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ABSTRACT 

Safe and economic methods of handling radioactive materials  
"o f f - s i t e "  are  required for  the  successful operation of nuclear 
chemical p lan ts .  These occasions a r i s e  i n  the shipment of spent 
fue l ,  radiactive,  isotopes, and l iqu id  wastes. An unsolved 
problem e x i s t s  i n  the development of techniques and s i t e s  f o r  
the f i n a l  disposal  of waste products. 
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The operation of nuclear cli.emical plaxts  imposes a amber  of requirements 

f o r  o f f - s i t e  handling of radioactive ma%eri.als. Paramou~t among these i s  the 

shipment t o  the  p lan t  of spent f u e l  from tke reactors.  I n  addit ion t o  these 

shipments which a re  required f o r  routine operatior&-,, skipments of f issi.on pro- 

ducts and other especial ly  prepared isotopes f o r  comerc i a l  use i s  required. 

Finally,  a po ten t ia l  requiremert. fox-  off  - s i t e  k~x~id l i rg  i n  the future  i s  the 

shipment t o  pema,nent disposal  s i t e s  c f  h i g h - a c t i y  -wastes which a r e  current ly  

stored on an interim bas i s  a t  the  processing plant ,  While no compromise can 

be made wl.55 safety,  the most economical mexns of ack_ievi.:ig safe sh ipme~ t  and 

di.sposa1 must be found i f  reactor-produced pomr  i s  t o  be compe,titive with 

power from other sources, 

Thfs paper i s  divided i n t o  two par t s .  l3.e f i r s t  par3 reviews the techni- 

ques and pro-blems re la ted  t o  shipment of radioactive materials. The research 

a?;d developmect re la ted  t o  ult imate d.isposa1 met'kods f o r  radioactive wastes 

a r e  reviewed i n  the  second par t .  

Par t  1. TRANSPORTATION OF RADIOACTIVX MATERIALS 

Tracsportation of radioactive materials  by r a i l ,  motor truck, a i r ,  o r  

water i s  controlled by the  Code of Federal Regulations (CFR),  the I C C  Regula- 

t ions   a able l), and, i n  some cases, s t a t e  and loca l  regulations.  The 

regulations cover allowable quanti3ies t o  be shipped, safety  precautions, 

fabr ica t ion  of ca r r ie r s ,  necessary packagi~sg, 1&,3ell.r,g, and numerous other  

d e t a i l s  and specif icat ions  t h a t  must be met, a;:d s k o ~ l d .  be studied p r io r  t o  

design, fa'brication, o r  shipment of ca r r i e r s .  Radioa.c.t2ve materials  now 

beiag skipped i ~ c l u d e  l a ? - a c t i v i t y  ma.teria.i, e ,  g, , unirradiated fidel elements, 

radioactive isotopes, and ores (covered. by T i t l e  49 CFR) ; and high-act ivi ty  

materials ,  e.g., spent f u e l  e1emen.t~ (covered by T i t l e  10 CFR) and some 

radioactive wastes (covered by T i t l e  49 CFR agd I C C  Regulation Tar i f f  10).  

Radioactive I s o t o ~ e s  
-- - 

In  the skiipment of radioactive isotopes the ac t . iv i ty  l eve l s  acd energy 

re lease  a re  generally so low t h a t  radia t ion skielding and heat d i ss ipa t ion  do 

not  const i tu te  d i f f i c u l t  problems. In  m?jr cases t2e contaiLer packing i s  

su f f i c i en t  shielding; i n  the most severe ca,ses a few iccl:ies of lead may be 

required. 



Table 1. Some of the  Regulations on Shipment of Radioactive Materials 

Federal Regulations* Equivalent I C C  Regulations 

T i t l e  10 Par t  72 CFR (proposed) Tar i f f  No. 6 (water shipments) 
( spent f u e l )  H, A. Campbell, agent 

30 Vessey St., New York, N. Y. 

T i t l e  49 Par ts  71-78 CFR 
(dangerous a r t i c l e s  ) 

T i t l e  14  Par t  49 CFR 
(by a i r c r a f t  ) 

T i t l e  49 Par t  146 CFR 
(over water) 

Tar i f f  No. 8 ( t ruck shipments) 
F, G. Freund, agent 
1424 16th St., N. W., Washington 6, D o  C. 

Tar i f f  No. 9 ( r a i l  shipment) 
H. A, Campbell_, agent 

U. S. Posta l  Guide 
(through mails ) 

Civ i l  A i r  Regulations 
(explosives and other  dangerous a r t i c l e s  ) 

Handbook of Federal Regulations 
(radioactive materials .  

Tar i f f  No. 10 (radioactive mater ia ls)  
H. A. Campbell, agent 

+These documents a re  on sa le  by the  Superindent of Documents, Government 
Pr in t ing  Office, Washington, D. C .  

Isotope shipments from ORNL a re  routine, a s  indicated by the following 
summary of shipments made during the  ten-month period, July  1959 through 
Apri l  1960, 

Major Categories No. of Shipments Curies 

,YO-60 
CS-137 

H-3 
1-131 

P-32 

c -14 
Other 



Spent Fuel Shipments 

Spent f'uel i s  shipped from the reactor  s i t e  t o  the processing s i t e  f o r  

recovery of f iss ionable  and f e r t i l e  material .  The shipping containers must 

be designed with provision f o r  adequate heat removal, shielding, and safe- 

guards against  accidental  formation of a c r i t i c a l  array.  I n  addition, the  

ease of decontaminating the surfaces of the cask must be taken i n t o  considera- 

t i o n  when specif'ying materials  and d e t a i l s  of construction. 

The r e l a t i ve  sizes,  weights, and geometries of some f i r s t  generation 

reactor  fue l s  t h a t  w i l l  have t o  be shipped from reactor  s i t e s  t o  processing 

p lan ts  a re  shown i n  Fig, 1, The ORNL Graphite Reactor slug and the IITTR 

assembly a r e  typ ica l  fue l s  routinely shipped in the  past;  so it i s  apparent 

t h a t  a s ign i f ican t  extension i n  handling and shipping techniques w i l l  be 

required f o r  power reactor  fue l s ,  In  addit ion,  these fue l s  w i l l  have been 

subjected t o  higher nuclear burnup than fue l s  from current  research reactors  

and w i l l  consequently generate proportionately more f i s s i o n  product decay heat. 

Heat Removal: Specifications i n  T i t l e  10 CFR pertaining t o  heat  removal 

s t i pu l a t e  t h a t  the ho t t e s t  spot i n  the f u e l  element o r  b u i l t - i n  poison must be 

a t  l e a s t  180'~ below i t s  respective melting point, assuming a dry, a i r - f i l l e d  

cask, with natural  convection cooling. In  cases where forced convection cooling 

i s  used, the  primary gas o r  l i qu id  coolants must not be c i rculated outside the 

c a r r i e r  i n  order t o  safeguard against  exposure i n  the event of contamination 

with f i s s ion  products, and any l iqu id  coolants must be maintained a t  l e a s t  20°F 

below t h e i r  bo i l ing  points. The system should operate a t  approximately atmos- 

pheric pressure with the temperature of the external  accessible surface of the  

c a r r i e r  not exceeding 1 8 0 ~ ~ .  

In  conforming with these regulations, pract ice  has been t o  r e s t r i c t  the 

amount of heat  evolved i n  a c a r r i e r  t o  t h a t  q u a ~ t i t y  which can be diss ipated 

by natural  convection and radiat ion , from the c a r r i e r  surface, and t h i s  can 

be done througk~ decay cooling p r io r  t o  shipment and/or by r e s t r i c t i n g  the  

number of f u e l  elements per ca r r ie r .  Forced convection cooling within the 

c a r r i e r  has not  been economic because of the increased complexity and addi t ional  

weight of shielding required. Safety could a l so  be compromised due t o  the 

d i f f i c u l t y  i n  guaranteeing t h a t  the  system w i l l  not develop a leak o r  t h a t  

there  w i l l  be no power fa i lu re .  
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Cale;.~latiozls have bee5 made t o  de t e rmix  the heat  t h a t  could be diss ipated 

by radiatiorl and na tura l  c o ~ v e c t i o n  from the  surface of a 54-i2.-0.d. c a r r i e r  

coctafniag Consolidated Edison elements, i r rad. ia ted t o  23,000 bhd/to.nne burnup 

(Fig, 2) .  A c a r r i e r  of t h i s  s ize  could prcvide space f o r  12 elements; bu t  the  

r e s u l t s  s h o ~  t h a t  i f  the cask surface tempera.t,ure i s  t o  be kept a t  1 8 0 ° ~ ,  no 

more than three  e 1 e m e ~ t . s ~  12 mon'fks ' decayed, c m  be c a ~ r i e d .  In Chi s  example 

it i s  apparent t h a t  tke  cos t  of providir~g b e t t e r  heat  t r a c s f e r  must be balanced 

against  the 'r.Egher f u e l  inven"c.,q charges associated with locger decay times 

and the higher costs  required t o  ship fewer elements per  c a r r i e r .  It seems 

l i k e l y  t h a t  there  w i l l  be su f f i c i en t  economic incentive t o  just if 'y t he  develop- 

m ~ n %  of ca r r i e r s  eqzipped fo r  mez;h,.ari%cal removal of !:.ea5, 

SLi elding and S t ruc tura l  IntegrLty : For safe  s:%ipmect of radioactive 

materials ,  c a r r i e r s  must be designed f o r  ample b io log ica l  shie lding and with 

su f f i c i en t  s t r uc tu r a l  strength, t o  prevent rupture i n  the  event of any credible  

accident,  T i t l e  10, CFR specif ies  t h a t  the e x t e r ~ a l  rad ia t ion  l eve l s  must not  

exceed 2OG mz-/?~r a.t ariy accessible surface of the  ca.sk o r  more than 10 m / h r  

a t  a  distance of 1 met.er from cask e;icr.pt: x:rieZ slr;.ipped by rail, ir-  which 

case the  l a t t e r  l i m i t  i s  extended t o  10 mr/hr a t  3 mete:rs, It i s  f'urther 
. . 

specif ied t h a t  the  s t r u c t u r a l  i n t eg r i t y  of the  c a r r i e r  be such t h a t  it w i l l  

remais, i n t a c t  a f t e r  s t r i k i n g  so l i d  concrete while t rave l ing  44. f t / s ec  ( a  30-ft  

drop),  and t P a t  the  f u e l  elements and p o i s o ~ s  t ~ i l l  s o t  rearrange themselves 

i n  a more nuclearly react ive  confi&ruration. 

Because of i t s  reasonable cost ,  high density, and easy fabr icat ion,  lead 

has been used almost exclusively i n  tlhs counfA-y a s  a c a r r i e r  shie lding material .  

However, i t s  low melt isg point  and poor s t~ic" ;_i ra l  proper t ies  leave much t,o be 

desired,  Other possible shie lding matertals  inc:l!iie c a s t  i ~ o ~ ,  s t e e l ,  and 

depleted l ~ r ~ ~ i m .  For a comparable sized ~ ~ i ; ' i t X  z3.d equal sh ie ld  effectiveness,  

a  c a s t  i r on  o r  s t e e l  c a r r i e r  may weigh as muc21 a s  15$ more .than a l e ad - f i l l ed  

c a r r i e r  and occupy 70% greater  space, In  maw applicatio-rls t h i s  would not be 

too great  a penalty t o  pay f o r  the  greater  s t m c t ~ r a l  s t rength  and b e t t e r  

thermal proper t ies  possessed by iror, as,d s t e e l  provided fabr ica t ion  cos t s  

could be reduced t o  a l e v e l  competitive witk those of lead. 

I n  addi t ion t o  possessing reason8,bly good. s t r d c t u r a l  and thermal propert ies,  

depleted uranium a s  a shielding mater ia l  o f fe r s  the  ad.var.tage of requir ing the  

m i n i m  mass of shie lding f o r  c av i t i e s  of any given s i ze  and geometry. The 



LI NCLASSI FI ED 
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Fig. 2. Carrier surface temperature as a function of number and time of 
decay of average Consolidated Edison fuel elements. Basis: Fuel Irradiated 
to 23,000 Mwd/tonne and shipped in 54-in.-o.d. carrier with ambient tempera- 

ture at 1 0 0 ~ ~ .  



saving i n  weight tkrough using uranium ratLcr t'?afi Lead cari range a s  high a s  

60% f o r  shie lding small cav i t i e s  several  cubic cer t imeters  i n  volume but 

drops ta Less %ha1 10;; savings i n  weigk,t f o r  c av i t i e s  over 100 f t 2 .  The 

m a ~ o r  draauhack in the use of usar~iuni i s  f:. f83r ica t icn  problems and raw 

Cr i t i c a l i t y :  In sh.ippi&g t'ke r r i ~ i r n ? ~  rii3~ibex of f u e l  assemblies per  

cask consis tent  with shielding and hea,% rerriv:al, pro~risio-5 must; frequently 

be made t o  avoid conditions t h a t  could lead to a czL l i ca l i t y  incident.  

CrfLfca=.t~ can be prever,ted by Ilrri:i.t~r.:.g -the mass (or  cor lce~~t ra t ion)  of 

material ,  control l ing the  geomet.q~, o r  wing : r ~ ~ ~ c l . e a , ~  poisons. T i t l e  10 CFR, 

Par t  72, s t i pu l a t e s  t h a t  slr..ipme;.t: of - ~ p  t 75$ of a er-it .fcal mass may be 

s5,fpped in a carrier ~ i . t ~ l . 0 ~ 5  speeia.1 prcv i s i  c.sis f o r  e.r i t i@ali- ty,  bu t  ar,v 

shipmer~t exceedizg t h l s  amount millst be mde  i:r.  c&r r i e r s  witk the  f u e l  spaced 

i n  geometrically safe  configurations, No:mal s t m c t u r a l  mater ia ls  must be 

ignored a s  nuclear poiso-5.s?s 9r;i t.kese co :~s id~ . -~ i~ t i cp '~ s~  3x5 spec i f ic  poisons such 

a s  'boron o r  cadmium may be built.  i ~ t o  t;?-e c a r r i e r s  a,@ la.t;%ice o r  spacers, o r  

taken i n to  accov~nt when prese::_t 2% t h a  f i e 1  elernex."$ +,:kemsel.~es. 

The minimum single  c r i t i c a l  batckes, completely ref lected,  of various 

mater ia ls  a r e  (2) 

rn23 9 0,5 kg 

207: enriched ?I 235 c.96 kg of U 23 5 

Since most individual  rue1 elements f r ~  t h e  pwe: reactor  program coritain more 

than, a c-ri%:icab mass, shipments rmxs"tl?io.rmal:ly be made .ih:S.th cri9;i.cality cor t ro l .  

S'rzipmerrA of Liquids 

Because of the  ease w f t ? ~  which they car ibe  dispersed, radioactive solut.ions 

a r e  intzeseaztly more hazardous .to shlp thm. are  coml;atr.able amounts of rad ioac t iv i ty  

i n  so l i d  form. Proportionately greate.r Zare i m i s ' t  3e taken t o  l i m i t  temperature 

and pressure r i s e s  within the cask arid t o  prevent ledsage i n  the  event sf accident. 

SpecificatLons per tafning to  l i q ~ i d  shipmezts a re  cie,tafled only regarding the  

handling of r e l a t i v e l y  small quan t i t i es  of so2~ t io . r~  t yp i ca l  of the  isotope sa les  

program, Shipments of l a rge r  quan t i t i es  of solut . io~.s  have been r e l a t i v e l y  rare 

and have been considered individua.lly a s  specia.1 cases. Th.e l a r g e s t  operation 

t o  da%e cor,sists  of approximately 33 shipmezts of' 3 -. t30 5-,year.-old vas te  by 



r a i l  f r e igh t  from the Idaho Chemical Precessk:-g Fltir~G t o  Oak Ridge National 

Lab0ra.tox-y f o r  f i s s i o n  product recove.ry. Sk.ipmer~ts were made i n  500-gal 

cy l indr ica l  ,tanks shielded wi%h 3 ,5  t:_, of lead ( 3 ) ,  The waste averaged 

about 10 ke ta  cur ies  per gallon i.li act~5~~'iz;f ar::d did n,ot require specia l  

provisions f o r  cooling while ir;, t;sazsi.t, or tcr cr i t .9eal i ty  cozltrol. 

Ecocomics and Safety CorLsiderht-Fo?s -- 
As i s  the case f o r  other pa r t s  of" Kae ~ ~ @ : e a r  , f ~ e l  cycle, it has not been 

possible Go a s s i p  a de f in i t e  Lfn~t .tr; .;::.,ippl::_g costs  alicmable i n  a competitive 

nucl.ear power economy; however, ir;. a::i 8.- , to 1 C - - m f l l  e@ol.iomy, Guthrie (4)  has 

suggested t h a t  these charges should pr0";~k:1-y ?c,",exc.eed 5.2 mill/kwhe . I n  

t h e  case of a reactor  opera.tlng a t  2576 tt..er.mal effic. ier~cy,  a f u e l  burnup of 

~,GGc megawatt days/ton, arLd an Qc$ load factor ,  t k i s  .would be equivaleat  

30 $10 per kilogram of low-enriched fielo t c t . a l  skippirg costs  a r e  primarily 

a function of the  cap i t a l  costs  of the casks, the  transportation charges, and 

tke cor.tEngency o r  l i a b i l i t y  c.os.ts. T:5-e c a p i t a l  ccs'5s may vary from $ 0 ~ 2 5  t o  

more than,  $1~00 per pourid f o r  currer--t ca:rriers ar,d a re  ix tes re la ted  t o  a con- 

siderable degree wi%h l fa ' t j i l i ty  ecs t s  since addit.fo5al sa fe ty  o r  i n t eg r i t y  

can seldom be b u f l t  i ~ t o  a cask .withcat irL@rea.si-g i . t s  i;:it-ial cost. On the 

other  hmd, it appears t h a t  additional safeky featu,res cari be adopted wi%hout 

great ly  affe@%i2g the  over-al l  economizs wh,e;i :.% i s  :reall,zed tha t ,  i n  the case 

of a c a r r l e r  i n  use 50% of the time, tke traispor"i,tt:iori costs  alone over f ive  

years w i l l  exceed %he i s l i t i a l  c a p i t a l  lavestmezit by iz fac tor  of 4 o r  5 ,  

Transportation costs  by d i f f e r e n b o d e s  of couveyazce a s  a f i nc t i on  of 

distance f ron Oak Ridge, Tenrtessee, a r e  preeer:t.ed 5.5 Fig, 3. Rai l  express i s  
.> - several  t.lmes mc;re expensive e i t k e r  mozcr. 0. r-a:-l f ref gkt; however, decori- 

tamfnated, empty ca r r i e r s  can be retursed .via -.a21 exprcss a t  about 65% of 

f i r s t  c l a s s  r a t e s ,  Barges have no t  been used far t ransporta t ion of radioactive 

materials  pending an analysis  of t.he hazards involved, but  they appear t o  be 

especial ly  a t t rac l l .ve  f o r  very heavy sh , fpne~fs ,  A.s a gezeral  rule ,  anything 

weighing over 25 l b  i s  usually shipped by' r a i l  o r  motor f r e igh t  a s  o~posed  

t o  the mare expensive r a i l  express. Mobr frej.g?~.l can han.d.le 1 5  t o  20 tons 

rout inely  and above 20 tons using spec ia l  eqbiprne~t, For casks with  a gross 

weight i n  excess of 40 tons, r a i l  shipment o r  psssfbly barges a r e  the  only 

pract icable  methods. 

Very l i t t l e  experienc,e i s  avai lable  on w?:.ich .to 'base l i a b i l i t y  costs ,  

Knapp (5)  has attempted t o  estimate the  order of magnitdde of the cos t s  t h a t  
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enriched uranium a l l oy  fue l s  than f o r  unalloyed U o r  U02 fue l s  because the  

nonradioactive a l loying mater ia l  remains with the  waste and l i m i t s  the  degree 

of concentration obtainable. The wastes containing dissolved s t a in l e s s  s t e e l ,  

alwninm, and zirconium with f luor ide  and n i t r a t e  ions w i l l  be l e s s  amenable 

t o  tank storage than the  n i t r i c  acid  wastes because of t h e i r  cor ros iv i ty  and, 

i n  some cases, chemical i n s t a b i l i t y ,  Neutral ization r e s u l t s  i n  the  formation of 

volumirious p rec ip i ta tes  which complicate the  proklem of removing radioactive 

decay heat ,  Although temporary storage i n  tanks may be used t o  allow f o r  decay 

of shor t  and intermediate-level  a c t i v i t i e s ,  it::al r epos i to r ies  a r e  required 

which afford g rea te r  secur i ty  and p e m m n c e  than do t he  present tanks, and 

p o s s i b i l i t i e s  f o r  es tab l i sh ing  s i t e s  f o r  t h i s  purpose, both a t  sea and on land, 

have 'been considered. I n  a l l  cases a l a rge  amougt of work ye t  remains t o  be done 

before techtrzical f e a s i b i l i t y  based on both safe ty  ard  ecorlomics i s  established.  

Sea Disposal 

Because of the  generally i n a d e q ~ a ~ t e  knowledge of the  e f f e c t s  of rad ioac t iv i ty  

02 marine resources, the  oceans have been used t o  only a very l imi ted extent  

f o r  disposal ,  I n  t h i s  country since 1946, low-activity so l i d  wastes a r i s i ng  

mairly from research and i ndus t r i a l  uses of rad90isotopesj and t o t a l i n g  about 

22,000 cur ies  a t  the  time of bur ia l ,  have been packaged i n  s t e e l  and concrete 

containers and dumped i n  1,000 o r  more fathoms of water a t  s i t e s  o f f  both the  

At lant ic  and Pac i f ic  coasts  (7).  I n  addit ion,  about 1,000 cur ies  per  day of 

neutron-activation products reaches the  es tuary of the  Columbia River a s  a result ,  

of AEC reactor  operations upstream a t  Hanford, Washington. The B r i t i s h  have 

ca r r ied  the p rac t ice  a s tep  fu r the r  by pumping low-activity l i q u i d  wastes, 

containing an average of 3,000 cur ies  of a c t i v i t y  per  month, from chemical 

processiag p lan t s  i n t o  the  I r i s h  Sea (81, 

A l l  these operations a re  careful ly  su2enrised and monitored, and s tudies  

ma.de of them t o  date indicate  t h a t  l a rge r  amour~t~s could he disposed of under 

l e s s  exacting r e s t r i c t i o n s  without resu l t ing  i n  harmful e f f e c t s  . However, there  

remain sharp differences of opinion 50th i r ~  tke  Waited Sta.t,es and abroad con- 

cerning the  over -a l l  safe ty  of ocean disposal  based 071 uncer ta in t ies  i n  mixing, 

d i lu t ion,  and the  degree of ass imila t ion of radioisotopes by marine organisms. 

Any extension of the  present conservative p rac t ices  seems destined t o  come about 

only a s  adequate programs of research and education e s t ab l i sh  the  necessary 

degree of confidence t h a t  both human hea l th  acd t'ne marin.e environment a r e  being 

adequately safeguarded, 



Based on the c o ~ t r o v e r s y  pertaiEi,r*q t o  l o 1 ~ - a c t 5 v i t y  wastes, it i s ,  a t  

best ,  premature t o  decide whether avy Ligh-activd5y i.rastes should be dumped 

a t  sea. It has been suggested that disposal  of tk.ese wastes might be possible 

i n  certaiu; very deep waters of the ocear,, which a r e  believed t o  remain 

isola ted from the surface layers  f o r  periods of ku'ndreds of years (9) .  Even a f t e r  

more i s  learned per ta ining t o  tke reside-ce time, curre.r?ts, and mixing processes 

t r r  the deep sea, the  engineerirlg problems of waste s?!.i,.fprnezt t o  these areas  and 

t h e i r  subsequent monitoring appear so complex a s  t c  recder disposal  of high- 

a c t i v i t y  wastes i n  the ocean infeasible  f a r  mary yea-rs. 

Land Disposal 

The p o s s i b i l i t i e s  f o r  ult imate disposal  o r  laed I-.l.-at a re  current ly  receiv- 

ix;g emphasis are :  conversion of l i qu id  wastes t o  sol5ds w d  storage of the  

sol ids  i n  selected or  prepared s i t e s ;  aod direct ,  dfschasge of l iqu id  wastes 

i n t o  s a l t  cav i t i es  o r  deep, permeable f o m t i o n s .  The preparation of so l ids  

i s  the more conservative of these two approaches and i s  generally e q e c t e d  

t o  be more expensive than d i r e c t  disposal  procedures, but  a t  the  same time it 

offers two d i s t i n c t  advantages which put it i n  a favored posi t ion a s  a long- 

term s o l u t i o ~ ,  t o  the  problem. F i r s t ,  immoljilliza%fo::~ of the radioisotopes i n  

so l id  form would permit t h e i r  shipment t o  ult imatz disposal  s i t e s  which m y  

be remotely s i tua ted  from desirable chemical plazit locations.  It i s  l i k e l y  

that the hazards of routinely shQphg high-activity l i qu id  wastes would be 

intolerable;  consequently, d i r e c t  disposal  of them would be possible only i f  

the  chemical p lan t  should be located a t  the  disposal  s i t e .  Secondly, the 

so l i d i f i ed  wastes afford ea s i e r  sumeilla?.ce arid the  p o s s i b i l i b j  f o r  recovery 

i f  f a i l u r e  of the  disposal  s i t e  should occur, 

Cocverstios; t o  Solids: Processes f o r  c o ~ ~ v e r t i n g  high-act ivi ty  wastes t o  

sol ids  a l l  have a s  t h e i  P obJect%ve the production of tkermally s table ,  cherdcally 

i n e r t  sol ids  of high bulk densi'ty and thermal coi~duc%ivity. The degree t o  

which these proper t ies  a r e  achieved w i l l  inf,luegce the  manner and cos t  of t h e i r  

storage, A t  Brookhaven National Laboratory (10) alnd Chalk River (11) emphasis 

i s  placed on f ixa t ion  of the radioisotopes i n  so l ids  of very low so lub i l i t y ,  In 
the f i r s t  case, the waste solution i s  passed over extruded clay whfch sorbs 

the radioisotopes, and these sorbed a c t i v i t i e s  are subsequently "fixed" by 

f i r i n g  a t  about 9 0 0 ~ ~ .  I n  the  Canadian process, waste i s  mixed with nepheline- 

syenite and heated t o  1,350'~ t o  form a glass. Other processes a r e  designed 

,to reduce the bulk wastes t o  dryness and calcir-e the res idual  so l ids  i n  the  



absence of ingredients added spec i f ica l ly  t o  achieve f ixat ion.  For t h i s  

purpose a f lu idized bed calc iner  i s  being studied a t  Idaho Chemical Processing 

Plant  (12), a pot calc iner  a t  Oak Ridge National Laboratory (13), a radiant  

heat  spray calc iner  a t  Hanford Atomic Products Operation (14), and a rotary 

b a l l  k i l n  a t  Brookhaven National Laboratory (15). To compensate f o r  the 

higher l eachabi l i ty  and i n  some cases lower s t ruc tu ra l  s t a b i l i t y  of these 

sol ids ,  greater  re l iance would necessari ly be placed on the long-term 

i ~ t e g r i t y  of t h e i r  primary containers. 

To date, none of these processes has been demonstrated on a p i l o t  p lant  

scale  with high-act ivi ty  wastes, although the f luidized bed calc iner  i s  current ly  

undergoing such t e s t s  i n  Idaho, It seems l i k e l y  t h a t  several  of the processes 

w i l l  f ind  eventual application,  depending on t h e i r  economics, the t;ypes @lid 

volumes of wastes t o  be processed, and the type of permanent storage t o  be 

used. 

Pos s ib i l i t i e s  f o r  permanent storage of the so l i d i f i ed  wastes have been 

seen t o  e x i s t  i n  specia l ly  constructed coLcrete v a ~ l t s  and i n  ce r t a in  na tura l  

geologic formations such as  limestone and s a l t .  Because of a lack of idformation 

concerning the nature of the so l ids  t o  be stored and many of the geological 

and environmental fac tors  involved, it has been possible t o  define only i n  a 

general sense the c r i t e r i a  f o r  a su i tab le  ult imate disposal  s i t e .  Besides 

the high degree of permanence and i so la t ion  t ha t  i s  required, the s i t e  should 

be accessible t o  commercial shipping and trarisportation f a c i l i t i e s ;  it must 

be accessible t o  men and the  remote equipment necessary f o r  handling o r  arrang- 

ing  the wastes i n  place; it must be possible t o  provide f o r  the na tura l  

d iss ipat ion of the heat  of radioactive decay; and, f i na l l y ,  it should provide 

a dry environment where long-term corrosion of the waste containers would be 

held t o  a minirmun. As i s  noted below, s a l t  deposits  meet these and other 

considerations t o  a unique degree and a re  therefore considered a prime 

poss ib i l i t y  f o r  disposal  of so l id  wastes. On the other hand, mined reposi tor ies  

i n  shale o r  limestone formation might be developed t o  serve the needs of 

specif ic  s i t e s  where s a l t  i s  unavailable. 

Direct Disposal: Under the auspices of the National Academy of Sciences- 

National Research Council, a committee of geologists and geophysicists was 

established t o  consider the p o s s i b i l i t i e s  f o r  disposal  of high-act ivi ty  wastes 



in the TJzited S ta tes .  This commit.tee conclu.ded Lk.a.t; disposa,l is s a l t  was 

the  mast promising method f o r  %he s e a r  t 'ut~re aLd tist storage i'fi deep porous 

beds and sedimefitary rocks tljr means of deep wells  ,:/as a good pos s ib i l i t y  f o r  

the  more d i s t a z t  future (16). 
Large depusi-ts of s a l t  e x i s t  li-r, ma,rg t>:s:ll--defl::,.ed axd accessible locat ions  

i n  %:t~e U-lted Sta tes ,  a.ad comerc ia1  m.irll-,g cpera.%icj::,s :.reate axciually spaces 

t!:at. a r e  grea t ly  iz excess of Yr,e expected voImes of k 2 & . . a i y  waste 

productios a% t5.5 end of tt:,is @er-$,.iry, I ~ L  ad&dZba- Lo o:Ffering ar? i so la ted  

and re la t i .vely  uriiform. .2,t,em2r-al IrL:-erit_;o&?;"aI F::;~.~Po::JU~X-~'~ s a l t  i s  p l a s t i c  

under load, and deposits  ax-e irr?2e:r,.,fou.s t.0 c:aee:, At, "i'Le same time, the 

eompressi.ve strecglt-  i s  great t.r.o.:lgk t,o a 1 . l ~ ~ ;  zavi.t.ies ,to 3e mined vhich a re  
7' ' , .- L t ~ r a l l y  safe  and, accessTble t.o pe.t;asu::..e.l ao.d. e ~~.-ipr~~~lr?.t-,  rjo~isiderable 

w o ~ k  ?:as 'beex done a t  the  Uaiversi-ty of Te.xas (17) a.rA Oak Ridge National 

LaBorato.ry (18) on suctL p-ck:i.ems as the cl.~~~Lr:,.i,,l. ir;t.e-r.actions between s a l t  

and t yp i ca l  waste solu-kions, d i s s i p a t i o ~  of rad.ioact.Fve decay heat, artd s t r u c t u r a l  

proper t ies  of sa.lt .  These s tudies  have Ied 'kc; ,tk? i::. ..:'.i-i;ia't;fon of a s e r i e s  of 

f i e l d  expe:rirnezts cow beiso, coc.ductcd i;.; po:r?,l,oi..s cf a pa- ~d., -;,--,*. t;i S a l t  Compaay mine 

bc,T:,g cty:-d~c.t.ed .&;ftl; non- near Hutch,iasoa, KwLsase %>=, e~p~:r:~m.~...t:s, %,,!':.-?:"_ ape "' 

radioactive sy i t he t i c  waste s o l u t i o n ,  a.rz desigied.  t o  i r ? ~ e s t i g a t e  the s tzuc tura l  

in tegr iQ-  of s a l t  cav i t i es ;  the  migr'si;ion of rad.$o$sotopes from cav i t i es ;  the 

migration of t%e cavi ty  i t s e l f  due t o  condensat.i0:2 of water a d  dissolut ion of 

s a l t ;  temperature gradients around the  cav i t i es ;  ar.d production of gases by 

chemical reactions between L3.e s a l t  a l d  .wa.s.tes, I't i s  expeezed ttit the  f i e l d  

e ~ p e r k e ~ t s  7 5 1 1 1  e s t ab l i sh  .the cocditions ux:d.es v;'l.ic.t: l i q u i d  wastes could be 

sa fe ly  stored i n  salt, followfng :il~ic'r, a,:: eco:iomfc a:~allysis ~.hoi.lld enable i t s  

practicak.ilii;y t o  be assessed. Because of tke  probl.em.? associated with decay 

heat  removal arAd off-gas prods: t20f.i during st:s?a 8 re ..9 .It- seems; l i k e l y  tkat .  s a l t  

@a3 bes t  Ye sppl ied .kc disposhl ~f kiir;i-i.-a~.~,ivL.t:~ o-- solid a::d l~ r , . - a c t i v i , t y  li.qufd 

wastes. 

The f e a s i b i l i t y  of d isposal  jnto s u k t e r r a ~ e a r ~  porous formations tkrough 

deep wells  i s  suggested by the  tech,nology already es tabl ished by the  petsolem 

indu.stry f o r  dispcisal of b r i l e s  and f o r  .the secor;da!y :reccrver$ of o i l ,  A 

subcommittee appoicted by .t?-e American Pe-t.rolewn I-3.C,itut;e has revtewed tLe 

problems per ta ining t o  t h i s  me*t.hod of dispasa.1 a:.u c o:.,.f f xi?d f . t s  poss i5le  

appl icat ion (19), Tlje pro5lems are  rathe? more csnrplex t P ~ a 2  tkose re la ted  

2:o disposal  i n  s a l t  and can lie expected t o  take &o,ge;er t o  lesolve.  Rela t ively  

l i t t l e  i s  known geologically coneens-frg very d.et.p po:rons formations such 



as  might be sui table .  They w i l l  have t o  be located a3d defined careful ly .  

A very thorough chemical and mi~e ra log i ca l  howledge of the disposal  

reservoir  w i l l  be required before chemical compatibility between the waste 

and res idual  l iqu ids  and so l ids  can be assured. A ca re fu l  analysis of the 

thermal problems incurred by radioactive decay he&t m s t  be made. Adsorption 

of radioisotopes on the so l ids  concentrated over a r e l a t i ve ly  small area 

could cause "hot spots" and r e s u l t  i n  undesirable e f f ec t s ,  Other problems 

may a r i se  from corrosion of the wel l  casing Sy the  wastes and the pos s ib i l i t y  

of plugging the wel l  with suspended solids.  Laboratory invest igat ions  have 

been i n i t i a t e d  on the in te rac t ions  of waste solutions with typ ica l  clay 

minerals (20), preliminary computations of the mapi tude of the heat  problem 

have keen made (211, m d  surveys of edst;ing ic~formt ior ,  on the geology of 

po ten t ia l  disposal  s i t e s  a re  under way. If t h i s  work continues t o  support 

the f e a s i b i l i t y  of deep-well disposal, it i s  expected t h a t  exploration and 

f i e l d  t e s t i n g  would consitute the next phase of development. The promise of 

considerable pre-injection treatment t h a t  may be required and the  i r revers ib le  

nature of t h i s  disposal  method render i t s  eventua,l use q ~ ' e s t i o ~ a b 1 e .  

Economic Considerations 

The f rac t ion  of nuclear power costs  allowable t o  waste disposal  has not 

been established,  and it i s  d i f f i c u l t  t o  form a r e a l i s t i c  estimate of the eventual 

costs  of ult imate disposal  methods now under consideration because of the 

preliminary s t a tu s  of t h e i r  development. However, the cost, of s to r ing  wastes 

i n  tanks of present design on a "perpetual care1' bas i s  ? i s  been estimated t o  

l i e  between 0.1 and 0.15 mill/hqh. of nuclear e l e c t r i c i t y  produced (22). This 

corresponds t o  only 1 t o  2$ of the  cos t  of power i n  an 8 t o  10 mill/kwh economy 

and cannot be considered unreasonable. Estimates i ~ d i c a t e  costs  f o r  ult imate 

disposal  by methods current ly  under study skolLlld f a l l  i n  the  sane range, arid 

i f  l a t e r  developments bear out these expectatiozs, waste disposal  should not 

const i tu te  a b a r r i e r  t o  the development of economically competitive nuclear 

power. 
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