solved 
4 s imltaneously i n  a code for each T. by a trial-and-error procedure on 

an IBN-70gO computer. 
1 

"he  code is prk'sented i n  reference 24. 
Experiments t o  ver i fy  the calcull-.ted tcmeratures  were run with the 

the f u e l  pin. 
Although there were 03vious signs of convective heat t ransfer  ( the 

temperatures i n  the horizontal bundles were not symmetrical about a 
horizontal  plane through the center of the bundle), the predicted temper- 
a tures  were reasonably close t o  those measured (see Figs. 3.12, 3.13, 
and 3.141, 
'were high (> 2OOoC) and where the cask f i t  reasonably t i gh t ly  around the 
fuel bundle. In t h i s  case, radiation was controlling and convection was 
reduced t o  a min im.  
is  l i k e l y  t o  be a problem i n  fuel shipping and, therefore, a re  of most 
i n t e re s t  

G o d  agreement was obtained i n  a l l  cases whc.re the t e q e r a t u r e s  

These are  the conditions under which heat t ransfer  



Fig, 3.E. Predicted and Ekperimntal Temperature Distribution 
i n  a @+-Tube Eundl-e, Square Army, Horizontal  Position. 
temperatures ( " C )  a re  shown i n  the lower haU of the circles. 
0.0514 w/cm of tube; average cask wall teqerature  = 79.0%. 
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Fig. 3.13. Predicted and Experimental Temperatwe Distribution 
i n  a 64-tube Vert ical  Bundle a t  the Midpoint. 
("C) are  shown i n  the lower half of the circles. 
tube; average cask w a l l  t e q e r n t u r e  = 79.4"C. 

Predicted temperatures 
Q = 0.04852 w/cm of 
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Fig. 3.14. Predicted and Ekperimental Teirrperature Distribution 
i n  a 16-Tube Bundle, Square Array, Horizontal Posit ion in a 6-i.n. Cask. 
Predicted temperatures ( " C )  a re  shown i n  the lover half of the  c i r c l e s ,  
Q = 0,043 w/cm of tube; average cask wall tenrpexature = 7O.O"C. 

3.8 Lead E)ondbng 

When lead-f i l led casks are t o  be used f o r  transporting highly burned 
short-cooled fuel with lerge heat generation, it is  quite imgol-tant to 
obtain as complete a bond between the lead and the s t e e l  shells as possible. 
Without adequate bonding, a i r  gaps between the lead and the outer s h e l l  of 
the cask can develop, T.rhich coul 

cavity (see problem 3.3). 
ask 

Air gaps a r e  seldom a problem be twen the inner s h e l l  and the lead. 
A very tight mchanica l  bond develops there as  the lead i s  cooled during 
the fabrics: !.on process. 
s h e l l  were not tinned p r io r  t o  lead pouring. 

Such a bond would likely occur even i f  the inner 

Lead can be bonded more eas i ly  t o  carbon s teel  than t o  stainless s tee l ;  
however, the l a t t e r  i s  often more desirable due t o  i t s  resistance t o  many 
decontaminating agents. Therefore, some casks have been designed with a 
stainless-steel-clad carbon-steel s h e l l  to take advantage of both desirable 
properties.  

A number of methods have been used success9uUy t o  obtain a good lead- 
to - s t ee l  bond, and most cask fabricators  have t h e i r  own methods. One 

. procedure i s  t o  t i n  the s t e e l  surfaces and maintain a t  least 1/4 in .  of 
l iquid f lux  over the molten lead as it is  poured. During the pouring, the 
cask i s  kept hot with torches around the level of the lead, and the bottom 



by the conlrracting lead. 

portion of the  cask i s  allowed t o  cc  
so l id i f i e s  and contracts, molten lead from above f i l l s  the voids, 

Another method, which was successf i l ly  used i n  building the 70-ton 
casks f o r  h Pont, en t a i l s  tinning the steel  pr ior  t o  pouring the lead, 
pouring the lead, keeping it molten u n t i l  the cask is completely pam'ed, 
and then spraying a l l  surfaces of the cask with water.27 !We cooling is 
rapid and proceeds from the surfaces inward t o  a point about halfway 
between the inner and outer steel walls, 
the  le:d, l iquid lead from above WE i n to  the voids i n  the center created 

' 

During the soli 

A th i rd  method which has been suggested f o r  producing a good mchanical 
bond is t o  use an al loy of lead and bismuth.28 If enough bismuth i s  t i c ;  kit 

the  m l x t w e  w i l l .  actual ly  eqand,  ra ther  than contract, on sol idif icat ion.  
However, the melting point of the Pb-Bi alloy is  appreciably lover than 
t h a t  of pure lead, and b i s m t h  cos 
opposed t o  lead at about 32 cents a pound, 

Figure 3-15 shows a section of a smll  
mixture of 55% bismuth and 45% lea 
obtain a high-quality mechanical b 

3.16 shows the r e su l t s  of a simple 
tinned and which resulted i n  an inadequate bond a t  the outer s teel  she l l ,  

It is  possible t o  design the cask i n  such a way t h a t  8 good bond 
between the lead an3 the outer s h e l l  is  not required for e f f i c i en t  heat 
removal, Figure 3.17 shows rz sectioned cask i n  which i ron  f i n s  can be 

welded t o  the inside 09 the outer shell.29 
way tha t  they bend and give a s  the lead expands and contracts under 
varyS.rrg heat loads while still maintaining mechanical contact with the 
lead. "his provides a good path f o r  heat t o  be conducted from the lead 
t o  the outer s t e e l  s h e l l  under a l l  heat loads. 

abil i ty.30 The cask, designed t o  transport  19 WTR-type f u e l  elements 
(Westinghouse Test Reactor), weighs 30,000 lb and will dissipate  7 kw of 
heat a t  ambient terqcratures of 1009 with the cavity temperature no more 
than 277°F. 

These f i n s  are rmde i n  such a 

A cask of t h i s  design has been b u i l t  and tes ted f o r  i t s  heat removal 
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Fig .  3.17. Schemtic of a Sectloned Cask Containing Internal  
Heat Transfer Fins. 

Heat t ransfer  t e s t s  -Lo verify t h i s  design charac te r i s t ic  were per- 
f o m d  with an e l e c t r i c a l  heat source of 5.5 kw i n  the cask cavity. 
couples were used t o  determine the telllpemture prof i le  through the cas 
wall (see Fig. 3.18). Note t h a t  the tenperatwe drop between the oute 
lead surface and the surface of the outer she31 was only about v%’, 

The 

indicating tha t  the  f i n s  sa t i s f ac to r i ly  performed their flrnction. 

200 

I90 

180 

- 
u_ 

?, 
170 

bl 
3 z 2 160 
UJ 

150 

140 

130 

I I I I I I - t i  t A  

Fig. 3.18. Temperature P r o f i l e  Wough Lead Shield i n  WTR 
Cask with 8 Power Input of 5.5 kw. 
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3.9 Fi re  Protection 

I 

The involvement of a cask i n  ex fire i s  one of the wars;'t tyge of 
accidents t h a t  could occur during shipment. 
a tu re  increases a t  a f a s t e r  r a t e  than s t ee l s  that normilly contain it 
(see Sect. 5.4). Consequently, i n  a f i r e  pressure of molten lead  could 
rupture the s t e e l  shell and leak away, Cavity pressure would increase, 
par t icu lar ly  i f  a l iquid coolant were present, W c h  could cause the 

c o n t a i m n t  t o  be violated. 
the cask. 
be low, an  examination of the consequences is  f a r  from academic since the 
poten t ia l  monetary loss is so great,  

should be able t o  withstand a stands& 1-hour f i re  ( the time-temperature 
curve i s  given i n  appendix 3) without creating excesr.ive hazards; i.e., 

Lead expands a8 i ts  texger- 

Fission products would be dispersed from 
Even though the probabili ty of involving a cask i n  a f i r e  my 

The proposed regulations (CFR Title 10, Par t  p) s t a t e  t h a t  the  cask 

the surface dose r a t e  could increase 
shouM not be l o s t  from the cask. 

If the tries of f ires i n  which 
examined, then the Br i t i sh  r ecomnda t  
suff ic ient ,  has merit. 

Containers which weigh over sc 

i n  a building during t r ans i t .  These casks would, most probably, be in- 
volved i n  8 petroleum f i r e  caused by an accident involving, say, a ra i l road 
car containing such fuel .  
var ies  from about 10 t o  15 in,/hs of pool depth. 
8 1-hr f i r e  which completely envelopes the cask and produces the mximwn 
heat f lux over the en t i r e  cask, the f u e l  m l d  most l ike ly  have t o  be 

trapped i n  som natural  depression (possibly a d i t ch  with no run-off) and 
the cask suspended about 30 in.  abwe the pool. 
1 hr, the pool depth would have t o  be possibly 15 in .  deep. 

The burning r a t e  of a pool of hydrocarbon f u e l  
In  order t o  postulate 

In order t o  burn f o r  

Such a s i tua t ion  i s  d i f f i cu l t  (although not impossible) t o  imigine, 
and even though a half-hour open-air fire, under optimum burning conditions, 
Beem t o  be a conservative enough bas is  t o  design on, continued shipping 
experience and accident analysis w i l l  be necessary t o  resolve %he question. 
Until t h a t  time, it i s  recommended t h a t  Urge casks be examined s s s u m i ~  a 
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1-hr fire.  
The s i tua t ion  i s  generally d i f fe ren t  Zn the case of small shipping 

containers. 
course of shipmcnt from one point t o  another a d ,  i n  this si tuat ion,  my 
be subject t o  8, building f i r e ,  

It is  easy to imgine such ti fire lasting a t  least  an how; under 
such conditions, the tim-tempcmtwe curve presented i n  appendix 3 should 
be used in assessing the poten-ti.eJ- hazards under f i re  conditions. 

Such containers my very we11 be stored i n  a warehouse i n  the 

3.9.1 Chtmacteristics of O p n - A i r  Fire 

A limited number of open-air fire t e s t s  using JP-4. jet  fue l  have been 
pe r fomd t o  date  by Arnrour Research Institute and Sandia Corporation. 31 
More t e s t s  are being planned. 
temperature of large pools is about 1900 *150”F and the heat flux avemeB 

PreUminary re su l t s  indicate that the fire 

per hour. 

3.92  Container Designs which Offer Protection from Fire 
I 

Nornoally, the cask is  designed t o  provide a path f o r  heat t o  flow 
from the source t o  the cask surface. 
f o r  heat input from the cask surface t o  the cavity i s  also provided. 
Since i n  a fire 
be desirable t o  build a cask t h a t  muld  reject  heat by convection and 
not accept energy by t h e m 1  radiation, 

With th i s  design, however, a path 

much of the inel-gy is transferred by radiation, i t  would 

The -0 buffered cask i s  designed i n  this manner (see Fig. 4.15). 
Hanf‘ord*s buffered cask provides a thermal barrier i n  the form of several  

within the buffers’ annu3i. 
fires,  
several barriers t o  the innermost annulus, which 

This helps to insulate 
Under normal conditions, air  cools the 

layers of stagnant a i r  
the  cask from exterml 
cask by flowing around 



forms a chimney around the cask, and then past  thrs cask and out the top 
of the buffer. In a fire, the hot gases w i l l  probably not pass the f e w  
entrance har r ie rs ,  but inzpinge only on the outer sheXX;and, cei-t8inly, 
the radiant energy of the flaw w i l l  be mainly intercepted by the outer 
surface of the buffer. 

i n  Fig,  3.19. 
A simplified fire shield is  shown schematically 
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A type of cask that  has m t  wlt. 
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B r i t i s h  f e e l  solves most of the-problems tha t  are 

casks have the disadvantage of weighing more than a comparable lead 
shielded cask w-ith the equivalent cavity s ize  and shielding, and would, 
therefore, cost  mre t o  transport  across country. But the advantages are, 
t ha t  the shield w i l l  not m e l t  a t  normal f ire temperatures; and even though 
thermal s t resses  w i l l  be present i n  the steel  cask i n  a f ire,  the problem 
of d i r f e r e n t i a l  themnalexpansion between the shield and shell does not 
occur, 
a l l  casks and f i r e  shields fail t o  provide this protection, then all steel 
casks my solve the problem, 

If' future  experience indicates that f i re  protection i s  needed on 

Reh t ivc ly  small casks, which norrnally have small i n t e rna l  heat sowces, 
have been enclosed i n  wooden shields and tested t o  determine t h e i r  a b i l i t y  

t o  withstand f i re ,  33'34935 The results indicate  tha t  about a 3-1/2 t o  4 in ,  
thiclmess of wood offers good t h e m l p r o t e c t i o n  t o  the cask f o r  up t o  an 



hour. The hardwoods a r e  somewhat more f ire r e s i s t an t  than softwoods, 
but f i r e  t e s t s  pe r fon  rd on pine shields have provided reasonable protection 
t o  the enclosed container. 

Fire tests h..ive been performed by the Underwriters Laboratories on 
small shipping casks with no fire protecting shields.  36 In  one test, the 
cask blew up. 
of water had become trapped ixmide  the steel shell during many years of 
use. Other casks were dried pr ior  t o  tes t ing  and no fur ther  explosions 
occwred, although loss  of lead shielding was c o m n .  

Underwriters bbo-ratoriee h v e  also tes ted a wooden f i re  shield i n  
a f i ~ e . ~ ~  They found. t ha t  i n  a furnace which followed the time-temperature 
curve (appendix 3 ) ,  3-518 i n ,  of mple withstood a 1-hr f i r e  without burning 
through the wood, and temperatures inside the shield did not exceed 210%’. 

It 18.5 later sumdsed tha t  several  hundred cubic centimeters 

3.9.3 Cask Temperatures i n  8 Fire 

Methods arc? available which w i l l  
a turc  throughout a cask as Q function of tine a 
a f i re  by making cer ta in  assump 

calcubt ions may be made by hand using a graphical and/or 
employing a finite difference technique.. 
the Schmidt plot, i s  relcltively simple even when the boundary conditions 

The graphical 

become complicated, but is limited t o  temperatures 
of the cask materials. For a complete description 
method, the reader i s  referred t o  reference 38. 

!Fhe unsteady s t a t e  equation, which applies to 
thick-walled cylinder, is 

below the me l t ing  point 
of the theory behind the 

heat conduction i n  a 

where T is temperature, e i s  time, a 
is the radius. Th i s  eqmt ian  my be 
equation (l.6). To use Eq. { 1.6 >, the 

i s  the t h e m 1  diffusivi ty ,  and r 
t r ans fomd in to  the f i n i t e  difference 
walls of the cylinder nust be divided 

into annular sections of constant Ar, and it i s  the temperature a t  the 
planes between these intervals that is determined as a fhnction of t i m e .  



The nomenclature i s  the same a s  noted for Eq, (15), but i n  - ,ddit ion the 

superscripts indicate the number of k i m ?  increments (A0 ' s )  t ha t  l-mre 

elapsed, the subscripts t o  the posit,i.on through the cylinder wall, and 

The t h e m 1  diffusivi ty ,  a, of the system i s  assumed constant; and 
if AQ or z'Aq i s  chosen such tha t  

2a.46 

= = l  

then Eq. (16) would become 
t t 

t+l - Tn+l 4- Tn-l 
2 

I 

Tn 

which says tha t  t he  temperature a t  posit ion n a t  
equal t o  the arithmetic Mean of the temperature a 
measured a t  time increment t, and t temperature a t  
a l te rna te  time intervals .  This, therefore, permits a stepwise calculation 
of temperature as a function of t ia te  and temperature history.  

For thick-walled cylinders, the wall offers  8 f i n i t e  resistance t o  the 
heat flow toward the i n t e r i o r  of the cylinder, 
accounted f o r  i n  construction of the Schmidt p lo t  by extending the cylinder 
wall a cer ta in  distance.  which i s  the 
reciprocal  Biot modulus. T h i s  reciprocal moduXus indicates the r a t i o  of 
the temperature drop across the solid shield (proportional t o  k/ro) t o  
t h a t  across the f l u i d  (proportional t o  5). 

This resistance may be 

This distance i s  equivalent t o  kfir 
0 

Problem 3.5 A cyl indr ica l  steel-shelled, lead-f i l led cask has an 
inner radius of 9-l/2 in. and an outer radius of 2 1  in .  The she l l s  a re  
macle of mild steel, the inner one being 1/2-in. thick and the outer one 
7/8-in. thick.  
3009 due t o  the radioactive material  it carried.  

The temperature i n  the wall i s  essent ia l ly  constant a t  



_ .  

Assuming a l l  the heat i 
end effects ,  determine the t i m e  required f o r  the outer surface of the 
lead shield t o  reach the melting point when inmc!rsed i n  a f i  

temperature i s  lgOO?F and einissivity is  0.85 (1) vithout a f 

(2) with a f i r e  shield s imilar  t o  t h a t  shown schematically i n  Fig, 3.19. 
The f i r e  shield i s  mde up of 2 inches of insulat ing rni,I.rialbonded t o  
a 1/4-in. s t e e l  s h e l l  surrounding the cask. 

For the insulation, assum k = 0.051 Btu/hr-ft-%, a = 0.01 ft 2 /hr 

and i ts  surface emissivity i s  the same as the flame, 0.85, 

s h e l l  i s  neglected. 
divided i n t o  three annular segments, each with a Ar of 3.375 in .  

Solution 1. In t h i s  analysis the t h e r m 1  resistance of the outer 
The lead shield, shown schematically i n  Fig. 3.20 is  

FIRE SHIELD 

b2 in.+3 in.+7/8’--- 10-1/8 in.----.-d k 1 / 2  in. 
in. 

Fie;. 3.20. 
Optional F i re  Shield, 

Scliemtic of a bad-Shielded Cask Protected by an 

For the lead shield r = 10 in. i 

0 
r = 20-1/8 in. 

a = 0.95 f t  /hr 

k = 3.9 Btu/hr-ft-”r;l 
2 
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The values of Aq corresponding t o  the annulrzr segments noted i n  Fig,  3.20 

are given i n  Tab le  3.3. 

Table 3.3. Determination of Aq f o r  the bad-Shielded Cask 

Ar  AT^ = - See, No. in .  in .  in .  X 
Inner Radius Outer hclius &an Radius 

1 10.0 13 375 u.688 0.288 

2 13 375 16,750 15.063 0,224 

3 16.750 2 0 . 2 5  18 438 0.183 

Since from Eq. (17) 
eaae --------.=I 
(&I2 

2 
A0 I 

2a =W/=r 2 0.95 

Construction of a graph i s  s t a r  
zero posi t ion on a temperature-position p l o t  t 
the lead shield (see Fig. 3.21). 
t o  the r igh t  of, and p a r a l l e l  to,  the o r ig ina l  l i n  
distances noted i n  Table 3.3, 

The segment i n  

Since the cask surface temperature and 'ii vary with tim, a step-by- 
s tep  determination of with t i m e  must be mde t o  determine the posi t ion 
of the " f i c t i t i ous  cask surface'' which i s  placed t o  the l e f t  of the zero 
posi t ion a t  a distance equivalent t o  kfio., 

i s  t ransferred by radiat ion and t h a t  F = F F . In t h i s  case, since the 
cask i s  closely surrounded by %he flam and/or the f i r e  shield, the shape 
f a c t o r  Fe = 1 and Fa, the grey body fac tor  equals 

Equation ( 5 )  my be used t o  coqpute '% by assuming t h a t  a l l  the heat 

-12 c a  

where E 
and c2, the cask surface. 

refers t o  the heat source ( e i the r  the flame o r  insulat ion surface) 1 



Fig. 3.21, 
a Function of Ti 

Thus, 

From Eq. ( 5 )  

A t  t im  zero, the temperature of the f l a m e  is  lgOO?F' and the surface 
temperature of the cask i s  3009. The value 09 % is determined as noted 
above and i s  l isted below i n  Table 3.4 along with the corresponding value 
for kfiro, which is, i n  this case, 0.720. Note t h a t  the temperatures tl 
and t are i n  degrees Fallrefieit and T and T are degrees Rankinee 

2 1 2 



Table 3.4. Determination of k / b  a~ a Function of T i m  
0 

Time t2 
Increment (min) ( O F )  ( O F )  

0 0 1900 300 

1 2.5 1900 735 

A " f i c t i t i ous  cask surface" is drawn a distance of 0.720 in. t o  the 
l e f t  of the zero l i ne  and from the intersect ion of t h i s  l i n e  with $he 

f i r e  tcnperature of 1900%', a s t m i g h t  l ine  i s  drawn t o  the fir,> c* t in te r -  
f ace  i n  the shield whose temperature is s t i l l  3009. !This l ine  in te rsec ts  
the lead surface a t  7359 which i s  j u s t  above 

These results indicate t h a t  9% t h i s  cas 
temperature i s  lgOO%', t h a t  melting of the lead a t  t 
begin i n  less  than 2.5 minutes after being su 

Solution 2. When the cask f i r e  sh ie ld  
f i re ,  it will quickJy raise the steel  p l a t e  suppor 
about the Sire temperature and the heat will slowly be conducted through 
the insulation. 
be a l so  handled using a Schmidt p lo t .  

A time-temperature analysis of the insulated shield my 

The insulat ion is  t h i n  enough re l a t ive  t o  i t s  radius t h a t  it my be 

t reated a6 a slab. 

increments and, by replacing rAq by Ox i n  Eq. (l7), 
The insulat ion i s  a r b i t r a r i l y  divided i n t o  four  1/2-in. 

Construction of the graph is similar  t o  t h a t  described previously, 
except the shield surface 16 assumed t o  be 8 constant l 9 O O ? F  and thus 
a l l  l ines  radiats. from the intersect ion of the vertical l i ne  representing 
the cask surface ( a t  point 0 )  and the horizontal  lpOO?!? l i n e  (see Fig. 
3.22). The conservative assumption I s  mde that the inner surface of the 



horizontal  temperature l i nes  i n  the Ust zone of insulation. 
If; should be remembered t ha t  the temperature i n  any plane varies 

only i n  a l te rna te  tire increments. 
inside m11 of the insulat ion does not s t a r t  t o  rise un t i l  a f t e r  three 
t im periods have elapsed o r  3 x 5.2 = u.6 min. 
curve f o r  the inside face of the i n s u b t i o n  is  replot ted i n  Fig. 3.23. 

Note t h a t  the temperature on the 

tine - tempemture 

The cask surface i s  effected by the temperature on the inside surface 

of the  insulation. Again, assumfng the heat i s  t ransferred by radiat ion 
between these two surfaces, the 'temperature increase throughout the lead 
shield my be coiqmted by the use of a Schmidt p lo t .  

The const.ruction i s  ident ica l  t o  tha t  described i n  solution 1 of 
t h i s  problem, except t h a t  the temperature t o  which the cask surface i s  
exposed is  not lgOO?F bu 

of t i m e .  
Since the  cask i s  

i n  solut ion 1, the time 
f o r  the determination of x. 

To a i d  i n  the cons 
Table 3.5 was construct 

It i s  seen from F i  
i n  18 time increments (18 x 2.5 + 15.6 min insulat ion time lag  = 60.6 min) 
has reached only 5109, which i s  about SOO?F below the letid melting 
temperature, W"ni1e the inside wall temperature has increased from 300 t o  
3809 during the 1-hr f i re .  

These results inaicate  the usefulness of a f i re  shield i f  a cask is  
t o  be protected from 8, 1-hr f i re .  

L 
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Fig. 3.22. A Plot  of the Tem- Fig. 3.23. The Time-Tempera- 
t u r e  Curve f o r  the Inside Surface 
of the Fire  Shield Determined from 

perature Distribution through a Fire 
Shield Using the Schmidt GraphLcal 
Method. Fig. 3.22. 
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Table 3.5. The DeZtmnination of lc/& 8 s  a Function of' TS_me and Tenperatme 
0 

T 4  T 4  cd) A t  ( B t g / h  Ti - k 

0 
Time t2 

Incremnt (min) (9) (9) ('R)' (9) -ft -9) - 
1 17.5 4-00 300 5,500 3,350 100 1.86 6.32 

3 22.5 535 305 9,400 3,400 230 2.25 5 2 3  

7 32.5 725 330 19,700 3,900 395 3.46 3.40 
5 27.5 635 315 14,200 3,600 320 2.86 4.11 

9 37.5 815 350 26,4W 4,300 465 4 . z  2.85 
11 42.5 895 375 33,200 4,800 520 4 . p  2.50 
13 47.5 970 loo 41,600 5,500 570 5 *50 2.14 
15 52.5 1035 435 4g,500 6,500 600 6.20 1.90 

19 62.5 1155 510 

DtSTANCE (h.) 

Fig. 3.24. A Plot of the Temperature Distribution as  a Function 
of Time Through a Cask Surrounded by a Fire Shield. 
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4. STRUCTURAL INTEGRITY 

4.1 Introduction 

A p r i m r y  goal of R w e 1 1  designed cask i s  t o  protect  the public 
from the relcase of harmful amounts of radiat ion during the  transportation 
of the radioactive material ,  Such rel.c:ases could occur from a loss of 
shielding or  leakage of the contents from the cask caused by the involve- 
ment of a cask i n  an accident; e,g, ,  .impact or firf?. 

Since the exact nature of such accidents i s  almost impossible t o  

predict ,  some a rb i t r a ry  perf’omnce specifications of shipping containers 
have been s e t  fo r th  by t h e  AEC i n  the CFR TZt l e  10 Parts 7 1  and 72. 

These performance specifications require, for example, t h a t  the cask 
should be able t o  withstand a f r e e  f a l l  onto an unyielding surface from 
a spccified drop height, the penetrating e f f e c t  of a piston, and a f ire 
without fa i lure .  
such requirements i n to  design specifications,  
has developed with the object of determining 
on casks and determining improved methods of c 
point of view. 
mny of which a re  s t i l l  i n  progress, are  given i 

Because of the almost inrposs 

The available r e su l t s  af the va 

Two basic pol ic ies  concerning impact pr 
each new shipping cask design. 
enough by itself t o  withstand credible accidents, and the second i s  t o  
bui ld  a shield or  buffer around the cask t o  absorb most of the impact 
energy i n  an accident; and, thereby, reduce -the amount of stress t ha t  the 
cask itself is  subject t o .  

The f i r s t  i s  t o  build the cask strong 

Casks of both types have been b u i l t  and tes ted.  
Oak Ridge National bboratory,  Du Pont, and The Franlrlin I n s t i t u t e  

have performed drops on various-sized unbuffered casks, some of which were 
scale  models of others,  Mode1 buffered casks have been tested by the 
University of Texas. The casks tested t o  date ( a l l  of the steel-shelled, 
lead-f i l led type) have shown a remarkable a b i l i t y  t o  withstand high drops 
onto a so l id  surface without cracking the s teel  shel ls ,  although the same 
casks are relatively m e r a b l e  t o  the punching act ion of a piston. 

The t e s t s  also indicated 
formation of a prototy-pe cask 

that semi-quantitative r e su l t s  of t he  de- 
my be obtained by dynamically testing a 



scale  model of the prot  
have t o  be modeled, but 

Very small mdels, less than 1/10 scale, nom1J;r. a re  not desirable; 
welding on such a mode1 i s  extremely d i f f i c u l t  and the weld areas a r e  
qui te  important, since it it: i n  these areas t h a t  f a i l u r e  of the shell 
generally OCCUTS. 

The second mthod of cask protection employs a buffer which encloses 
the cask. 
concentric s t e e l  shel ls ,  hehi in place by rubber or aluminum honeycomb 
spacers. 
no separate buffer i s  designed, tiedowns w i l l .  transmit cask shock forces 
t o  the transporting vehicle which will then a c t  as 8 shock absorber t o  
s o w  degree. 

There a re  several concepts of cask buffers. Hanford hss proposed 

Others have proposed sirnple I-beam cages. Even i n  the case where 

Buffered casks have the advantages that the buffer w i l l  protect  the 
cask against  most izqpacts, will often provide a the 
the cask is  involvFd i n  a fire, and the force t h a t  t h  
i n  8 speciflcd impact can be ea 
ac c w a c  y . 

The disadvantages are t 
which can increase both cap 

4.2 Regulations 

The more important performance specifications noted i n  CFR T i t l e  10, 
Par t  72, t o  which spent-fuel shipping cask should conform from a s t ruc tu ra l  
point of view are  given below. 

1, The cask, when regarded a s  a simple beam and supported a t  
i t s  ends along the mqjor axis, should be able t o  withstand 
a s t a t i c ,  uniform load of 10 tims the weight of the loaded 
cask withcat exceeding the ultimate strength of any p a r t  of 
the cask. 
The cask, plus any shock-absorbing s t ruc ture  securely fastened 
t o  it, should be able t o  withstand an impact n o m 1  t o  any 
surface caused by a free f a l l  of 15 f t  onto a horizontal, 
unyielding surface without exceeding the u l t i m t e  strength 

2 .  



3. 

4, 

5. 

6. 
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of any pa r t  of the cask o r  d e f o m r g  
that f i s s i o n  praducts are released. 
be raised t o  30 f t . )  

the cask t o  the extent 
(This specif icat ion my 

The l i d  and lid-closing mechm€sm should be capable of with- 
standing a force i n  any dircct lon of a t  l e a s t  60 times the 
weight of the l i d  plus contenta of the cask without exceeding 
the u l t i m t e  strength of any p a r t  of the cask. 
projects  above the body of the cask, it should withstand 15 
t i m e s  the  cask weight without f a i l i n g ,  
The ex ter ior  surface of the caelr should be able t o  withstand 
a force of 30 times the loaded cask weight applied norm1 t o  
tha t  surface over a c i rcu lar  area six inches i n  diameter, 
without exceeding the ultimate strength of the material  of 
which the ex ter ior  surface is constructed. The duration of 
the force s h a l l  be assumed t o  be not less than O.Ol-6 sc 
The cask should be able t o  withstand a standard one-ho 
f i r e  t e s t  (defined i n  the America 
Design E 119-50) without ruptur i  
impairing the shielding a b i l i t  
The cask should be able t o  at 
of not less then 20 p s i  o r  t w i  

If the l i d  

Additional specifications i n  the area of s t ruc tu ra l  i n t eg r i ty  a re  
given i n  the proposed code, but mainly concern external  attachments. 

4.3 Unbuffered Cask Testing 

Cask impact testing has become an integral par t  of the overal l  safety 
program concerned with shipping of radioactive materials. 
there is  no method of theoret ical ly  analyzing the dynamic e f f ec t  of impact 
on a cask t o  determine how safe  it is. 
t o  show t ha t  a cask will meet cer ta in  c r i t e r i a  based upon s t a t i c  loadings; 
i f  the safety fac tors  are high enough f o r  those s t a t i c  loads, the cask can 

A t  present, 

However, calculations can be mde 

preswnably withstand som impact loadings. 
The designer has several  methods available t o  determine -act re- 

sistance.  He my design and build a prototype cask and dynamically test  



it (a very expensive mthod),  he my build a scale m o d e l  of the pr 'ototype 
and test it, o r  he my examine r e su l t s  of irrqact tests already performed 
on a cask similar t o  h i s  ( i f  such data it; available) and infer from the 
r e su l t s  how h i s  cask w f l l  behave under simihr test conditions. 

None o f  these methods are foolproof. Full-scale t e s t ing  is expensive 
and only B limited Muliber of controlled t e s t s  could. be made. 
ing is  much more reasombJe fron lil cost point o f  view, but builrzim the 
model t o  scale (inclw3Tng welds) is no easy task and the r e su l t s  mist be 

scaled up t o  the prototype ( th f s  does appear feas ib le  .I see Sect. 4,4). 

method, but it i s  also .the l ea s t  expensive. 

Model t e s t -  

Examination of available impact data is cer tainly the l ea s t  accurate 
There is much data which 

has already been produced and addi t ional  testing is being carried out a t  
many d i f f e ren t  research ea%ablishments. 

this reason, the 
shipping casks, 

Casks at ORNI, 

The impact program a t  ORNL was inrplemnted with seven cylindrical ,  
steel-shelled, lead-f i l led casks. Five casks had an  18-in. outer diameter, 
-10-in. inner diameter, a 36-in. length, and an outer shell t h i c h e s s  of 
O . 3 E  i n .  
a 30-in. outer diameter, an 18-in. inner diameter, a 60-in. length, and 
weighed about 6 tons (11,350 lb) .  One of these Latter two casks had an 
outer shel l%hickness  of 0,375 in,; and the other an outer shell thickness 
of 0.500 i n ,  
4 , l .  
sense, could be described as typ ica l  so that the r e su l t s  of dynamic load- 
ings on the cask could be studied, 

Each weighed about 1.3 tons (2,600 lb). The remining two had 

A schemt5.c drawing of the L3-ton cask i s  shown i n  Fig. 
The intent  of the design was t o  provide a cask which, i n  a general 

.. , 
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CARRIER NO. SCHED. NO. A B 
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ORNL DWG. 63.3592 

CASK C O V E  

AND INSERT 

These casks were dropped 
horizontal  and vertical .  a t t i  
t h e i r  l i f t ing trunnions, and onto pistons.  
f a i l e d  the irngact t e s t  if a crack or  hole was produced i n  the cask shell ,  
such t h a t  lent! could leak out if  molten. 

Instrumentation. - Stra in  gages, accelerometers, and compressomtess 

A cask 

coqr i sed  the bulk of the instruments on the casks. 
of the Instrumentation is  shown i n  Fig. 4.2, 

A schematic picture  

The compressometers were inserted i n t o  the cask cavity t o  masure 
the maxim deflect ion of t h e  ve r t i ca l  i n t e rna l  diarneter of the cask 
cavi ty  a t  the time of impact, 

Permanent Drop Pad. - A permanent drop pad was constructed a t  ORNL 

It consisted of an &ft square of 4-1/2-in.- and is shown i n  Fig.  4.3. 
th ick  armor plate bacloed up by a 12-ft square of reinforced concrete 5 
f t  thick.  
C o l m  which extended down an addi t ional  7 f t  t o  bedrock. 

The concrete aquare rested on a 3-ft-diam reinforced concrete 



Fig. 4 



B r i t t l e  hcquer as a Visual S t ra in  Indicator. - One of the most 
useful- -tools used i n  the proermn ~ m s  the b r i t t l e  lacquer which xms painted 
onto the surface of SOIIZC of the cocks prior t o  impact testing, 
crackad tdicn thc s t r a i n  i n  the steel. shell reached a threshold value 
(npproxinaately 0 . O S  in./ln.}, indicating both the direct ion and (qualita- 
-Lively) the nla@tude of t h e  s t r a i n  on the cask surface. 

The bcquer  

This  technique was used t o  provjiie an overall picture of s t r a i n s  i n  
the cask shells and t o  iridicatc the posi t ion and d i r ec t ion  of mximn s t r a i n  
so t h a t  strain gages coul-d he appl.iccl. and accumte strain readings recorded. 
Figme 4.4 shows a crack pat tern produced by dropping B 1.3-ton cask 

horLzontally from a heig;ht OS four fee t  onto an impacting surface. 
pat terns  \ere a l s o  used i n  conputlng the energy absorbed i n  the s t ee l  slle1l.s 

These 

under impact conditions.  39 

Fig. 4,4. Stresscost Cracks Resulting from a k-ft Drop of a 
l.3-ton Cask,. 

Results of Horizontal- Drops. - Casks dropped in a horizontal  attitude 
ghotrud 8 par t i cu la r  tcndcncy to p.roiiuce a high concentration of stresses 
i n  the wcld area around the wid p la tes ,  An example OS this my be noted 
in Fig. 4.5 where the bril,Z,le lacquer Slaked off as a r e su l t  of 8 2-ft 
drop of R &ton cask. 
must be given t o  :producing qtiality welds during fabricat ion of a cask. 

This poin ts  up the f a c t  %ha% par t icu lar  a t ten t ion  



Fig. 4.5. Horizont 
S t ress  i n  the Weld 

The only f a i l u r e  o%serve 
rea of a l.3-ton cask dr 

previously from a height of 15 ft on the sam side and 23 f t  on the 
opposite side. 

at the point of impact, 
The failure my be noted i n  Fig. 4.6 i n  the weld area 

The r i g i d i t y  of the casks dropped i n  the horizontal  a t t i t ude  i s  
increased by the end plates and closures on the cask, 
tended t o  becomc oval unde: impact forces, and mny bolts t h a t  held the 
end cover p la tes  i n  place were sheared off (Fig. 4.6). 
"out of round" produced i n  the cask i n t e r i o r  a t  the t i m e  of impact has 
been de-bemined from coqressometcr measurements which are noted i n  Table 
l + . l  f o r  the 1.3-ton casks. 
i n  cavity diameter at the ins tan t  of impact; the pernanent deformation 
was measlwcd a f t e r  impact and r e f l ec t s  som recovery of the cavity diametcr. 
All drops did not h i t  perfectly flat which accounts f o r  the l..arger change 
i n  v e r t i c a l  d i a m t e r  i n  one end of drop no. 6, 

Even so, the casks 

A measure of the 

The rraximm deformtion re fers  t o  the  change 

a 



Fig. 4.6. Result 

SECTION A-A 

Drop 
No. Height (ft) 

6 6 

7 8 

8 . 12 

9 16 

L A  

COMPRESS 0 F4 E TER P 0 SIT 1 0 N S 

Max irnum De fornio tion (in.) Permanent Deformation (in.) 

1 2 3  4 5 6  1 2 3 4 5 6  

0.161 0.126 0.132 0.118 0.105 0.047 0.050 0.061 0.099 0.073 0.062 0.011 

0.130 0.158 0.173 0.160 0.123 0.104 0.053 0.058 0.059 0.059 0.047 0.090 

0.109 0.096 0.131 0.118 0.185 0.164 0.045 0.046 0.057 0.075 0.094 0.090 

0.128 0.187 0.233 0.244 0.188 0.082 0.108 0.136 0.139 0.146 0.121 



It is evidenL 

will f l a t t e n  along 
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from Fig. 4.6 tha t  
the l i nc  of impact 

the outer s t e e l  shel l  of a cask 
a s  a result  af 8 horizontal drop. 

The width of the f la t  var ies  along the length of the cask, being wifie a t  
the ends and nnrt'sotr~r i n  the middle. 
as a r e s u l t  of drosping 8 1.3-ton cask i n  a horizontal  a t t i t ude  from a 
height of' 15 ft a re  noted i n  Sect. 4,4.1. 

Easuremnts  of the f la t  produced 

Results of Corner Drays. - All corner drops were mde with the cask 

a t  about a Icf;' angle t o  the impact surface. 
center of gmvi.ty was not directly. over the point of impact. 

Due t o  rigging problems, the 

Figure 4.7 shows a sequenced photograph of a cask dropped on i t s  edge 
"lie n?sults of this drop m y  be seen i n  Figs. 4.8 from a height of 15 f t .  

and 4,g. 
l k e  cask had been cmteci with a b r i t t l e  lacquer. Radial s t r a i n  l i nes  

(cracks) i n  the lacquer ab the  periphery of the cask were produced on end 
1 where the first impact occurred and. my be clearly seen i n  F i  

(stress l ines  occur i n  a pei-pendicular d i rec t ion  t o  the v i s ib l e  
cracks 1. mi s contrasts wit11 the circumferential s t r a i n  l ines  
end 2 of Z;ne cask a s  a r e s u l t  of the i n i t i a l  i rqact  shown i n  F 
were probably caused by the i ne r t i a  of the lead and inner she13 

of inqmct. The second impact, ifhich occurred a t  end 2, produc 
s t r a i n s  which were superimposed on the or ig ina l  cireumferentia 

Note i n  Fig. 4.8 the two unstressed "disks" i n  the covcr p la te  (on 
opposite sides of the center hole) defined by 8 high concentration of 
s t r e s s  cracks around them. 
be noted outside the cover plate ,  i n  the end plate, a t  a 45" angle from the 
ve r t i ca l .  
poured i n t o  the cover p l a t e  and in to  the annular space of the shield and 

which mre subsequently- closed by s t e e l  disks  s e a l  weldcd i n  place. 

cask i s  evident by r e f e n i n g  again t o  FiG. 4.6 where it can be seen that 
a crack was indeed produced around the lead-f i l l  hole i n  t h e  end p la te ,  
Tliis weakness was noted i n  n ~ n y  drops. 

I n  Fie.  4.9, two sinilar unstressed disks my 

These s t r a i n  cracks define holes through which the lead was 

That these cracks i n  the b r i t t l e  lacquer indicate wak points i n  the 



Prior to impact Second impact  - time: 0.102 sec 

Init ial impact  - time: 0.000 sec 

Peak deceleration - time: 0.0083 sec Third impact  - time: 0.391 sec 

First bounce - time: 0.071 sec Final position - time: 0.515 sec 

Fig. 4.7. 
Drop Height 1.5 ft. 

Comer Drop of a l.3-ton Model S h i p p i x  Cask; 



a 1  

Fig. 4.9, Cracking Pattern in 
a 15-ft-Corner Drop - Second Impact 

the B r i t k l e  lacquer Caused by 
End. 
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A s  a r e su l t  of the 15-2% corner drop, a ha i r l i ne  crack (not v i s ib le  
i n  Fig,  4.8) i n  the weld area a t  the point  of i n i t i a l  impact was noted, 
Hotfcvcr, a 23-f'ft corner drop produced a crack 4 in .  long and 1/4 in .  wide 

i n  the weld area where thc end platc  Joins the outer shell, easily vis ible  
in Fig. 4.10. 

The weld failure i n  corner drops can probably be overcome with design 

changes i n  tho cask s t ruc ture ,  Suggested changes a re  presented i n  Sect. 

4.8. 
Piston Drops. - The praposed code s ta tes  that  a cask should 'be able 

t o  withstand 30 'times the mi&t of the ca6k applied by a 6-in.-diam 
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piston f o r  not less than 16 milliseconds. 
has been interpreted by most people t o  mean 8, dynamic test, mny such 
tests have been carried out by dropping casks onto a r ig id ly  held 
penetrator o r  p i s  ton. 

Since this specification 

The dynamic, o r  impact test,, t ha t  i s  assumed t o  be equivalent to 
the specification i s  a 3-1/2.-rt f r ee  f a l l  of the cask onto a 6-in.-diarn 
piston without; puncture of the shell. This dynamic t e s t  was determined 
i n  the Pollowing way; assumiw uniform deceleration of the cask during 

impact, 
s = 112 at 2 (20)  

vmx = a t  (21) 

and 

where 

2 2 32 f t / s ec  , 

or 

Since 

and assuming t h a t  

then 

s = distance, f t ,  

t = time, see, 

a = acceleration, ft/sec 2 , 

= miximum ve1ocity, ft/sec . vmx 
Substi tuting Eq. (21.) i n to  Eq. (20) and rearranging 

= 2as 2 
vltEIx 

Under free f a l l  conditions where s equals H, t h e  drop height, and a 

V m a x = 8 J R 7  . 
s = v  t ave 



Substi tuting Eq. (24) in to  Eq. (20) a 
by c g, where c g is any acceleration, 

112 &t2 = t 

- g t  =v, (25 1 
or 

- Substi tuting Eq. ( 2 3 )  in to  Eq. (25) ,  

and 
c g t  = 8J-T 

The specified 
2 = 960 f t / s ec  and t = 0.016 sec; su~s t i t u t in .g  fnto ~ q .  (26) 

H = ( w 6 j y  = 3.68 

This drop height was rounded down t o  3.5 f t  (or approximately 1 

meter) and has been unoff ic ia l ly  suggested as a standard penetration impact 
t e s t  for shipping containers. 
the average number of g ' s  t ha t  a cask receives from such an impact and the 

t i m e  over which the impact occurs are not independent variables; they are 
a function of the mechanical aspects (and therefore responses) of the  
system and a 3.5-ft free f a l l  onto a G i n .  pis ton generally does not produce 
the conditions specified above. 

l.3-ton cask onto a 6-in. pis ton from 8 height of 3.5 f t  t h a t  a decleration 
shock of about 1500 - e ' s  was experienced on the inside shel l ,  close t o  the 

point of impact, which las ted f o r  somthing less than 0.001 sec. 
of the outer s t e e l  shel l  did not occur i n  t h i s  par t icu lar  t e s t .  

point on the cask, since it i s  not 8 r ig id  s t ructure  and d i f fe ren t  points 
decelerate a t  d i f fe ren t  ra tes .  I n  addition, as the pis ton s i z e  decreases 
f o r  a given cask, the shockbecomes less on impact and the deformation or 
penetration Increases. When a 1.3-ton cask was dropped on a 2-in, pis ton 

The d i f f i c u l t y  with th i s  analysis i s  that 

For example, it was found i n  dropping the 

Penetration 

The number of c g 's  t h a t  the cask i s  subject t o  varies from point t o  



measured from the orit.,inal cask surface) and the m a x i m  - 6 loading re- 
corded on the insicle shell, close t o  the point of impact was about 700 

I n  other pis ton experiments, it became evident t h a t  the penetration 
r e su l t s  were affected by the surface condition of the piston, 
rourded head does not shear through the outer she l l  as e a s i b  as a flat, 
sharp-edged piston. All reported r e su l t s  are from drops onto sharp-edged, 

A sli.gkct3.y 

f lat-headed pistons.  
The 6-ton casks wcre dropped onto 4- and 6-in.-diarn pistons from 

various heights and %be r c su l to  are noted i n  Table 4.2. 
The penetration data has been ailalyzcd i n  de t a i l  i n  E?.%. 4.6. 



Penetration l%netration 
Measured From Masured Prom 

Approxirmte Piston Fina l  Cask' Original Cask 
Surfacea 
(in. 1 

y a  

4 2 5 .O 1-1p 2-1p 

16 2 6.5 2- 1/4 2-3/4 
6 .o 6 2 0.5 3 P  7/t3 

G 4 3.5 1-3/4 2+/a 
6 4 5 -0 3- l / h  4- 1/4 

-- (tons) ( in . )  ( in . )  (in.) 

1-318 

(11,350 1b) G 2 1.0 L-5/0 2 - 1/8 

Conclusions. - A s  a r e su l t  of 
section, the following generalizations are made: 

Casks of similar design t o  those tes ted  w i l l  not f a i l  when 
dropped 15 f t  i n  an a t t i t u d e  normal t o  any surface of the 
cask onto a so l id  surface. It i s  expected t h a t  if the welds 
are adequate, such casks c o d d  survive 30-ft drops under the 

same conditions. 
the following sections, th i s  conclusion i s  expected t o  apply 
t o  caslis which weigh 25 tons o r  greater, although ful l -scale  
tests on such casks have not been made. 
Edge drops from a height of 15 f t  or greater produced cracks 
i n  the weld area a t  the point of impact. 
the resistance of B cask edge to impact could undoubtedly be 
irirproved (see Sect ,  4.8), 
mere i s  l i t t l e  doubt t h a t  the s t e e l  s h e l l  of a lead-shielded 
cask i s  most vulnerable t o  a penetration type of impact; however, 

1. 

Based on mdel - tes t ing  work discussed i n  

2, 

With proper design, 

3. 
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i n  none of the t e s t s  was the inner shell of the cask ever 
penetrated by a piston. 
i n  which a 6-ton cask was dropped onto a f;-in,-diam piston. 
Irtrportant amounts of energy can be absorbed i n  lead and s t e e l ,  
An analysis of the energy absorption properties of these mter ia l s  
i s  given i n  Sect,  4.6. 
r e su l t s  of a pis ton LrrrJpnct of specified proportions can be cal- 

culated. 

The miximum drop height was 8 f t ,  

4. 

With this  information, an estimate of the 

39 4.3.2 Results of Du Pant'? - ,  Tmp8ct Tests of a l5-ton - Shipping Cask 

The heaviest shipping cask that has been tes ted  t o  date, both 
s t a t i c a l l y  and dynamically, is the  Du Pont 15-ton cask (measured weight 
28,240 lb) shown schematically i n  Fig. 4.12. 

OR N L-DWG 63-7892 R 1 

12 - 1-1/2 in. DIAM BOCTS ADDED GOTAL 18) 
,----.- 3 in T-BEAMS 

I 1/2 in. PL 

Fig. 4.12. W o n t  15-ton Cask. 

The cask was put through a series of e ight  d i f fe ren t  static compres- 
s ion  t e s t s  a t  *high University, Bethlehem, Pennsylvania. The force tms 
applied by a $-million-pound capacity Baldwin universal  testing mehine. 
St ra ins  a t  different points on the cask were measured by e l e c t r i c  s t r a i n  
gages, and both internal  and external deformtion:: were measured. The 

. .  . 



r e su l t s  indicated thc cask would be 

on the bottom of the cask; although after the impact tests, there appeared 
t o  be no correlat ion between the s t a t i c  and dynamic t e s t s  i n  regard t o  
s t r a i n  and deflection a t  a s p c i f i c ,  location. 

ing onto a 9-in.-thick piece of armor plnte  anchored i n  concrete. 
The five t e s t s  noted i n  Table 4.3 were conducted with the cask irtrpact- 

Table l-c.3. Drop !kats  of a 15-ton Cask 
T e s t  
1 '  

2 

3 
4 

I_ 

Drop H e i ~ h t ,  f t  Description of &pact 
..--"I 

7.5 Flat on. bottom 
15 

30 

3.5 

F l a t  on bottom 
F l a t  on bottom 
6-ine-diam piston on 
bottom 

5 30 

A s  a r e s u l t  of drops 1 t 
an average of about 1 inch, a 
outward s l igh t ly .  No metal fractur 
ness did not appreciably change. 

The drop from 3.5 f t  onto n 

the 1/2-in.-thick s t e e l  p l a t e  
penetrated 1-5/8 in .  i n t o  the lead (a 2-5/8-in. depth from the or ig ina l  
surface). 

drop i n  Sect. 4.6.3* 

long i n  a weld area around the l ead - f i l l  hole. 
contributed t o  the f o r m t i o n  of t h i s  crack. 

One major consequence of these tests i s  the indication t h a t  large 

heavy casks with th ick  lead shields  are able t o  withstand severe impacts, 
without causing damge t o  the cask t o  the extent t h a t  the s h i e l d i w  o r  
cask s t ructure  itself would be mde inadequate as a resu l t .  

This penetration drop is  compared with the ORNL penetration 

The edge drop from a height of 30 f t ,  created a crack about 10 in .  
Previous drops likely 



Since calculat ional  methods a re  not available t o  ana ly t ica l ly  deter- 
mine the e f f ec t  of impact on a cask, other methods have been investigated, 
One of the  most promising methods is  tha t  of t e s t ing  reduced scale models 
of a prototype shipping conta,l.nc:r a Franklin I n s t i t u t e  i n  Phi-ladelphia, 
Pennsylvania, has worked extensively i n  this area and has constructed and 
tested models of prototype casks. 

i n  t h i s  section, indicate t ha i  there a r e  striking s imi l a r i t i e s  i n  the 
damage done t o  the prototype and i ts  model under ident ica l  impact s i tua-  
t ions.  

Results, some of i8niclx a re  described 

4.4.1 Results of Testing a Qi.mi:Ler-scale Model of a 1.3-ton OKT\n; Cask - 
Several l/b-scale models (exact scale i s  0.274) of the l.3-ton ORNL 

cask (which tms described i n  Sect. 4.3.1.) have been built by Frank;Lin 
1nsti . tute .40 These reduced-scale models were tested under i den t i ca l  drop 
conditions t o  the p r o t o t y p  casks, 
i n  Table 4.4 along with comparable dimrisions of the L3- ton  ORNL pro 
cask. 

The dimensions of the model are give 

Table 4.4. Cask Dimensions 

kngth ,  i n ,  
Inside diameter, in .  
Outside d i amte r ,  fn. 
Weight, lb 

Scale f ac to r  

36 

18 
2600 

1 

10.25 

Franklin I n s t i t u t e  

9 .%4 
2.809 

4,932 
55 .o 
0.274 

The scale model cask was first tested by dropping it i n  a horizontal  
a t t i t ude  from a height of 15 ft onto a r ig id  impacting surface. When the 

.ORNL prototype cask ms dropped from t h i s  height, one end vas observed t o  
impact first; i.e., the longitudinal axis of the cask was approximately 2' 

from the horizontal. This  s l i g h t  angle was duplicated by Franklin Ins t i t u t e  
i n  t h e i r  t e s t s ,  
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The horizontal  drop produced a f la t tened area i n  the s t e e l  outer 
The width s h e l l  of the cask and i s  shown schematically i n  Fig, 4.13, 

of the f la t tened  portion of the model was accuratcly masured a t  19 
different points along the Length of the cask, 
by the scale fac tor  t o  predict  r e su l t s  oqec ted  of a full-size cask. 
"hese predicted r e s u l t s  are noted in 'I'ab3.e 4.5 and are conrpared t o  the 
QlWL, resul ts  ohturned from tes t ing  tile fill-size cask. 

These results were divided 

The agreement i s  
qui te  good. 

1 

ORNL-DWG 63-52 1 2 1  

IMPACT 

Fig. 4.13. Schematic 
.After lkpact. 

Table 4.5. Measured W 
.3-ton Cask Resulting from 

Position from Model Results Full Size Size Results 
Impact End (in. 1 (in. 1 (in.) 

1 1.454 5 *31 5 2 5  
2 1 I 100 4.02 4.62 
3 1.040 3.80 3.75 
4 1.000 3.65 3.37 
5 0.910 3*@ 3.25 

6 0.840 3-07 3.32 
7 O.&O 3-07 3.00 
8 0.040 3.07 2.87 
9 0.770 2.81 2 -75 
10 0 * 770 2.81 2.62 

11 0.860 3.14 2 *75 
12 0.870 3.18 3.00 
13 0.W 3.21 3.00 
14 0.870 3.18 3 025 
15 0 - 930 3.39 3-50 
25 0 990 3.61 3.50 
17 1.030 3.98 4.00 
18 1.090 3.98 4.75 

1,231~ 4.50 4.75 19 
__-----_I 



Several model casks were dropped on a r ig id  pis ton whose s ize  corre- 
sponded with the 2-in.-diampiston upon which the prototype l.3-ton caslrs 
were dropped. 
fu l l - s i ze  penetration are given along with the prototype r e su l t s  i n  Table 
4.6. 
s i ze  resul ts ;  although a s  the drop height xms increased, agreement became 
be t t e r .  

The depth of penetration i n  the model and the predicted 

The predicted r e su l t s  are appreciably lowcr than the ac tua l  fu l l -  

Table 4,6. Results of' Drop on Piston 

Mode 1 Predicted F u l l  Size 
Drop Penetration, Full Size Penetration 
Height T e s t  Results Penetration Te s t Results 
(ft) ( in . )  ( i n ,  ) {in.)  

2 0.013 0 .Ob7 0.1875 
3- 1/2 0.151 0.551 0 875 

6- 1/2 0,534 1.95 2.25 
5 0.268 0 478 1.50 

$@ssured from the final cask surface 

Additional pe 
factors a f f e c t  these resu l t s .  
of the pis ton have a measurable a f fec t .  
the  hardness increases, the pis ton trill penetrate deeper in to  the lead 
shielding. Secondly, the amount of energy absorbed per  u n i t  v01u.r~ of 
lead does not appear t o  be constant. The reason f o r  t h i s  i s  presently 
not understood, but the problem i s  fu r the r  discussed. i n  Sect. 4.6. 

F i r s t ,  the radius of the edge and hardness 
A s  the edge becornes sharper and 

Another quarter-scale model cask m s  dropped a t  a 45" angle onto i t s  
edge from a height of 15 f t .  
deformations a re  noted i n  Table k.7. 
up by the scal ing factor t o  predict  what would be expected of a f'ull-size 
cask dropped under these conditions. 
r e s u l t s  obtained from dropping the prototype cask, 
marka'oZy g o d .  

Particular. dirnensions of the resu l t ing  
The test results were again scaled 

The tab le  also presents the ac tua l  
The agreement i s  re- 



88 

Table 4.7. Results of It5" Corner Drop 

INITIAL 
CONTACl 

END VIEW OF AREA IN CONTACl 
WITH DROP PAD 

ORNL-DWG 63-5213R2 

SCHEMATIC OF A CASK AFTER A CORNER DROP 

(0.274 SCALE MODEL) PKE D IC TE D ORNL FULL SIZE 
TEST RESULTS FULL SIZE TEST RESULTS DIM EN S ION 

d 2.44 in. 0.9 in. 9.5 

1 0.69 in. 2.5 in. 2.5 

4.4.2 

Franklin Ins t i t u t e  t o  further investigate the scaling factors 5 ,  impact 
tes t ing.  
nominal l/4-seale model shown i n  Fig. 4.14 (actual scale s ize  0.224). 

The hypothetical prototype is  similar to the Du Pont Chalk River cask 
which weighs approximately 45 tons. 
two models and the hypothetical prototype are noted i n  'Bible 4,8. 

The f i r s t  was an exact l/lO-scale model, and the second a 

The per t inent  dimensions of the 

Each of the two models was put through an ident ica l  series of f ive  
drops which is  l isted i n  Table 4.9. 

Bpor tan t  dimensional masusenzents of each model were mde before 
. and a f te r  each c2i-Q. The calculated dimensional changes were divided by 

the appropriate scale  fac tor  t o  obtain a prediction of the deformation of 
the hypothetical p r o t o t y p  cusk. The predicted d e f o m t i o n  resul t ing from 
the  l/k- and l/lO-scale  model.^, noted i n  Table 4.10, was then compared and 

a percent difference of the two  predictions, based on the r e su l t s  of the 
1/4-ccale model, was noted i n  the t h i rd  column of Table lc.10. 41 
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' I  

Tablc 4.8. Cask D w n s i o n s  

ORN L-DWG 64-Y  133 R 1  

SCALE FACTOR 0.100 0.224 1 .oo 
(PROTON PE) 

h l  (in.) 5.05 11.31 

h2 (in.) 0.60 1.34 

t (in.) 0.76 1.70 

L1 (in.) 13.20 29.58 

L2 (in.) 14.82 33.20 

Weight (Ibs) 84 905 

50.5 

6.0 

7.6 

132.0 

148.3 

80,000 



Table 4.9. Drop Tests 

Test and Position 

1 
2 

3 
4 
5 

F b t  d s . c ~  on the bot’arn 
End drop on a trunnion 
Bottom drop onto a beam 
Side drop on a piston 
Side drop on a piston 

Table 4.3.0. Predicted DSn#?nsional Changes in a Prototype Cask 
Based on Impact Results of a 1/4- and l/lO-Scale lbdcl 

-1,gc; . 00 Piston penetration 
throu& steel r;beii 

n f t c r  drop 4 ------- 1__.-_. -_ _____ ~ 

t 

--...-..I ._ 
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A s  was done with the heavier l.3-ton cask and i t s  model discussed 

i n  Sect,  ~+.h. , l ,  the t e s t s  on the heavier (l/k-scale moilel) cask were 
perfomEd a t  the Oak Ridge National Laboratory, while the t e s t s  on the 
lighter(l/lO-scale nodel) cask were perfom-d a t  the Franklin Ins t i t u t e .  
It should, therefore, be noted tha t  some small, unavoidable differences 
i n  the tes t ing  procedures occurred betmen the two sj-tes, but t h i s  i s  not 
enm@ t o  a l t e r  the &enera1 conclusions, which are:  

1. Impact t e s t ing  of scale models of a prototype cask is  a. prac t i ca l  
method of determining, with reasonable accuracy, expected gross 
deformations i n  the prototype cask under specif ic  conditions. 
Such model t e s t s  m y  bc employed t o  predict  mthods of obtaining 2.  

stronger and safer  casks. 
3. Such t e s t s  can be carried out a t  reasonable costs. 

4.5 Buffered Casks 

The buffer concepty a s  designed by Hanford t o  protect  both the 
W O  I and I1 casks (Fig. 4.15), is made of' concentric s teel  she l l s  sur 
rounding the lead-shielded cask snd held i n  p 
The tup and Bottom of the buffer  i s  r e i  
and p la tes ,  'The 
surface of the c 
any or ientat ion on a so l id  surface from a height of 30 f t ,  

c r i t e r ion  is indicative of the a b i l i t y  of the buffer t o  control the distance 
through which the cask decelerates 
energy i s  dissipated by the shock-absorbing devices, the unifo-m surface 
loading on the cask m2y be specified and controlled, Pertinent i n f ' omt ion  
on the HAP0 1 and 11 cosks i s  given i n  Table 4.11. 

This design 

Since most of the systems kinet ic  

I n  order t o  t e s t  the adequacy of the design and t o  n a a k  a complete 
analysis of the buffering system, an impact test5.ng program of model. 
'buffered casks was unciertaken a t  the University of Texas. 42 

One-quarter scalc models of the MPO cask and buf'fers were b u i l t .  
Two types of material  trerc used i n  the buffer  t o  absorb the impact energy: 
rubber, which i s  the Game 8 s  on the fu l l - sca le  buffers, and a specially- 
designed aluminum honeycomb material ,  The aluminum honeycomb m y  be used 



Fig. 4.15. Hanford's lA Cask and Buffer Shield, 



Cask HAP0 I 

Type i n s e r t  
Weight: cask 

buffer 
Size: cask 

buffer 

Number available 

Slurry filter 
lt0,OOO lb 

35,000 lb 
52" diam x 71" high 

10' diam x 14' high 

1 

Slurry f i l t e r  
18,000 lb 
23,000 lb 

40" diam x 56" 

8' diam x E t  
high 

high 
2 

woods -n1eta 1 
(m=160 %) 

6 -5 

Heat transfer medium 

h a d  thickness, in. 8.75 

woods-mtai (MP= 1609) 

Emergency design fmpact at 44 f t / s ec  Blpact a t  44 ft/se 
Conditions Total  insulat ion 

Design pressure 
Design temperature 
MBximum a Iloirab le 

shipping pres sure 
Rated maxim heat 

Proposed shipment 
Gen. Btu/hr 23, 500 11,600 

Desired isotope cerium-14.4 strontium-90 
Curies 500,000 up t o  170,000 
N o m  1 de cay heat 

Generation, Btu/hr 17,000 8,600 

3 Chemical composition CeS04-XNa2 - S O4 SrCO 

Physical s t a t e  Stable, dried sa l t  Stable, dried s a l t  

... 
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f o r  Future buffers since its properties are less susceptibu to temper- 
a ture  changes and can be used t o  dcsfgn smaller buffers with the same 
energy absorbing capabi l i t i es  a s  the Urge buffers t h a t  use the rubber 
shock absorbers. 

4.5.1 Energy Absorbers 43 

The f i rs t  buffer designs specified hard rubber as 8 shock-absorbing 
medium. This rubber had previously been tested and had known desirable 
properties;  t ha t  is, it had a high "specific energy" (up t o  2000 in.-lb 
of energy per cubic inch of material) a t  f a s t  r a t e s  of comprecr ,,ion under 
impact. 
absorber with l i t t l e  rebound. 
i n  Fig. 4.16. 

Under these conditions, the rubber becomes primarily an energy 
The s t ress -s t ra in  curve f o r  rubber i s  shown 

Since the deflect ion is  proportional t o  the applied force, 

capabilities. 

a considerable thickness of rubber i s  necessary t o  absorb the t o t a l  
kinet ic  energy of the cask. 
under winter temperatures 7&icb, i 

A second drawback of rubber i s  
, reduces i ts  ener 

0.70 
STRAIN (fraction of origiiwl dimension) 

Fig. 4.16. Stress  - Strain Relationship of' Rubber Compounds 



t i o n  a t  a reasonable cost have been examined t o  determine whether t h e i r  
energy absorption properties are adequate. 
and foamed plast ics ,  although inexpensive, do not appear suited t o  resist 
the concentrated loads imposed by heavy casks, 
then examined and, even .tliouE;b it i s  recognize& tha t  such m t e r i a l  could 
be used only once per accident, appeared satisfactory.  
s t e e l  is  expensive, emghasis i n  the tes t ing  program was placed on aluminum 
honeycombs. They are available with crushing strengths of 300 t o  E00 psi 
or higher. 
veloci t ies ,  my be ileci&med f o r  a specif ic  application. 

st the University of Texas. 45346 This mi te r ia l  has cross-laminated cor- 

Corrugated paper honeycomb 

W t a 1  honeycombs were 

Since s ta in less  

The crushing sta-engths, re la t ive ly  independent of crushing 
42,44 

Energy absorption character is t ics  of alWnum honeycomb we= studied 

ORNL-DWG 63-5214 R 1  

2wl - TO 75% STRAIN 
2 SAMPLES 798 psi AVLKAGC STRESS 

AVERAGE ENFRGY DISSIPATED 600 in. Ib/inS3 

I I 
10 20 30 40 50 60 70 80 90 0 

STRAIN (%) 

Fig. 4.l7, 
Aluminurn Honeycomb 

S t a t i c  Stress-Strain Curves f o r  PR-A-0 Type 
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Fig. 4.18. Dynamic Stress-Strain Curves for P R A - 0  Type 
Aluminum IIoneycomb Impacted at 50 0 s .  

TO 75% STRAiI4 
AVERAGE STRESS 

STRAIN (%) 

Fig. 4.19. Dynamic Stress-Strain Curves for PR-A-0 T’ypc 
Aluminum Honeycomb Impacted at 100 fps.  



the honeycomb i s  slightly stronger under s t a t i c  loading than impact load- 
ing,  The amount; of energy t h a t  t h i s  par t icu lar  mte r i a l  can absorb under 
an impact load is around 550 in.-lb/in. . 3 

Table 4.12. Energy Dissipation and Average S t ress  

Material Inrpact Ve1ocl.ty Average Stress  Energy D i s s i  atcd St ra in  
(fPS 1 (Ps i  (in,-lb/in, 3 ) ( 5  1 

PR-A- 0 o (S ta t i c )  798 600 

PR-A-0 50 713 5 35 
PR-A- 0 100 747 560 

75 
75 

75 

Recently another mthod of absorbing large amounts of energy has been 
inver3txiLpf'l;ed which cql.oys as i t s  working element Q frangible mtal  tube. 
??le tube i s  pressed over a die which is  shaped so t h a t  the tube vi1 
~ p l i t  and f r a p e n - t  when a force is applied t o  one end of the tube ( s  

Flg. 11-20) This process i s  capable of absorbing large amounts of e 

ORNL-DWG 64-9132 

per  unit weight of tubing. 

1 i n . 4  

ALUMINUM 
TUBE 

\ 

FRAGMENTS 

FORCE 

Fig. 4.20. Sketch I l l u s t r a t ing  F r a g m n t i x  Process. 



Under the  conditions invcs t i  
tube with 8 t m l l  thickness of 0,065 in , ,  when forced over a d-l.e whose 
radius, r, was 0.109 in.> absorbed over 7000 f t - l b  of enerm per foot; of 
tubing. 
minute. 
30,000 ft-Lb of cnerL7: pcr pound of al.wninum. 
an impact Load, t h i s  tube and d i c  eonrlnination could absorb as much as 5(Y$ 
more energy i n  the fragmenting procecs, 

f o r  large, heavy casks during transportation. 

k.5.2 Results af Testing and Quarter-scale Mode1 of the Buffered Cask 

The load, i n  t h i s  case, was applied a t  a r a t e  of I in .  pe r  
This is equivalent to a n  enerey absorption capabili ty of over 

Indications rare that ,  under 

Such a process might easi ly  be adapted t o  provide impact protect ion 

Both the rubber and aluminum buffered model casks were tes ted  under 
Aluminum honeycorrib ms placed between the concentric impact conc?ilions. 

solid,  unyield 

Fig. 4.21. An ALwninwn Fig. 4.22. A Buffer Showing 
Honeycomb Buffer  A f t e r  Impacl; - 
Top View. After Impact. 

the Crushed Aluminum Honeycomb 
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An analysis  of the s c a l j q  laws indicated t h a t  the  decclcration 
reecivcd by the cask inside the Imffer should be invcrscly proportional 

t o  the scale f ac to r .  Since the HAP0 system ~ m s  designed t o  reduce the 
decclcration of the cask t o  50 c i s  when tripacting from a 30-ft f a l l ,  a 

decclcration of 200 g ' s  was expected on the  1/4-scale models when dropped 
from the sanx: height,  

An acceleration, velocity, and dispnscement record of the rubber 

m 

- 

burrex- model is shown in Fig* I t , P 3 .  %lie max im deceleration of the cask 

received i n  t h i s  drop from 30 ft; was 224 e's,  but the  "smooth peak" value 
~ m s  about 200 g f s  which i s  i n  cxccI.1-ent agreement with the predicted. value. 

- 
I 

TIME (mrec) 

Fig. 4.23. Acceleration, Velocity and Displacemcnt Record. for 
a 3O-ft End Drop of a Rubber Buffer Model, 

A similar record f o r  8n aluminurn honeycomb buffer model i s  shown i n  
Fig.  4.24. The cask received tl peak deceleration of 300 g * s  with  a "smooth 
peak" value of consiiierably under 200 g * s .  

able limits and, i f  required, the honeycomb my be redesigned such t h a t  the 
"averaged" i rqac t  results w i l l  agree more closely to the specifications. 

The use of a bufY'crinG system holds pronase, parLicularly f o r  ship- 
ments i n  which the cask i s  of a moderate size and i n  which the radioactive 
material could be par t icu lar ly  hazardous i f  the cask inner cavity was 

- 
This i s  cer ta inly within accept- - 
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Fig. 4.24. Acce 
30-ft En3 Drop of an A 

violated,  Tne I-Ianford 
f a l l  in these categories. 
shield if the cask i s  1 

In addition, the buffer  

4,6 Energy Absorption Properties of k a d  and S tee l  

When two objects coll ide,  some energy is dissipated i n  both bodies. 
If the coll.ision i s  perfect ly  e l a s t i c  (approached i n  the l imi t  f o r  low 
ve loc i t ies  and hard materials), the ve loc i t ies  of the two objects a r e  de- 
f ined  a f t e r  coll ision, based on the veI.ocities before co l l i s ion  and the 
masses of t i e  objects. lcf the col l i s ion  i s  completely p las t ic ,  then the 
coeff ic ient  of r e s t i t u t i o n  i s  zero arid a l l  the energy i s  absorbed i n  de- 

foimation of the two objects,  
The proposed regulations (GFR T i t l e  10, Par t  72) indicate tha t  a cask 

s h o u ~  be able t o  withstand the impact of a sol id ,  unyielding object with- 
out exceeding the ultitrrute strength of any par t  of the cask OT deforming 
the cask t o  the extent t h a t  f i s s ion  products are released. This speclf i -  
cat ion i s  hypothetical in that  a solid, unyielding object cannot be obtained; 
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however, it can be approached, 
dissipated i n  plastic defol-mEation of the cask, assuming tha t  f r i c t i o n  
and shock waves produced by the impact d i ss ipa te  a negligible amount OS 

energy. 

Thus, a l l  the impact cncrgy must be 

I n  the pis ton impac-k t e a t s  of thc 1.3-  and 6-ton casks discusscd 
previously i n  Sect;. 4.3.1, an indentation was fornied i n  the s t e e l  s h e l l  
r o u ~ h l y  2-1/2- t o  3-piston dianctcrs across; lead under the bent shell 
was pushed out of the way; tfica filie11 was cleanly sheared around the edge 

of thc piston; and the lead, which i s  rather incompressible (Poissons , 
r a t i o  of .h t o  .45), under thc pis ton tms pushed out  of the way (see 

Fig. 4,25'). Some f rac t ion  of the impact enerey ~ m s  required t o  e f f ec t  
each of these def omat ions .  

ORNL-DWG 63-156881 

CASK STEEL OUTER SHELL / 

' LEAD 

Fig. 4.25. A Schematic Cross Section of the Puncture Produced 
by the matt of a Cask on a Piston. 

4.6.1 Lead Penetration Tests 

There has 'ueen an appreciable amount of work done on the determination 
of the amount of enerly required to  shear through and indent 8 steel  plate ,  
and penetrate i n to  lead, The work t ha t  has been done t o  date i n  t h i s  area, 
along with equations thot  appear t o  describe the phenomona, is reported i n  
this section. This data must be recognized as preliminary i n  nature, yet  



useful i n  determining 
lead-shielded cask. 
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the e f f ec t  of a pis ton impact on a steel-shelled, 

I n  orCier t o  b e t t e r  examine the properties of lead when impacting on 
a piston, without having t o  account f o r  unknown amounts of enert*yr dissipated 
i n  bending and sheariw steel ,  four  s ta fn less -s tee l  4- l i ter  beakers tlnd 

onc 2-liter beaker were f i l l e d  with letid and droppcci onto a 3/4-in.-diam 
piston such that the pis ton impacted on the lcad a t  the mouth of the beaker. 
These drop specimns a re  shown i n  Fig. 14.26. 

Fig. 4.26. Fou 
Drop 

A f u l l  4 - l i t e r  beaker weighs about 100 

The b e a k c r - t o - p i s t o n - d i a ~ ~ t e ~  r a t i o  i n  the large beakers was about 8.7 
t o  1, s o  the lead behaved approximately l i k e  an i n f i n i t e  body.48 Side 

e f fec t s  on the smaller 50-lb weights were neglected, 

E, agaLinst V, the  v o l ~  of the indentation. 

, 

dimnsions of in.-lb/in.3 o r  lb/in.2; t h i s  pressure i s  sometines known as 

!The norm1 metho 
This is done i n  Fig,  4.27. 

The slope of the l ine  passing tlirough the data points has the 

the dynamic-f low pressure. 49 
The dynamic-flow pressure, P, f o r  e l a s t i c  col l is ions i s  given by 

Tabor" and is of the form 
K"wh1 

p5 =- 



X
 

M
 

X
 

'
W

 

(qI-*"!) 
A'383N

3 
13V

dW
l 



* weight, hf the drop height, D1 the d 

the indenter, and K" a constant, 
t o  describe p l a s t i c  collision:. of a container dropped onto a f labheaded 
piston, then the data points i n  Pig. 4.27 m y  be described a s  follows: 

I% an equation of t h i s  form can be used 

Rewriting Eq. (27 )  and substE%uting the impact energy, E, for whl, 

P = ~ d - / ~ ( i / ~ ) ~ / ~  . (28)  

dE But P, the dynamic flow pressure, my be replaced by - dVz 
l ine  obtained when E i s  plotted a@i.nst V,  

the  slope of' the 
Thus, 

Tntegrating and solving for E, 

Since V = 0 when E = 

The constant K was 
deternlined t o  be 2.61 
The equation 

is  plot ted i n  Fig. 4.27 a s  the solid l i ne  and appears t o  describe all 
the data points qui te  well. 

4.6.2 1.3-ton Cask Puncture Tests 

Equation (30)  was also used t o  describe the relationship between the 
impact energy and volume of lead displaced for a series of puncture tests 
i n  which a pis ton had t o  punch thrmgh a steel  surface prior t o  contact- 
ing the lead. 
These tests were performed by dropping a l.3-ton cask onto a 2-in,- and 
a 1.43-in.-diarn s t e e l  p1r;ton. In addition, twr, puncture tests were 
conducted i n  which the 3.3-ton cask had a small portion of the outer 
steel she l l  removed so tha t  the piston impacted d i r ec t ly  upon the exposed 
lead. The data points of volume dispbced versus impact energy are shown 

The volume was measured from the or ig ina l  cask surface. 



i n  Fig. 4,228. The points i n  curves A and B were obtained by impacting 
the s t e e l  s h e l l  of the cask onto the ~ J : J  d i f fe ren t  pistons, and i n  curve C 

by impacting the exposed lead onto the 2-in.mdiarn piston. The difference 
between curves A cand C is  the energy required t o  shear through and indent 
the s t e e l  s h e l l  by %he 2-in.-diam pis ton,  

Attempts have been mde t o  predict  this amount of energy; once it 
i s  obtained, the value my be used t o  predict  the constant C i n  Eq. ( 3 0 ) .  

The length of the cut prwhced by the 2-in.-dism pis ton is  2n or  
6.28 in .  In order t o  determine the approximate force i n  pounds required 
t o  make t h i s  long 8 cut, the thickness of the stock should be multiplied 
by the length of the cut and hy the shearing strength of the material. 

The energy requfred t o  pxrzc-Lure the mterial is  then determined by 
multiplying t h i s  force i n  POUIX~EI by the distance through which it acts ;  
t ha t  is, the % h i c h e s s  of the mterial. 
Mathematically, 

(32) 
2 Es = tk?c?st = L Jus 

.where 
t = thickness of material, 
R: = the length of the cut, and 

= the shearing strength of the materi 

I n  normal. mctaltJorking, only a f rac t ion  of t h i s  energy (20 t o  80$) 

is  generally required f o r  puncture since f rac ture  of the metal occurs 
before penetration i s  complete. This, however, i s  true when the metal 
stock is backed by a d ie  and not a so f t  m t e r i a l ,  such 8 s  lead. 
t h i s  l a t te r  case, much of the  s t e e l  surrounding the pls ton i s  affected, 
bending intnrd and creating a dLshed surface. 
ever, t ha t  the t o t a l  enei'gy required w i l l  s t i l l  be a function of the 
d i a m t e r  of the pis ton and the thickness of the steel. 

In 

It seems reasonable, how- 

Thus, the en t i r e  amount of energy predicted in.  Eq. (32) has been used 
t o  estimate the energy required t o  shear and indent the s t e e l  shell. 

most cases, Eq. (32) does, i n  f ac t ,  predict  the energy required within 
l@ of t he  neasured va lms .  
i n  Sect. 4.6.3. 

I n  

The one ease i n  which i t  does not i s  discussed 
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The approximate shearing strength of s t ee l s  is given i n  Table 4.13. 

Table !-1..l3. Approximte Resistance t o  Sheering i n  Di , s*  (Ref 51) 

a t e r i a l  

Ammiled State  

Re6istance t o  
shearing, p s i  

Hard, cold-worked 

Resistance t o  
shearing, p s i  

*- 

S t e e l  0,lOC 35 000 43.000 
S t e e l  0.2oc 

Stee l  O,3OC 
Stee l  0.40~ 
Stee l  0.60~ 
Steel 0 . 8 0 ~  

Stee l  1.OOC 
Stainless  S tee l  

- -  

44,000 

52,000 

62,000 

80,000 

97,000 

115,000 

57,000 

-, 

55,000 

67, ooo 
78,000 
102,000 

327,000 

150,000 
."-" 

*Available t e s t  data, do not agree closely, 

The outer s t e e l  shel l  of tne 1.3-ton cask was analyzed and f o  
have a carbon content of 0.13 percent, 
f o r  cold worked steel, a -- 46,600 pse. 
in .  and the length of steel  cut produced by a 2-in.-diam piston is 
e n e r a  required t o  shear and t o  indent the s t e e l  s h e l l  is: 

In.t;erpolating from Table 4.33 
Since the s h e l l  thickness i 

E = t2,8as = (.3l2)*(2~)(46,600) = 28,600 in , - lb  
S 

From Eq. (3) when V = 0, C = Substituting 28,600 in.-lb f o r  E, 
C = 3.70 x 10 . By subst i tut ing t h i s  value of C into Eq. (30 )  and picking 
one data point from cume A, the  value of K m s  determined t o  be 2.h.7 x 10 , 

3 
3 

That is, 
E4I5 = 2.47 x lo3 (l./D)3/5V -t 3.70 x 10 3 (33)  

Equation ( 3 3 )  i s  plotted in Fig. 4,28 8 s  the sol id  l ine,  curve A, and 
describes a l l  data points w e l l ,  

In the case of the l,Ic3-in, piston, the diameter i s  smller and thus 
less energy i s  requ5.r-c"d t o  shear and indent. Froin Eq. ( 3 2 )  



and 

The impact energy should be predicte 

Equation (34), plot ted i n  Fig. 4.28 as the solid Une, curve B, agrees 
quite w e 1 1  with the data points f o r  the 1.43-in.-diam pis ton impacts. 

In  the case of curve C, Eq, (33) was used with the constant C reduccd 
3 from 3.70 x 10 t o  zero. 

shear throull;h the outer s t e e l  shell and a11 of the impact energy i s  absorbed 
i n  diBplacing lend. 
the steel- shell was removed and the cask dropped onto the P-in.-diam 
pis ton impacting on the exposed le 
able job of f i t t i n g  the data. 

This implier; t ha t  no energy is  required t o  

(The data points plotted are those i n  which pa r t  of 

equation does a reason- 

4.6.3 

Ttro different casks kTig2iing 1 {nominal &ton cas 

dropped on three d i f fe ren t  s i z e  pistons,  The first cask, wLth 
she l l  tliielness of 0.375 in , ,  was dropped onto a 2- and a 4-i 
pis ton.  Equation (30) was used t o  correlate  the energy-vo 
and Eq, (9) was used t o  predict  the intercept  of the curve. 
K, as  determined from one data point is somwhat less than K determined 
f o r  E q s ,  (31) and (33) as  can be seen i n  Eq, (35). 

The constant 

~ ~ 1 5  = 1.77 ~ 0 3 ( 1 / ~ ) 3 &  + c (35) 

The carbon content of the s t e e l  s h e l l  was 0.13$ and from Table 4.32 
for cold worked material, 0 
C = 1(.375)2(~~)(4t;,G00)14/~ = 5.34 x lo3, Substi tuting t h i s  i n  Eq. (35), 

~2 46,600 ps i .  For the 2-in.-diam piston 

E”’ = 1.77 x I . O ~ ( X / ~ > ~ / ~ V  -t- 5.94 x lo3 (36) 
I;etting D = 2 in., Eq. (36) is plot ted as the sol id  l ine,  curve A, i n  
Fig. 4.29. 



L 

I
-
-
 

-? 

O
D

 
IO

 
IT

 

A
3H

3N
3 I3V

dW
I 

N
 

0
 



110 

Since it requires twice the energy t o  shear through the s h e l l  wlth 
a 4-in,-diam piston as a 2-in,-d am piston, the constant C for the former 
is [ (  .375)'(441~)(46,600)]~/* = 8.60 x 10 3 . 
Substi tuting t h i s  i n  Eq. (351, 

~ ~ / 5  = 1.77 1 & ~ ~ ) 3 / 5 ,  + 8.60 103 (37) 
k t t i n g  D = 4 in., Eq. (37) is plot ted 8 s  the sol id  l ine ,  curve B, i n  
Fig,  lt.29. 
quite  well. 

Both Eqs. (36) and (37) appear t o  describe the data points 

When Eys,  (35) and (32) were used t o  predict  the l ine  slope and in t e r -  
cept describing the data obtained wben the second nominal &ton cask were 
dropped onto 8 S-in,-diam piston ( t h l s  cask had an outer she l l  thickness of 
0.5 in., 8 carbon content of 0.2% and 8. oi = 55,000 ps i ) ,  a problem arose. 

S 
The slope T ~ S  w e l l  predicted but the intercept calculated from Eq. (32  1 
appeared t o  be about 354 belov the value tha t  would bes t  describe the data 
points. 
indent the s t e e l  s h e l l  a t  260,000 in .  
energy (and intercept) should be abou 

That is, Eq. (9)  predicted 

The reason f o r  t h i s  difference i s   re 
obtained a t  Franklin Ins t i t u t e  indica 
thicker, the indentation around t h e  p 
8 larger area fo r  any given pis ton hi 
creases, more energy i s  required before penetrat io  through the s t ee l  is 

ac tua l ly  achieved. 
It i s  possible tha t  f o r  ou * s t e e l  shells t h i c h r  than 0.5 in , ,  

Eq. (32) may continue t o  underestimate the energy required t o  shear through 
them. Additional experimental work w i l l  be required t o  determine the 
form of Eq. ( 3 2 )  when computing the energy absorption of th ick  shells. 

4.6.14 Reco~mendcd Cask Outer Shel l  Thicknesses 52 

Franklin Ins t i t u t e  has developed Q euxve from impact data of the outer 
carbon s teel  shell thickness required t o  keep a par t icu lar  weight cask from 
penetration of the outer s h e l l  i n  a 3-l/2-ft free fall onto a 6-in.-diam 
pis ton ( see  Fig. 4.30). If' the shell thickness is greater  than that given 
by the cum& f o r  a given might, she1 

. .  . 
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Fig. 4.30. Approximte She11 Thickness Required f o r  no 
Penetration vs Cask Weight. Drop specification: 3-l/2-ft Drop 
onto a 6-in.-diampiston, 

o r ig ina l  data from which the curve was derived is  of a preliminary 

nature. 

It is  possible tha t  as addi t ional  data are obtained, t h i s  curve may 

be somewhat modified, 

4.7 Sone Useful Formulas in Cask Design 

According t o  Sect. 4,2, a cask, when regarded a s  a simple beam and 
supported a t  i t s  cnds along the major axis, must be able t o  withstand 10 

times the cask weight without exceeding the u l t i m t e  strength of any par t  

of the cask. 
To meet t h i s  specification, t he  outer shell. of the cask is norml ly  

consj-dercd t o  be the only supporting meniber; this assumption provides a 

. .  
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conservative, but simple, method of analyzing the cask. 
The stress i n  the outer s t e e l  shell of the cask supported a t  the ends 

of i t s  m j o x  ax is  i s  

where 

S = the n~.xirrmm 
I$, = the bending 

given by 
%Ic s =-Yr- 
L 

2 bending s t r c  s 6, lb/ in .  

moment, in.-lb 
C = distance from the cent ra l  axif; t o  outermost fiber, in .  

I = rnoiwnt of iner t ia ,  in .  4 

But M,, i s  
(39) 

where 
W = the cask weidit, lb 
L = the length of span between the supports, i n .  

then f o r  uniform load of 10 times 

The rfioment of i ne r t i a ,  I, f o r  c i r  
given by E q s ,  (40) and (41). 

the circul.ar cross section given i n  Fig. 4.31 ( a )  is  
The moment of inertia about a horizontal  axis through the centroid f o r  

and f o r  the rectangular cross section, given i n  Fig. 4.31 (b) i s  

ExarripLe 4.3. Determine the maximum s t r e s s  i n  the outer s h e l l  of the 

cask used t o  t ransport  Yankee f u e l  elements. 
are given i n  example 3.3. 

The dimensions of the cask 

Assume t ha t  the cask weight is 75,000 lb ,  

Solution, From example 3.3, the cask is  a cy l indr ica l  design with 
a lk5-in.-OD ,and 8 1-in, s ta in less  s t e e l  outer she l l  thickness; i.e. 
r = &3/2 in. and r2 = 45/2 in., and from Ey, (40), 1 
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Fig. 4.31. Typicel Circular and Rectangular Cross Sections. 

3cT the m i g h t  of t he  cask 

f rom ~ q .  (39a) 

From Eq, (38) 

3.34 x lo-’ J. 

= 9,500 psi 

Since the ul t imte  strength of s ta in less  s t ee l  i s  approximtely 75,000 psi,  
.the cask m e t s  t h i s  c r i t e r i a .  

A s  indicated i n  Sect.  4.2, the code also requires t h a t  the lid and 
l id-closing mechanism (normilly bo l t s )  must be able t o  withstand a t  l ea s t  
60 times the weight of the l i d  plus the contents of the cask without ex- 
ceeding the ultimate strength of the b o l t s ,  The purpose of t h i s  specifi-  
cat ion i s  t o  prevent the cask lid from bseakbg loose i n  an imgact i n  
which the contents are thrown against  the l i d  and the weight of both the 
lid and contents a c t  against the l i d  closure bo l t s ,  



60(wJ + W,> = B “,AB 
where 

Idd = mi&t of l id ,  lb 

Wc = w i g h t  of contcnts, lb 
B = nmber of b o l t s  
o = u l t i m t e  strength of bo l t s ,  psi  
A = cross-sectioml area of bol t ,  i.n. 2 U 

WEIGHT OF THE CASK LID PLUS CONTENTS (Ih) 

Fig, 4.32, Number of Balts Required as 8 Function of %he Weight 
of the Cask Lid Plus Contents. 

n.. -,. 
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k.8 Design Considerations 

A t  t h i s  point, it i s  importtint t o  re-emphasize the d i f f i cu l ty  i n  
t r a n s b t i n g  some cask pe r fomnec  specifications i n t o  design specifications.  

Useful calculations concerning shipping cask des i t a  can be mde on 

the basis  of a s t a t i c  system 8 s  have been done i n  Sect,  4.7. Howcver, t o  
a large degree, assurance of irnpuct resistance mst presently be based on 
ac tua l  cask t e s t s  ra ther  than SWE analyt ic  model. 

It i s  necessary, therefore, t o  examine and understand 

which the casks behave under vwious  impact conditions and 
judgment i n  cask design based on these results. 

It i s  obvious that,  i n  orulcr not t o  f a i l ,  much of the 

the mnncr i n  
exercise some 

kinetic e n e r a  
t h a t  the cask has a t  the t i m e  of impact mst be absorbed i n  plnces other 
than the cask s h e l l  (assuming that;  f racture  o r  rupture of the cask s h e l l  

const i tutes  f a i lu re ) .  
cask f ins ,  a buffer, the  vehicle -tran.sportirig the cask if it i s  adequ 

t i e d  down, o r  i n  the object t ha t  the cask s t r ikes .  
has been administratively ruled out i n  the proposed regulations. 

This energy must be absorbed i n  the lead shielding, 

This kist energy SI 

The enerm absorption rapabi l i t i es  of lead have aheady been ais 
e n e r a  my a l so  be abso i n  Sect. 11.6. 

i n  the d e f o m t i o n  of s teel  f i n s ,  
However, reasonable amounts 

One design vhich my be used t o  insure tha t  the f i n s  bend under an 

impact loading and do not s t i f f ly  t r a n s i t  the fill shock t o  the cask 
surface i s  t o  prebend the f i n s  as shown i n  Fig.  4.33. 
f i n s  w i l l  bend no mt tw i n  w?iich direct ion the impact occurs. 

In  t h i s  des im,  the 

I n  order t o  take advantqp of the vehicle as  an energy absorber, the 

cask must be securely attached t o  r i g i d  support members of the vehicle 
Prame which are capable of absorbing appreciable amounts of energy i n  
deformation before the cask i s  released. 

Cask buffers have been used t o  protect  the cask during shipment. 
Surrounding buffers wre &iscussed i n  Sect. 4.5. 
Du Font has employed a shock absorbing d ra f t  gear when i t s  cask was 

attached t o  the r a i l ca r  as  a f lou t ing  laad. 

In  addition t o  t h i s  type, 

The draft gear, which is  

similar t o  a r a i l c a r  coupler, i s  capable of absorbing some energy during 

impact as t h e  cask XIIOVCB against  the gear's ackion. 

. .  
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Fig. 4.33. Proposed Fin Design. 

G o d  cask design practices d ic ta  
desipped with a m i n i m  number of areas 
would occur i n  the event of 
discontinuity, unprotected trunnions, cask corners, and edges. 
be f u l l  penetration. 

other than the penetration type, is the corner or  edge impact since high 
localized stresses can produce cracking In  the s h e l l  o r  weld areas. 

Welds should 

One of the most damaging types of impact f o r  a lead-shielded cask, 

The drawing i n  Fig. 4.34 shows a schematic lead-shielded cask design 
which has a number of desirable features suggested as 8 r e s u l t  of the 
t e s t ing  program, 
been rounded off t o  remove poten t ia l  high stress areas since shielding i n  
these areas i s  not necessaqy. 

A l l  welds are full penetration. m e  cask corners have 

The cover plate ,  which has been recessed 
t o  prevent d i r ec t  impact on the bolts, is bolted in to  a heavy s t e e l  r ing  
t h a t  should withstand the pinching e f f ec t  (the casks tend t o  8ssm an 
o v k  shape) i n  a horizon-1, side drop. 
cavity deformation that couM darnage radioactive material a t  the time of 

The heavy inner s h e l l  prevents 

... 
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HEAVY SHELL RESISTS PENETRATION 
(See Fig. 4.30) 

ORNL-DWG 64-7251 R1 

PROTECTED TRUNNIONS 
I I 

N O  CORNERS 

FULL PENETRATION ENERGY ABSORBING FIN 
WELD O N  LEAD 
FILLING HOLE 

P 
P HEAVY STEEL RING -4 

RESISTS PINCHING 
EFFECT TRUNNIONS DO 

NOT PENETRATE 
OUTER SHELL 

RECESSED BOLTS 

OVERSIZE HOLES IN COVER PLATE 
K E E P  BOLTS FROM SHEARING 

Fig. 4.34. Schematic of a Cylindrical Cask Design Incorporating 
Desirable Safety Features %sed on -act Tests for Horizontally 
Transported Casks, 
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impact, 
the  trunnions have been protected. 

Energy absorbing finF hove been welded t o  the outer s h e l l  and 

4.9 Tiedowns 

One aspect of cask design, whicl? i~ often underrated, is  the mthod 
of tiedown of the cask t o  the s U d  01- .Lo the vehicle. 
c a sk  t o  imke the casks safer  t o  handle and t o  spread the wei&t of the 
cask over a wide area.)  
contai.ners i n  posi t ion during n o m 1  travel ,  but a l so  t o  reduce the e f f ec t  
of a severe accid.ent should one occur.’ 

(Skids are used on 

The object of the tiedowns is  not only t o  keep the 

Casks weighing over 500 lb must be f i t t ed  witn skids o r  otherwise 
d e s i p e d  so tha t  excessive f l o o r  loadings w i l l  be prevented. Normr?lly, 

2 cask skids are designed so that the f loo r  loading is  less than TOO lb/ft  . 
For overseas shipwnts,  the f loo r  loading 1-imit posed by most cargo ships 
i s  generally somwhat greater, ranging from 850 t o  1000 B/f t  . 2 

There a re  two schools of thought on the rnethod of tiedowns, both of 
The first i s  tha t  the cask should be rigidly fastened which have m e r i t .  

t o  the vehicle, essent ia l ly  becoming a par t  of it; and in case of accident, 
the  w h i c l e  body could crush, absorbing appreciable amounts of energy of 
the  cask-vehicle system, reducing the amount of energy tha t  the cask it- 
self would have t o  absorb, 
but r e s t r i c t ed  i n  movement which would allow, t o  some extent, controlled 
deceleration of the cask i n  the event of an accident. 

The second i s  t h a t  the load should 1. “f loat ing” 

Most of the t iedoms to date have been of the r i g i d  type and have been 
sat isfactory.  
load concept, i n  which the tiedown bol t s  allow limited motion of the cask 
r e l a t ive  t o  the car  i f  the f r i c t i a n a l  forces between the cask and the f l a t  
car are  overcome. 

However, the Du Pont 7O-ton cask has employed the floating- 

Draft gears, which are put on railcar couplers t o  take up the shock 
of coupling, have been suggested as energy absorbers f o r  floating loads 
and are capable of absorbing LIP t o  about ~t0,OOO f t - l b  of energy each. 

Hanford’s pol icy of tiedowns f o r  t h e i r  buffered cask on r a i l ca r s  
has been somewliat d i f fe ren t ,  Since the buffer  t h a t  i s  attached t o  the 
ca8k i s  desiLmed t o  reduce the number of g t s  t ha t  the cask body w i l l  be 

c 
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subject to,  the tiedowns are designed t o  break with a severe shock (about 
E g ) ,  allowlng cask and buffer t o  r o l l  free;  t h i s  would reduce the chance 
of it being crushed by the col l iding r a i l ca r s ,  The buffered cask tiedowns 
are s h o w  i n  Fig. 4.35. 

c 

It is probably unnecessury t o  require tiedotrns t o  withstand enntinuous 
o r  s t a t i c  loadings much greater  than 20 g * s  since such l-oaaine;~ muld start 
t o  destroy the vehicle, even though short-duration shock loadings can. go 
much higher without appreciable vehicle damage. 
must be adequate and good riming pract ices  must be followed. 
shows the r e su l t s  of poor rigging pract ices  i n  tying down a 7-ton cask t o  
a trailer bed. 
tfghtener) irere used t o  fas ten  the load i n  place. 
used around the bottom of the skid, 

boomers t o  open, and Lhe load shif ted &th  the r e su l t  t ha t  the trailer 
almost tipped over. 

c 

In  any case, the tiedowns 
Figure 4.36 

The cask was centered, and chains and booiners (a chain 
Not enough blocking was 

In t r ans i t ,  v ibrat ion caused the 

Two acceptable, comon methods of tiedowns are the four-way t i e  and 
the baskpt hi tch.  The f o m r  method. i s  used f o r  heavier loads and the 
latter method f o r  l igh ter  ones, 
the two methods. 

Figure h,37 shows a schematic drawing of 
Figure 4.38 shows a 'l-ton cask tied down by the four-way 

down with a cable looped around a strong support member i n  the vehicle, 
and then fastened t o  i tself '  by means of Crosby clamps. 
chance of the cables accidentally coming loose during t r a n s i t  i s  prac t ica l ly  
eliminated. 
must be spiked t o  prevent t h e i r  vibrat ing open. Bolts can be used t o  
f a s t en  the cask t o  the transporting vehicle and, where applicable, are 
prcferrcd over blocking the cask i n  place with l d e r .  

In  t h i s  way, the 

If turnbuckles a re  used t o  t ighten the tied0t.m cables, they 

The general tiedown procedures suggested by the Idaho Operations 
Office, Idaho Fal ls ,  Idaho, a r e  reported below. 53 

These procedures can be use6 a s  a guide; hovever, due t o  the var ie ty  
of shipping containers a l l  applicable shipnlents and handling thereof nmst 
b8acceptable t o  the AEC safety engineer who m y  d i r ec t  addi t ional  action 
as  the s i tua t ion  deiisnds. 
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Fig. 4.36, Results of Poor Rigging Pracl;ice on a 7-ton Cask. 
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B. A Basket Hitch Tie-Down for Light Containers. 

Fig. 4.37. A Schematic D r a w i n g  of Two Typical Tie-Down Pkthods. 



a. 

b. 

C. 

d. 

e .  

Fig, 4.38. A Four-my Tiedown on a 7-ton Cask. 

Good rigging pract ices  must be observed a t  a l l  times. 
The vehicle mist be i n  good operating condition, of adequate 
capacity t o  carry the load, and provided with t i e  rings or 
other acceptable mans of securing the  load t o  the frame. 
The load must be positioned on the vehicle with consideration 
for :  m i n i m  stress on the carr ier ,  good tie-down positioning, 
and acceptable wheel load and dr ivabi l i ty .  
A l l  radioactive materials being moved mst norml ly  be secured; 
however, some specif ic  movements my be accepted when sui tably 
confined i n  an enclosed bed. 
Chains must be used t o  t i e  dorm short-haul shiprents  (< 100 
miles) when Ln compliance with a l l  the folloving conditions: 

(1) Chain hooks and boomers nust be i n  good condition and of 
adequate s ize  f o r  w igh t s  involved. 
Pads or  7:)lock should be used t o  eliminate sharp coriiers 
OT edges 
Boomr handles s h a l l  be wired t o  prevent opening. 

( 2 )  

(3) 



(4) 
( 5 )  

( 6 )  

Hooks must be of s 

Containers wei&ing iwre than three tons should be secured 
from four  directions with independent chain tie-downs. 
Containers weighing less tlzan three tons RBY be secured 
with two chains indcper&mKl.y boomred and opposing each 
other with n b a s k t  hi tch.  
Tie points on containera s h a l l  be such tha t  the containers 
are held securely and chains ctinnot work or vibrate  loose, 
Knots i n  chains must not be permtttcd. 

(7) 

(8) 
Cables should n o m l j y  be used t o  s e c u e  long-haul shipments 
(> 100 miles) i n  compliance r : l t h  the following conditions: 
(1) Cable should be i n  good condition. Five-eighths-inch- 

f ,  

diameter improved plow steel wire rope should be provided 

( 3 )  

(4) 

f o r  tie-down of containers wei&i.ng up t o  15,000 lb. 
Two cable c l ip s  of the Crosby type (see Fig. 4.38) should 
be m i n i m  f o r  securing 
t o  3,500 lb, 
Three cable c l ips  
securing cables o 
The base end of 8. 
connecting) end o 
rope diameters apart .  
Cables shall be drawn t i g h t  and s h a l l  be protected from ( 5 )  
sharp edges o r  corners as necessary. 

( 6 )  Opposing cable basket hitches my be used on containers 
weighing up t o  15,000 lb. 
cable t i e s  should be the ininimwn. 

Above 15,000 lb four  'independent 

Additional discussion of tiedowns i s  given i n  the booklet, "Shipping 

Radioactive bbtcrial ,"  by 13. V. &tie and D. E. Patterson, Safety and Fi re  
Protection Bullet in  No. 6, WAEC, revised October, 1960. 
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5 .1  Problem 

The problem of propc:r shield design i s  important, On the one hand, 
the shielding nnist be adequate t o  reduce the external radiat ion from the 
largest expected source to acceptable tolerance levels; on the other, the 
cask should bc as l igh t  a s  possible since unnecessary bulk adds both t o  
the i n i t i a l  cost  and, most par%icularly, t o  the recurring shipping charges. 
In order t o  minimize fuel. cycle costs, the shipping cask must he optimized 
t o  obtain the largest fuel-to-cask-weight r a t i o  consistent with linljtations 
on heat transfer, critica3.i't;y, s t ruc tu ra l  integri ty ,  and cask weight, 

5.2 Regulation 

m e  ICC's Tariff  No. 15 (see appendix 1) specif ies  t ha t  the  external  
rcdiat ion level should not; exceed 200 mem/hr a t  the accessible surface of 
t he  cask, nor 10 mrel;i/hr a t  a distance of one meter -from the source 
proposed C!FR T i t l e  10, Par t  72, suggests the  close not exceed 200 

the  accessible surface of the cask, nor 10 mem/hr a t  one meter 
accessible cask surface, 

i n  the shielding and weight of a cask. 
will be resolved i n  the near future i n  favor of the "accessible cask sur- 
f ace. " 

This difference i n  wording can cause 
It is  hoped that these 

In addition, according t o  the proposed Code of Federal Regjulations, i f  

a s ingle  cask has exclusive use of a vehicle (whether r a i l  o r  truck), the 
rad ia t ion  l eve l  should not exceed 10 mrem/hr a t  a distance of 3 meters from 
the cask surface. 
l o s t  (such a s  cooling miter l o s t  i n  an accident), the radiat ion level shoulcZ 
not exceed 1 rem/hr a t  one meter from the accessible cask surface. 

If any material  i n  the cask which a ids  i n  shielding i s  

5.3 Commcnts on Shielding Design 

Since there are mny t ex t s  and reference docwnents concerning the 
subject of shielding, some of which are noted i n  referciiccs 54-58, the 
theory and calculatl.ona1 methods will. not be discussed here. 
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Shielding calculations a re  e i the r  based on the r e su l t s  of the 
"momexts method" o r  arc "Monte Carlo" calculations.  The moments-method 
calculations give the Gam-ray  dose r a t e  from a point source i n  an 
in f in i t e ,  homogeneous medium; various media may be considered. 
arc often used f o r  f i n i t e  media by inte@-al;ing over a l l  sources, 
nomn~lly introduces only a small e r r o r .  E the shield i s  laminated, t h i s  
method i s  generally inadequate, and Iilonte-Carlo methob must be errrploycd. 
The Shielding Design Code5' (SDC) i s  8,n example of a code t h a t  analyt ical ly  
i n t e p a t c s  the point kernel f o r  point,  l ine  and surface sources. 
sources a re  reduced to surfacc or  line souxces i n  accordance with i n f o m -  

l lhe r e su l t s  
This 

Volume 

t i o n  experimnfx&ly determined or  t l ieorctically calculated from Monte Carlo 
treatments OS volum sources. 

The SDC: code was designed t o  accept; a source containing 12 energy 

groups, t o  predict  the shielding necessary t o  reduce the dose rate t o  8, 

specified level, o r  t o  predict  the dose r a t e  t h r  
shield thickness. The source ma.y be a point, line, d 

cylinder, o r  an annular cylinder and may have an i s o t  
'oution. WIterials, which are available f o r  sh ie ld i  
water, aluminum, iron, lead, uranium, four types of conc 
Wrytcs, mwnetite, and ferrophosphons), and glass 
3.27, o r  6.22 gm/cc. 
running t iw is one minute f o r  up t o  12 separate problems, 
cular ly  suited f o r  parametric shielding s tudies  as %ell as design work. 

The code is  m i t t e n  for.'the ZBM-7090, and a t yp ica l  
It i s  pa r t i -  

The "Norite Carlo" method is  8 s t x t i s t i c a l  treatmnt of the radiat ion 
t ransport  problem which usually requires the use of a d i g i t a l  computer. 
In principle,  it can handle any geometry; but i n  practice,  generally only 
simple geomtr ies  arc t reated.  
s tudies  because of cost. 

The mthod is not we11 sui ted t o  parametric 

I n f o m t i o n  on shielding codes which are presently available may be 

obtained by wr i t ing  or cal l ing:  
Radiation Shielding Information Center 
Oak Ridge National Labamtory 
P, 0. Bux x 
Oak Ridce, Tennessee 



5.4 Comments on c lding Material 

5.14.1 Typ es of Casks 

The most common material  of cons&;ructioaused i n  the United Sta tes  

f o r  a g a m  shield is lead, due t o  i t s  low cost; (about $O.l2/1b), high 

density, and its a b i l i t y  to be easily fabricated, even in add shupes, 
b a d ,  alone, i s  used extensively f o r  sh2eldin.g small radioactive 

isotope sources. 
encased i n  s t e e l  f o r  fabrication, protection, and handling purposes. Dis- 

advantages t o  using lead as the primary shielding mi te r ia l  a re  several  
fold. 

the  molten s t a t e  (over by volume)6o and thus care must be taken during 
the  pouring of large steel-enc'ased shields  so t ha t  unwanted voids a rc  not 
ina&vertently introduced. 
t o  s t a in l e s s  s t e e l  sa t i s fac tor i ly ,  which also contributes t o  %he f o m t i o n  
of ummnted voids. 
heat, uncontrolled a i r  spaces o r  gaps must be avoided to keep source 
tempemtuures at a minimum. 

When larger  sources are transporbed, the lead must be 

Far example, lead con'cracts appreciably upon so l id i f  i ca  t ion from 

In addition, lead of ten does not wet  o r  bond 

E the radiat ion source material produces appreciable 

Fire presents a haza 
e f f i c i e n t  of thermal expansion, qui te  a b i t  greater than steel  which i s  
normally used t o  encase it (Fig. ?I.:!.). It is  evident t h a t  high pressures 
may develop i n  the cask, which could resu l t  i n  broken welds and subsequent 
l o s s  of shielding, if it i s  subject t o  a fire. Cei-tainly if  leaks do not 
occur, then there will be p e m n e n t  damage t o  the steel  shell if the fire. 
is hot enough. 

The British have performed sone heat tests on smll lead-fi l led,  s tee l -  
shelled and found tha t  even the use of controlled voids l e f t  i n  the 

cask shield t o  provide thermal expansion space f o r  the lead was not; en t i r e ly  
sat isfactory.  
void area, thus did not  prevent pressure buildup and the loss of lead i n  

Meltine; of the lead would not always take place around the 

other areas. 
no lead was lost;, was not predictable and could r e s u l t  i n  areas of inade- 

In addition, the posi t ion of the  void a f t e r  cooling, even i f  

quate shielding. 



A very d i f f i c u l t  decontamincltio 

the s t e e l  s h e l l  break permitting con 
the s h e l l  and the lead shielding. The s i tua t ion  i s  dangerous since the 

cask cannot be completely decontaminated and the presence of trapped 
l iquids  inside the s teel  s h e l l  presents an explosion hazard i n  case the 
cask is  involved i n  even a sml l  f i re .  

A t t e m p t s  have been made t o  counter some of the objections t o  lead 
as a shielding substance. 
be used with a controll-ed coefficient of t h e r m 1  expansion (see Sect. 
3.8). Thus, the shielding expansion will present no problem i f  exposed 
t o  fire. !The alloy, however, i6 expensive and has a low melt5ng point.  

In Smll containers, 8 lead-bismuth a l loy  can 

For small casks which contain s m l l h c a t  sources, it i s  possible t o  
insu la te  the outside of the container f o r  f i r e  protection (see Sect. 3.9). 

The approximte weight of 8 lead-shielded cy l indr ica l  cask m y  be 

quick& estimated from Fig. 5.2, which presents the weight per foot of an 
annular shield and the total m i g h t  (not per foot )  of two end plugs. - 
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radius, r as a parameter. 



Problem 5 "1. Determine the weight of a cyl indr ica l  cask whose 
inside diameter i s  32 i n , ,  shielding i s  LO-in. thick, and the cavity is 
8-1/2 f t  long. 

annular cylinder of lead., whose inside radius i s  16 in., is 5950 lb / f t .  

The wight of the 8-1/2-ft-l0ng cyUxu3er is 

Solution. From Fig. 5.2, the weight per foot  of a lO-in,-thick 

(8.5 ft)(5g50 uj/rz;) = 50,500 1% 
The weight of two end plugs o f  thc  cask whose thickness is  10 in .  

and whose inside radius is  16 in, i s  X/,400 lb. The total weight of lead 

The weight of s t e e l  s h e l l  containing the lead I s  obviously a function 
of the s t e e l  thickness and container s ize ,  but  i s  approximtely 15% of the 
w e i g h t  of the lead. The approximate t o t a l  cask weight without any skid is, 

The B r i t i s h  have mde 8. number of' large casks from cas t  i ron  or  cas t  
s t e e l  containing no lead o r  other high-density material, 
the  problem OS d i f f e r e n t i a l  t h e m 1  expansion found i n  t 
t h e i r  s t e e l  she l l s .  The shielding does not m l t  under 
n o m 1  pctrolewn f i r e ,  and the impact qua l i t i e s  a r e  

The t o t a l  cost  of a s t e e l  cask is  compafable t o  a lead cusk with the 

same cavity s i ze ;  since the steel  cask weighs more, i ts  un i t  cost  is less, 
around $0.40 t o  $0.50 per 1%. It has been reported t h a t  i n  England expected 
costs of s t e e l  casks ordered i n  large (45 cask) quant i t ies  m i g h t  have un i t  
costs  a s  low as $O.l8/lb. 62,63 

The main disadvantage with steel  casks is  that ,  f o r  an ident ica l  cavity 
size, a s t e e l  cask i s  larger and weighs considerably more than a lead- 
shielded cask. This, i n  turn, means that transportation charges w i l l  

normally be proportionally higher f o r  the s t e e l  cask. The weight r a t i o  
obtained by using denser material  is shown i n  Fig. 5.3 a s  a f'unction of 
cavity volume (the w i g h t  r a t l o  i s  also a function of the source s t rength) ,  

Uranium Depleted uranium has been used f o r  shielding i n  small casks. 
has an-advantage over lead because it is a much m r e  dense metal (18.8 
compared t o  11,34 gm/cc) 

un i t  and weigh X@ss. This advantage tends t o  disappear as the cavity size 
and, fo r  the same cavity size,  will be a smaller 

becomes large (Fig. 5.3)* 



Due t o  i t s  pyrophoric nature, uranium shields should be encased i n  
s t ee l ,  even though it is d i f f i c u l t  t o  get large so l id  pieces t o  burn. 

Uranium my be cast  and mchined, o r  ro l led  i n  sheets, Pormd, and 
welded. 
ment, the mxirmun size presently being around 6000 lb.  

t ha t  have been rol led and formed may be nested and welded in to  a modular 

t y p e  of construction of a h s t  any s i ze .  
Unassayed depleted uranium may be obtained from the government as UF 

The uranium hexa- 

An uranium casting is generally 1.imited by the size of the equip- 
However, sheets 

6 
a t  a base coat of about $ L . l T / l b  of contained cranium. 
f luoride must be reduced, using conventionaL Illethods, and then cas t  or 
ro l led .  The t o t a l .  cost of a uranium cask from a vendor would be i n  the 

brder of $5 .OO/lb, which is quite expensive when compared t o  the cost  of 
a lead-f i l led ca r r i e s  a t  roughly $l.OO/lb, but the pr ice  may be ju s t i f i ed  
t o  obtain a mximrn cavity volurne for minimum shield m i g h t .  



Another mi te r ia l  t ha t  has excellent shielding properties is tungsten, 
whose specific gravity is 19.3. 
whether tungsten, o r  one of its alloys is a completely sakisfactoyy shield- 
ing material f o r  shipping casks from 8 mechanical point of view; i t s  costs 

Additional work is needed t o  deternxine 

are high, but for large casks is about; $5/1b or Less. 
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6 .  CONTAMLNnTION 

6.1 Problem 

A radiorzctive-materiuLs shipping container may become contaminated 
w5th radiaactive material  during an underlater loading operation o r  by 
leakage 0-1 the contained source miter ia l .  S t r i c t  limits haw been s e t  
f o r  muimw.n external  contrixnimtion and f o r  i n t e rna l  coolant a c t i v i t y  
content. When these l i m l t s  are exceeded p r io r  t o  shipment, the cask mst 
be decontaminated before shipment can be permitted. 

6.2 Regulations 

Under the proposed f U C  regulations, the cask must be checked f o r  
external  contamination p r io r  t a  release f o r  shipment. 

The check is  mde by  wiping (o r  smearing) an  area of approximtely 
100 square centinzcters with a clean absorbent paper ( f i l t e r  paper), 
applying ndesate f inger  pressure, and measuring contamination on the 
paper through standard counting techniques f o r  beta-gamma and alpha a c t i v i  
The transferable conbmination must not exceed the limits given i n  Table 
6.1. 

. External Contamination Limits 

Radiation 3lype Reading Limit 

a Smear 
Bt  Y Smear 

5 500 d/min/100 cm 2 

2 
5 4000 d/min/lOO cm 

The proposed regalations a l so  require t h a t  the cask coolant, e i t he r  
l iquid or  gaseous, be sampled p r io r  t o  shipment and t h a t  the coolant 
a c t i v i t y  be below the limits given i n  Table 6.2. 
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Table 6.2. Limits of Coolant Act ivi ty  - 
Type of CooLant Rudiation Umit 

Liquid 

Gas 

a 

B, Y 

B, Y 

a 

Con-L-amimtion of casks may arise from corrosion products which have 
become radioactive i n  the reactor and have deposit& on the  surfaces of 
the f u e l  el.ements. 

It is ,  therefore,  of i n t e r e s t  t o  determinc whether the contamination 
i s  due t o  cclrrosion products or  f i s s i o n  products; i f  due t o  f i s s i o n  
products, a ruptured fuel element my be suspected, 
should be removed, examined, an& i f  ruptured, should be canned i n  a separate 
container p r i o r  t o  sh ipmnt  t o  prevent fur ther  contamination of the shipping 

The suspect element 

c anta i ne r . 
6 '3 Fiss ion b o d u c t  Helease from k e ~ s  

The puqose  of t h i s  sect ion i s  t o  b r i e f l y  note the methods of fission- 
product re lease from fuel elements and the effect  of various paramters on 
t h i s  release * 

Fission products can be released from fuel elements by melting o r  
oxidation of the f u e l  and diffusion o r  r eco i l  of the radioactive isotopes 
through the f u e l ,  
of the material, nrethod of manufacture, material purity,  burnup of the 
fue l ,  and geometry of the element. 

The release r a t e  i s  affected by the temgerature, form 

64,65 

Temperatwe of the fuel., which i s  the only variable t h a t  the cask 

designer has any control  over, i s  the most important. 
of the fuel. increases, the percent release 01 the f i s s ion  products a l so  
increases.  If the f u e l  i s  clad and the cladding i s  in tac t ,  then the 

f i s s i o n  products w i L 1  be contained; on the other hand, if the cladding is  
ruptured, the re lease 1~il.l' contaminate the primry coolant of the cask, 

A s  the temperature 
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It has been shown in e q e r i m n t s ,  however, that only a small fraction 
of the fiGsion products thti! am released from the hot environment of t h e  
fuel w i l l  contaminate the R ~ X  for any length of t i r w ,  
that are released, with the exception of thc rare gases, deposit on cooler 
surfaces, 
wall, w i l l  tend t o  function as a f i s s i o n  product; trap f o r  mriy iso-tapes if 

any should be accidentally released e 

Most of the isotopes 

Thus, cooler surfaces, such 86 the inner swrface of a dsy cask 

._, . - 



7 .  RADIOI,yT3cC DECOMPOSD'JON AND PRESSU€E BUIIDW IIV CASK COOullMlS 

Cask coolants, wh-lch a r e  used to improve the heat t ransfer  from 
the radioactive f u e l  elements t o  the heat sink ( the atmosphere), a r e  sub- 
j e c t  t o  rad2oJytic decomposition by khe radioactive saurce. 
coolant i s  noma1Zy water, but 3n BOIE cases other substances, such a s  
alcohol, are added during winter operation t o  depress the freezing point.  

The cask 

The decomposition of m.tcr by g . m m  says and subsequent reactions 
66 of thc products a re  thought t o  occur i n  the following mnner; 

H + OH - 150 (46) 

Equation (43) indicates how the free radicals  OH and H a re  produced, along 
with X$ and lb02. 
i n  whic l i  the H2 and %Q2 are destroyed and water i s  reproduced. 

sene 
readi ly  oxidizable material, such as the bro Tbi5 

move the OX and II radicals  from solution and allow some of the €$ t o  
escape from solution t o  any gas space above the solution, 

Equations (&), (451, and (It61 indicate a back 

These back reactions may be interrupted 

Any foreign material  t ha t  interrupts  the back reactions causes the 
equilibrium overpressure t o  increase; it is, therefore, important t h a t  
the  wdter used a s  the primary coolant be as  pure as possible and f r e e  from 
such foreign ma-Lerial. 

1Yie rate of a radiolyt ic  reaction i s  designated by "G" and i s  expressed 
i n  terins of the number of molecules f o m d  per 100 ev of e n e r a  absorbed i n  
the solution. This ra te ,  f o r  any par t icu lar  solution, is  a function of the 
type of radiat ion (due t o  the d i f fe ren t  ionization dens i t ies  o€ the dif-  

ferent types of radiat ion) .  For g a m  rays, the value of G 
0.45 molecules per 100 ev i n  both neutral  and acid solutions (ref  67). 
no material i s  present which would in te r rupt  the back reactions [ E q s ,  ( I&>,  

is equal t o  H2 
E 

(45), and (46)], the equiUbrium pressure of hydrogen and oxygen 
solut ion should be qui te  l a w ,  i.e. i n  the range of a Sew p s i .  68 

over the 
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Equilibrium pressure from rndiolyt ic  decomposition i s  reached vhcn 
the back reaction i s  equivalent o r  equal t o  the fo.mmrd reaction; tha t  is, 
when Lht. products are destroyed as fast as they form. There are many 
fac tors  which al‘fect the back reaction, and equilibrium pressures a rc  
quite d i f f i c u l t  t o  predict  with m y  degree of accuracy; however, the 

f oLloi~Ln~; statements can be ~ m d c  e 

Pure wdter i s  the bes t  l.iqu:id- coolant f o r  large radioactive sources, 
since almost a l l  the hydrogen Po-rmed ti311 recombine with oxygcn i n  the 
w t e s  quickly t o  reform water, according t o  Eqs. (441, (‘1.5)~ and (46), 
thus creating very l i t t l e  excess pressure. 
impure canal water can f i l l  the cask durinc underwater loading (some 
casks are loaded i n  this mansiei’) and m y  r e m i n  i n  the cask dm-ing the 
period of transportation. 

. 

However, it is  possible t h a t  

Canal .t.ratsr can contain halogens and m t e r i a l s ,  l ike  C S O q ,  which 
have been addefi to retard algae gr These c ontniinating mate r i a  Is 

can disrupt the back reac,tions and equilibrium pressures t o  increase 
t o  higher levels, possibly t o  

This  estimate was ver i f ie  
canals were sealed i n  a closed i n  a cobalt-60 
s o ~ r c c . ~ ~  Overpresswe from the water o 1 leveled off a t  
about 0.83 atm and from the second canal a t  about 1.9 atm. 
was reached a t  an absorbed dose of about 4 x 10 rads ,  

Equilibrium 
8 

The difference i n  equilibrium pressures of the two  samples ray  be 

a t t r ibu ted  t o  the f a c t  t h a t  the second canal used unfi l tered process 
m t e r  which contains around 80 ppm hardness, whereas the water for the 
f i r s t  canal was processed through an anion-cation r e s in  bed and i s  f i l t e r e d .  

It appears from the data available, that deionized water i s  a sa t i s -  
factory p r i m r y  coolant and would be expected t o  produce overpressures of 
less than 1 atm of radiolyt ic  decorposition products i n  a closed. sealed 
container, In f ac t ,  it i s  qui te  possible t h a t  temperature changes i n  the 
primary coolant coulCi cause greater pressure changes than those caused by 
radiolykkc decomposition of deionized water. 

... 



8. Z Accident Analyses 

There are tm types of shipping containers. %ha% are  used t o  t ransport  
radioactive materials; these are type A and type 13, 
am intended t o  prevent d i spersa l  of the radioactive contents under condi- 
t ions normally incident t o  transport  and during minor accidents. 
containers a re  intended t o  prevent the release of the contents under 
conditions normally incident, t o  transport  and during 8 maxim credible 
accident r e l a t ive  t o  the mode of transport .  

npe A containers 

Type B 

70 

This specification, issued by the International Atomic Energy Agency 
(J.RER), is, i n  essence, accepted by most countries; however, the method 

of proving that a specif ic  cask meets'this requisement has not yet  been 
agreed q m n .  

It i~ould. be easier t o  define a ' 
probabi l i t i es  f o r  any  given aceiden 
transportation, The investigation 
basis f o r  studies pcy-forrfid by Knap 

711.9 75 others,  
Knapp's paper presented an analysis of t k  frequency and sc 

an accident occurring with the three main modes of t r a n s p o r b t i  
a i r ,  and t ruck .  The frequency analysis was based on available s t a t i s t i c s  
i n  the mid-lg55fs, and the severi ty  analysis m s  based on in te rpre ta t ion  
of photographs of accidents so t h a t  estimates of the chances of a radio- 
ac t ive  release could be made. His results indicated t h a t  the chances of 
a severe accident, which could result; i n  the release of radioactive mate- 
rial, were roughly the same f o r  a l l  modes of transportation. 

cost  of damges exceeded $100 was carried out by bimlruhler7* i n  which he 

found t h a t  the average annual accident frequency of a l l  trucks based on a 
four-yeas period was 3.63 accidents per MVM (million vehicle miles). This 
frequency wds dependent upon the t i m e  of year the shipment; was made. Table 
8.1 i l l u s t r a t e s  the var ia t ion of accident frequency averaged over each 
quarter and Table 8.2 Indicates the variat ion i n  the number of accidents 

A more extensive analysis of inotor vehicle (truck) accidents whose 
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n q o r t c d  by time and day f o r  the l a s t  quarter  of 1959. 
available t o  t rans la te  the information given i n  T a b l e  8.2 in to  accident 
rates, but there i s  evidence tha t  indicates the vehicle-miles traveled 
each quarter-day i s  roughly constant;76 thus, the accident rate would 
vary as the number of aecidentx given i n  Table 8.2. 

Data was not 

T a b l e  8.1. Average Accident Frequency per MVM Each Quarter 
( 39%- 1959 ) 

1st Quarter 2nd Qua, ter 3rd Quarter 4th Quarter 

4.28 3.28 3.34 3.65 

T a b l e  8.2. Nmbcu of Accidents Reported by Time and Day 
i n  the last Quarter of 1959 

Reported 6 a.m. I2 noon 6 p.m. 12 midnight 
Accidents t o  I2 noon t o  6 p.m. t o  12 midnight t o  6 a.m. 

W e  mays (ave ) 403 430 272 245 

Sunday 97 irG 135 104 
Sr;bturday 268 215 162 291 

It was a lso  determined i n  t h i s  study that ,  i n  general, as the speed of 
the vehicle increased, the chance Tor an accident a l so  increased; that fire 

occurred i n  about 176 of co l l i s ion  accidents and 2% i n  overturn sccidents.  
This report i s  probably the most conpkte  analysis of motor vehicle accidexbs 
available a t  t h i s  t i ve .  

An extensive analysis of r a i l  accident s t a t i s t i c s  has been made by 

S t e ~ z r t ~ ~  f o r  the years 1958 through 1960, 
trhich the cost  of darmgcs exceeded $2000. Iris r e su l t s  indicate t h a t  the 
averaere frei&%-tra*Ln darmgc caused by derailments increases sharply for 
t r a i n  speeds i n  cxcesn of 30 rqh, and the accident frequency i s  about 2.85 

per mil l ion f re ight - t ra in  milts. 

Accidents rcportcd are t'nose i n  

... . 



8.2 Hazards Analyses of Shipping Casks 

f i e r y  newly designed cask tha t  is  expected t o  transport  large 
quant i t ies  of radioactive m t e r i a I s  is su%ject t o  a hazards analysis; such 
an analysis  provides an insight  t o  the problem and d i f f i c u l t i e s  t ha t  may 
be encountered duriw shipment 

It has been the purpose 0% t h i s  ~nanwl  t o  provide, and/or discuss, 
a l l  of the available d a b  t h a t  could a3.d i n  compiling er hazards analysis 
f o r  a new cask, Such an stnalysl.s has been, i n  the past, t i m e  conswilring, 
expensive, and a source of f rus t r a t ion  t o  the many peop-l-e required t o  
produce such an analysis. 
lack of data and ana ly t ica l  techniques available t o  adequately analyze 
casks under accident conditions and pa r t ly  from a lack of a fi.m framework 
of spccificatlons wlt'nin which a cask is  t o  be judged. 

These frustrations have stenmed partly from the 

It is hopcd that wit'n the Sntense i n t e r e s t  shown by the AEC, Contractors, 
foreign governnents, and the IA.EA, that standardized reporting procedures 
and Lcchniques w i l l  remove such hazards analyses from the realm of an a r t  
t o  that of 8 science, 

In spite of, or possibly because of, lack of standardized report- 
ing pi-ocedwcs and techniques, it is of in t e re s t  t o  examine the hazards 
analyses t ha t  have already been made f o r  various shipping casks, 

such analyses a re  reported i n  references 77 through 81. 
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Before a cask design fo r  a specif ic  job is  undertalien, i.t i s  rrandatoly 

Wiis could entail- a var ie ty  of r e a h l i o n s  
t h a t  the design engineer becoi i~ thorouGhly f a d l i a r  d t h  the re@IBtions 
t o  which the cask must conform. 
by local,  state, federal, and internat ional  groups, depending on expected 
uses of the cask, 

. The most important proposed federal regu3-al;ions trhich affect  the 
pa r t i cu la r  aspect of cask design discussed have been presented at the 
start of each section. 
i n t e r s t a t e  a s  v e l 1  a s  internat ional  transportation of radioactive materials 
i s  given below. 

The source of mny of the rcpl-ations which affect 

The In te r s t a t e  Commerce C o d s s i o n  has been made responsib 

water i n  the Uni"ced States .  

T a r i f f  No. 15, 

Agent, published by the Bureau of Explosives (B of E )  of the 
American Association of Railroads (A.A.R.), 63 Vesey St.,  New 
York 7, N. Y., August '23, 1963. 
Tariff  No. 10, Motor Carriers Explosives and Dangerous Art ic les  
__II_ Tar i f f ,  F. G. Freund, Agent, published by the €3 of E of the 
A.A.R.,  1424 16th St. W.W,, Washington 6, D. C. 
Code of Federal l3?gulations, T i t l e  49, Par. 71 t o  78, covering 
the pacbging, 3.abeZin& and transportation of dangerous 
a r t i c l e s .  (Revised Jan. 1, 1963) This regulation is almost 
i den t i ca l  t o  Tariff  No. 15, 

transportation of radioactive materials i n  a i r c r a f t  i n  the United 
S ta tes  i s  regulated by the Civil Aeronautics Board and i s  covered i n  



(4) Code of Federal Rell;\rlations, T i t l e  14, Part I@, "Transportation 
of' Ekplosives and. Other Dangerous A3"ticles," Revised Jan. 1, 1363. 
C i v i l  Aeronautics Board Off ic ia l  A i r  T r s o r t  Restrictied ArticJ-ea 
Tariff No. 6-C Governing the TransporLalxl.an of Restricted A r  t l c l e s  
by A i r ,  B. H, SmLth, Agent, Air Traffic Conference of Amcricu, 
1000 Connecticut h e . ,  N. W., Washington 6, D. C., April I, 1962. 
Fcdeml Aeronautics Administration Reggila'tions Part  103, %rans- 
portat ion of Dangerous Art ic les  and MEtgni.tized Materials, Superin- 
tendent of DocWnCnts, U. S. Government Printing Office, Washington 
25, D. C .  

( 5 )  
- - 

( 6 )  1_1 

.. _ _  

Internat ional  a i r  traffic of radioactive mtcrials is covered by the 
following document. 

( 7 )  Internat ional  A i r  Transport Awn. (UW) Regulations Relating 
t o  the Carriage of Restricted Art ic les  by A i r ,  9 th  cd., 

A p r i . 1  1, 196k Terminal Centre Building, Montreal 3, Que, 
Canada. 

-.. 

Transportation of radioactive mterial by water i s  subject t o  regula- 
t ions  prescribed by thc Cornirnndant of the United States Coast Guard. 

Applicable mguLa.t;ions are : 

( 8 )  Code of Federal Iieguhttons, TTtle 46, Part 146, "Transportation 
o r  Storage oT Explosives or O%hm Dangerous Art ic les  or Sub- 

stances and Combustible Liquids on Board Vessels," (July 1, 1.958)~ 
(9) Water Carr ier  Tar i f f  Noe 6, H. A. Campbell, Agent, published 

by the B of E of the A ,  A. R., 63 Vesey St., New York 7, N. Y. 
More specif ic  reguh.tions concerning the shipment of special  nuclear 

mater ia l  my be found ; r i :  

(10) Code of' Federal Regulations, T i t l e  10, P a r t  70, "Ucensing of 
Special  Nuclear Phterials" (proposed), Federal Register, 
March 5, 1963. 

(11) Code of Federal Regulations, T i t l e  10, Par t  71, "Regulations 
t o  Protect Against the Accidental Conditions of C r i t i c a l i t y  
In the ShLpmnt of Special  Nuclear Xatcrials, " (proposed) 
Federal Reg€ster, March 5, 1963. 



(E) Code of Federal Regulations, Title 10, Part 72, "Repplntions 
t o  Protect Against Radiation i n  the Shipment of Xrradiated 
Fuel Elemnts, I' (proposcd) Federal Register, Sept, 23, 1961, 

III addition, the N"j.5.2 Cod.+. tee of the American Standards Association 
(sponsorecl by the Am@rican &stiZ;ut;e of Chemical Engineers, 345 East 47 St,, 

New York 17, N, Y.) has published several  drafts of "An Amrican Standard 
of Good Practice f o r  Dcsign and Operation of Shipping Containers f o r  
I r radiated Solid Fuel from Ruclear Reactors." 

The U. 6. Atomic Energy Conmission ha5 published a surmnavy of the 
In te rs ta te  Comnmcrce C o d s s i o n ,  United S t a t e s  Coast Guard, Federal Aviation 
Agency, and tine United States  Post Office regubt ions  i n  the 

(13) Handbook - of Federal. Repki t ions Applying t o  Transportation o f  

Radioactive Materials, USREC Division of Construction and Supply, 
Superintendent of Docmnts ,  Washington 25, D. C., May, 1958, 

Regulations sponsored by the BYE%, which irere written by a panel of 
men from nine nember countries and wh.ich, it is hoped, will $'om 8 basis 
a r  be compatible with transport  regulEations of mJliber countries, are noted 
below. 

(14) II Repla t ions  f o r  the Safe Tra%isport of Radioactive ~ t e r i a l s ,  
Safety Series No. 6 ,  International Atomic Energy A 
Viema, 1961. 

To t h i s  end, an Interagency CommikLee on the Transportation of Radio- 
act ive Material.s, made up of representatives from the W C ,  ICC, Coast 
Guard, U. S. Post Office, Federal Aviation Agency, an& the Bureau of 
Ekplosives, have met t o  formulate 8 set of rules acceptable t o  a l l  United 
States  government agencies and compatible with the safety regulations 
adopted by the International Atomic Energy Agency, 



Avai l ab i l i t y  of Machine Codes 

There are a number of' information sources concerning nuclear codes. 
Nucleai- Science and Engincerfng has included a sec t ion  f o r  code descrip- 
t ions i n  i t s  publication. Nucl-ear Science Abstracts, which i o  ava i lab le  
in .most l ibraries,  i s  use fu l  i n  locat ing references t o  both domestic and 
f orcign codes e Internuticma3 Business Machines Data Processing Division 
publishes the Nuclear Corrqxitinf; Technical BullctAn which l ists  available 
codes and the i r  descr ipt ions.  
f roin: 

L -I 

-uI_ __1- 

These codes are ava i lab le  upon request 

Data Processing Library Serviccs 
Inte m a  t i on8 1 Bus i i  less Ha chi  ne Cospom t i on 
ll2 E. Post Road 
White Plains, New York 

The flrgonne Code Center a t  the 

I l l i n o i s ,  under the auspices of the 
source of avail+izbl.e nuc lew codes. 
t o  persons on t h e i r  mailing: list. 

Additional code inf'omation is 
Abstracts, 

Argonne National Laboratory, Argonne, 
Anmican Nuclear Society, is  another 

ava i lab le  i n  the Ikclear Code - 
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