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MANAGEMENT OF H I G H - L E V E L  NUCLEAR WASTES 

,A. M .  P l a t t  
J .  L .  McElroy 

Ba t t e l  1 e 
Pacific Northwest Laboratories 

Ri chland, Washington 99352 

In th i s  paper, we will br ief ly  review signif icant  developments in the man- 
agement of high-level nuclear wastes since the October 1976 f i r s t  Pacific Basin 
Conference on ~ u c l  ear Power Development and the Fuel Cycle. The principal 
thrust  will be on the policy and technical developments in the United States ,  b u t  
some attention will be paid to  major developments in other c o u n t r i ~ s  which have 
impacted technical direction in the U.S. / 

POL I C Y  

On Aprjl 7,  1977, President Carter announced major policy decisions regard- 
ing U.S. domestic nuclear policies and programs. The thrust  of his message was 
that  the benefits of nuclear power are very real and pract ical ,  b u t  that  a s e r j -  
ous r isk accompanies worldwide use of nuclear power--the r isk that  compon2nts of 
the nuclear power process will be turned to providing atomic weapons. 

President Carter concluded that  'the consequences of proliferation and d i r ec t  
imp1 ications for  peace and s2curity--as we1 1 .  as strong sc i en t i f i c  and economic 
evidence--require: 

8 a major change in U.S. domestic nuclear energy policies and programs; 'and 

8 a concerted ef for t  among a1 1 nations to find bet ter  answers to the problems 
and r isks  accompanying the increased use Of nucl ear power. 

In terms of U.S. LWR programs two immediate actions were taken. F i r s t ,  the 
commercial' reprocessing and recycling of the plutonium produced in the U.S. n u -  
c lear  power programs was indefinitely deferred. Second, the funding o,f U.S. 
nuclear research and development programs was redirected t o  accelerate our re- 
search into al ternat ive nuclear fuel cycles which do not involve d i rec t  access 
to materials usable in nuclear weapons. 

I n  autumn of 1917 a Task Force was formed under Dr. J .  M .  Deutch, Drirector 
of the Office of Energy Research, U.S. Department of Energy, to review a l l  n u -  
c lear  waste management programs of the Department as a f i r s t  step toward formu- 
lation of an administrative policy.* Two of the findings of the committee are  
pertinent t o  t h i s  paper: 

*DOE/ER-0004/D, Report of Task Force for Revizw of Nuclear Kaste Management, 
February 1978. 



A m a j o r i t y  o f  independent t e c h n i c a l  exper ts  have concluded t h a t  h i g h - l e v e l  
waste (HLW) can be sa fe l y  d isposed i n  geo log i ca l  media, b u t  v a l i d a t i o n  07 
t h e  s p e c i f i c  t e c h n i c a l  choices w i l l  be an impo r tan t  element o f  t h e  l i c e n s i n g  

- p rocess.  

Reprocessinq i s  n o t  r e q u i r e d  f o r  t h e  sa fe  d isgosa l  o f  commercial spent  f u e l .  

On March 15, 1978, P res iden t  Ca r te r  a1 so e s t a b l  i shed  an In te ragency  Nuclear  
Waste Management Task Force, cha i red  by t h e  Secre ta ry  o f  Energy, t o  f o rmu la te  
recommendations by October 1, 1978, f o r  es tab l i shment  o f  an A d m i n i s t r a t i o n  p o l i c y  
on 1  ong-term management o f  nuc lea r  wastes and suppo r t i ng  programs t o  imp1 ernent 
t h i s  p o l i c y .  

The a c t i v i t i e s  c i t e d  above have r e s u l t e d  i n  marked changes i n  t h e  p r o y a m s  
r e p o r t e d  by t h e  au thors  i n  t he  F i r s t  Bas in  Conference. S p e c i f i c a l l y ,  ou r  p ro -  
grams a r e  now d i r e c t e d  a t  t he  t e c h n i c a l  cha l lenges  posed by nuc lea r  waste manage- 
ment i n  p red isposa l  and d isposa l  ope ra t i ons  f o r  LWR f u e l  cyc les  w i t h  spen t  f u e l  
as a  waste, t h e  p o s s i b l e  i m m o b i l i z a t i o n  o f  U.S. m i l i t a r y / d e f e n s e  waste f o r  o f f -  
s i t e  d i sposa l  , and t h e  nuc lea r  waste management problems assoc ia ted  w i t h  pro1 if- 
e r a t i o n - r e s i s t a n t  f u e l  cyc les .  

. SPENT FUEL 

The I n t e r n a t i o n a l  Nuclear  Fuel  Cyc le  E v a l u a t i c n  (INFCE) Working Group 7  has 
been deve lop ing  m a t e r i a l  balances and waste a r i s i n g s  f o r  LWR f u e l  cyc les  w i t h o u t  
and w i t h  p l u ton ium r e c y c l e .  

The pr imary ope ra t i ons  and m a t e r i a l  f l ows  f o r  a  once-through f u e l  c y c l e  
(INFCE WGi7 S t r a t e g y  1 )  a r e  shown i n  F i g u r e  1. D e t a i l s  o f  t h e  LWR f u e l  c y c l e  
w i t h  f u l l  r e u t i l i z a t i o n  o f  p l u ton ium as a  f u e l  (INFCE WG/7 S t ra tegy  2 )  a r e  shown 
i n  Fi.gure 2. 

D e t a i l e d  m a t e r i a l  balances f o r  t h e  two r e a c t o r  s t r a t e g i e s  a r e  shown i n  F i g -  
u res  3 and 4  f o r  LWR c y c l e  genera t ing  a  1  GW'e-year o f  e l e c t r i c i t y .  * A summary 
o f  t h e  wastes r e q u i r i n g  spec ia l  t rea tment ,  e.g., d i sposa l  i n  a  Federal  under- 
ground r e p o s i t o r y ,  i s  shown i n  Tab le  1. Perhaps t h e  key p o i n t s  a r e  t h a t  t he  
volume o f  wastes f r om S t ra tegy  2 i s  about  t w i c e  t h a t  f rom St ra tegy .  1  , b u t  t h e  
aggregate f i s s i l e  p l u ton ium con ten t  i n  S t r a t e g y  2  i s  reduced about  t h i r t y - f o l d  
f rom S t r a t e g y  1. 

Regarding t e rm ina l  s to rage /d isposa l  cons ide ra t i ons ,  i t  i s  a l s o  s i g n i f i c a n t  
t h a t  t h e  hea t  gene ra t i on  r a t e s  p e r  ' u n i t  of  heavy meta l  f e d  t o  t h e  r e a c t o r s  d i f f e r  
s u b s t a n t i a l l y  o n l y  a f t e r  l ong  t imes (see F igures  5 and 6 ) .  

SPENT FUEL PACKAGES 

Probably  t h e  most comprehensive s tudy  on packaging spent  f u e l  has been con- 
ducted by t h e  Swedish P r o j e c t  Kaernbraenslesaekerhet (KBS) s e t  up i n  z a r l y  1977. 
A t  t h e  t ime  t h i s  paper was w r i t t e n  i t  appeared t h a t  t h e i r  p l a n  would c a l l  f o r  
40 years  o f  wa te r  pool  s to rage  o f  spent  f u e l  i n  a  g r a n i t e  cavern some '30 m 
underground. 

A f t e r  t he  40-year s torage,  t o  l e t  t h e  heat  d i s s i p a t e ,  groups o f  500 f u e l  
rods (1 .5  MTHM) would be loaded i n  a  copper c a n i s t e r  ( F i g u r e  7 )  0.77 m i n  
d iameter  w i t h  .20-cm w a l l s .  The c a n i s t e r  would then  be f i l l e d  w i t h  l e a d  and a  
copper cover  welded on to  t h e  t op .  Each c a n i s t e r  would weigh .about 20 MT. 

*Personal communication, J .  A. Goedkoop, Pat ten,  t h e   etherla lands, ~ u n e  9, 1978. 





TABLE I .  LWR Nuclear. Wastes, 10-Year Cool ing, 1 GWe-Year 

UNREPROCESSED SPENT FUEL 

Volume, m 3 

U, Mg 

Pu, Mg 
Radioactivi ty,  1VCi 

Cond i t i on ing  Waste 

Volume, m 3 

Radioactivi ty,  kCi 

REPROCESSING WASTES 

V i t r i f i e d  h igh - l eve l  waste 
(10 years a f t e r  d ischarge 
f rom r e a c t o r )  ' 

Volume, rn 3 -  

Contained Pu, kg 

Radioactivi ty,  1YCi 10.6 

In termediate-1 eve1 waste 

Vol ume ( i n  concre te ) ,  m 3 5 2 

Contained Pu, kg 1 . O  

L?adioactivi t y ,  IYC~ 0.6 

H u l l  s .  and spacers 

. . Volume (compacted), m 3 14 

Contained Pu , kg 

Radioactiv'ity, MCi 

M i  xed ox ide  f u e l  waste 
3 23 Volume ( i n  concre te ) ,  rn 

Contained P'U , kg 2.1 
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FIGURE 3.  S t r a t e g y  1'LWR Once-Through tieavy Element Flow Sheet per  GWe-yr* 
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*Source: Uranium - Resources, Product ion and Demand, OECDINEA-IAEA, 
P a r i s ,  December 1977 - Tab le  10 ,  Column "LWR U CYCLE." 

P lutonium composition from McKay e t  a l . ,  The Separat ion and 
Recycl ing o f  A c t i n i d e s ,  EUR 5801 e ,  Commission o f  t h e  Euro- 
pean Communities, Brussels ,  1977,  Tab le  2 .10 .  

218 Mg 
+ 

U 0.71% 

I S U M  1000 12.7 1 

ENRICHMENT 
140 SWU 

34.7 MgU 0.85% 
0.22 MgPu(FISSILE) 11.5 MgU 0.71% 

. 35'7 Mq+ 

U 3.02% 

182 MqU 0.25% 0.36 MgU 3.02% 

FULL ELEMENT 
rABRlCATlON 

* LJVR3.00GWlh 



FIGURE 4 .  S t ra tegy  2 LWR w i t h  Pu Recycle L i g h t  Water Reactor w i t h  Plutonium - 
Recycle Heavy Element Row Sheet per  M e - y r *  

22.6 MgU 0.85% 

0.44 M g P u  ( F I S S I L E I  

'I 23.2 M g  I 

* S o ~ ~ r c e :  Uranium - Resources, Product ion and Demand, OECDINEA-IAEA, 
Pa r i s  . December 1977. The columns "LWR-3-CYCLE" ( a f t e r  co r rec t i ons  
f o r  savings due t o  uranium recyc le )  and "LWR Pu CYCLE" have been 
mixed i n  t he  r a t i o  o f  0.65 t o  0.35. 

REPROCESSING 
PLANT 

I'll 9 kCi  

238 30 0.05 
239 516 0.03 
240 254 0.06 ' 

241 137 15.62 
242 63 - 

/ S U M  loo0 15.8 

Pl  utoniunl composit ion from McKay e t  a1 . , The ~ e ~ a r a t i o ' l l  and Recycl i n g  
o f  Ac t in ides ,  EUR 5801 e, Commission o f  t he  European Colmnunities, 
Brussels,  1977, Table 2.10. 

FWL ELEMENT 
FABRICATION 

+ 

=r 
U 3.02% 

b 

9.0 Mg 
U 0.71% 

122 M g  
b 

U 0.71% 

LWR-3.00 GWlh 
(351 O N  M O X l  

8.8 MgU O.2(P/o 
0.005 MgPu ( F I S S I L E )  

ENRl  CHMENT 
135 S W U  

L 

: WASTES WASTES 

0.09 MgU 0.71% 
0.23 MgU 3.02% 
0.002 M g P u  I F I S S I L E )  

6.4 hlgU 0.71% 112 MgU 0.25% 
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FIGURE 5. High-Level  Waste from Strategy 2 PWR 
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FIGURE 6 .  Spent Fuel f r o m  Strategy 1 PWR 



FIGURE 7 .  KBS S p e n t  Fuel Concept 



The canisters '  would be transferred to a f inal stcrage/disposa'l location in 
granite some 500 m underground. Here the canisters would be placed in holes 
some 7 . 7  m deep and 1.5 m in diameter. The holes would be lined (s ides ,  t o p  and 
bottom) with 40 cm of isostat ical  ly  compressed bentonite. 

Early investigation by the KBS of three geolo i c  study areas in granite 9 showed potential for  water flows of 0.1 to 0.2  R/m /yr .  This, in par t ,  was 
the logic for  the .sophisticated packaging syst2m. 

Several options are  being investigated in the U.S. for  encapsulating the 
spent fue l .  The baseline option i s  placement of spent fuel in canisters with 
only an iner t  gas f i l l .  Other more advanced methods are  under study as technical 
a l ternat ives .  These include a metal matrix f i l l ,  sand f i l l ,  other glassy or 
ceramic materials, and multiple-barrier encapsulation of the spent fuel and 
canis ter  a t  the time i t  i s  declared a waste for  disposal. Presently, in the 
spent fuel program, Rockwell Hanford Operations ( R H O )  and Battell e ,  Pacific 
Northwest Laboratories ( P N L )  a re  studying the options for  disposal. One of the 
f i r s t  steps involves an evaluation of the sens i t iv i ty  of the waste form to the 
performance of the geology for  containment in a repository. In parallel  with 
th i s  work, suff ic ient  technical information i s  being accumulated on the packaging 
and encapsulating options so that  an assessment of the al ternat ives  can be made 
by 1979-1980. That assessment i s  expected to provide a recommendation on whether 
any waste form other than the canistered spent fuel i s  desirable as a package fo r  
disposal of spent fuel as opposed to retrievable storage of spent fue l ,  where 
a l l  the future options for  reprocessing, continued storage, or disposal must be 
kept open for  a future decision. 

Experimental packaging and storage of spent fuel using f a c i l i t i e s  previously 
associated w i t h  the nuclear rocket program in Nevada i s  planned th i s  f iscal  year. 
Several packages w i  11 be proposed by Westinghouse-Nevada in the Engine Mainte- 
nance and Di sassembly ( E M A D )  faci  1 i ty . 
HIGH-LEVEL WASTE VITRIFICATION 

As previously mentioned, U.S. a c t i v i t i e s  i n  the area of high-level waste 
v i t r i f i ca t ion  have been redirected towards defense/military wastes and those as- 
sociated with pro1 i ferat ion-resis tant  fuel cycles. 

A t  the F i r s t  Pacific Basin Conference, J .  L .  McElroy described the Spray/ 
In-Can Melter shown schematically in Figure 8 and in engineering development in 
Figure 9." This u n i t  has been operated a t  ra tes  over 300 R / h r  ( ~ 2 0  MTHMlday) 
for  periods of 400 operating hours. The u n i t  has been exceptionally f lex ib le  
regarding waste composition and has successfully treated fuels w i t h  a very high 
'sodium content by adding s i l i c a  to the feed stream. 

The principal advantages and disadvantages of the spray calciner are: 

Advantages 

Able to calcine a l l  current LWR h i g h -  and intermediate-level wastes, defense 
wastes, and probable a1 ternative fuel cycl e wastes. 

Overall simplicity of the unit resul ts  in f z s t  s tar tup and shutdown and 
trouble-free operations, allowing simpler d i rec t  coupling to melter. 

*J. L .  McElroy and W. A .  Ross, "A1 ternat ive Solidified Forms for  Nuclear Waste," 
Proceedi nqs of the F i rs t  Pacific Basin Conference, Honolulu, October 11 -14, 1976. 
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FIGURE 8. Schematic o f  Spray Calciner/In-Can Melter Process 



FIGURE 9. P h o t o g r a p h  of Spray/ In-Can Me1 ter  i n  
E n g i n e e r i n g  Development  Laboratory 

1 2  



Negl igi ble inventory of radicnucl ides retained in the unit, a1 lowing simpler 
direct coup1 ing to  me1 ter. 

Demonstrated low re1 ease of, radionucl ides. 

Not significantly affected by process or waste composition variation during 
@ operation. 

Variable capacity (5 to 500 !Z/hr) without major equipment change. 

Long l i fe .  

@ Di sadvantages 

Capacity limited (current full-scale unit capacity i s  about 500 !Z/hr). 

Requires use of vibrators to prevent scale buildup on chamber wall s. 

Extreme high-sodium waste requires additives. 

We feel that existing spray calciner technology i s  well developed and that 
i t  i s  a strong candidate for application to defense waste. Design and demonstra- 
tion of a fully remote plant mockup designed to appropriate codes, prior t o  con- 
struction of an actual high-level waste solidification plant, would be desirable. 
Operation of such a mockup would greatly reduce plant startup problems. 

Current and future development i s  aimed a t  improving system re1 iabil i ty and 
safety, a t  investigating the effects of nonstandard operating conditions, and a t  
demonstrating system compati bi 1 i ty w i t h  untested a1 ternative fuel cycle (AFC) 
wastes. 

In-Can Me1 ter  

The in-can me1 te r  consists of a vertical, cyl indrical , mu1 tizone furnace. 
Empty nuclear waste disposal canisters are placed in the furnace and heated t o  
the processing temperature. A blend of calcined nuclear waste and glass-forming 
f r i t  i s  fed into the ho t  canister and melted. When the melt f i l l s  the canister, 
i t  i s  cooled and solidifies to a durable glass. 

Major advantages and disadvantages of the in-can melter are: 

Advantages 

Minimizes process steps. 

No melt transfer or valving required. 

Demonstrated low release of semivol a t i  l e  radionucl ides. 

Everything entering the me1 ter ,  except some volatiles, i s  solidified in the 
disposal can. 

Not adversely affected by reducing agents or by settling of dense phases. 

Long furnace l i f e  and no melter disposal. 

Able to process al l  current LWR h igh -  and intermediate-level wastes, defense 
wastes, and probably Af-C wastes. 

Simple design and control. 
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Difficult to monitor product quality. 
. .. 

Maximum demonstrated glass production rate i s  100 kg/hr. $ . 

Must routinely make and break a contaminated connection between the cal ci ner L 

II and me1 ter.  
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During i t s  10-year development history, the in-can melter has been demon- 
t* strated i n  1 ab-, pilot- and plant-scal e systems. Over 40 engineering-scal e 
if ' , canisters of nonradioactive glass have been produced. 

A fully remote pilot-scale system was successfully operated in a hot cell 
during the Waste Solidification Engineering Prototype Program (1966-1970) using 
actual high-1 eve1 waste t o  produce 33 can1 sters of sol idified radioactive waste. 
Two of these were radioactive waste glass produced by in-can melting. 7 

The in-can melter i tself  i s  fair ly well developed; however, three auxiliary 
components requlre further work. These are the calciner to melter connector, 
the canister weighing system, and the melt level detector. 

Ceramic Me1 te r  

A relatively new development to replace the in-can me1 te r  i s  the joule- ., J - .- 
heated ceramic melter. Studies on this concept for vitrification of nuclear . 

wastes were initiated a t  the Pacific Northwest Laboratories of Battelle i n  l a ta '  
1973, and work i s  now under way in both the FRG and USSR. The concept i s  i 11 us- - 

trated In Figure 10, and an engineering-scale unit i s  shown in Figure 11. 
t - 4. 

The joule-heated ceramic-1 ined me1 ter  converts dry calcine and gl ass-forming 
. 

f r i t  to a molten glass and delivers a controlled stream of glass to the receiv-1 
ing canister or to a glass shape-forming device. Process energy i s  supplied by .g 
passing an a1 ternating current between immersed el ectrodes through $tl_e mol ten 
glass. Ceramf c material s confine the molten glass. t 

r r  b 

In Apri 1 1978, a me1 ter  coupled to the plant-scale spray cal ciner and capa- 
ble of producing glasz a t  over 100 kg/hr  ( 4 0  MTHM1da.y) was started up. Recent L 

findings indicate: 

The tilt-to-pour concept in which me1 t discharges through an overflow has 
z 

proven re1 iabl e. \ 

Inconel 690 electrodes continue to exhibit superior properties for high- 
L 

level waste glass use. After 2 years' operation, only minimal attack has 8 +' :  
i* 

been observed. - a >  , , . .i .. I . . ,!. + 
-..J' . L ' ' 'L 4 

I ,  

Monofrax K-3 refractory, chosen for i t s  outstanding corrosion resistance -- ' '  ' J ., 

and i t s  low electrical conductivity, has performed well. Even though sub- 
jected to repeated thermal shock when malfunctions occur during liquid - , 1 
feeding and even though small cracks are seen in the refractory, signifi- i 

cant spalling has not been observed. 

The spray calciner/ceramic melter combination has the following advantages , 
and disadvantages: 

-i 
, L  . . '1 . 1 
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Advantages 

e Permits p roduc t ion  of severa l  waste forms - monol i ths ,  marbles, e t c .  

e Can is te rs  n o t  subjected t o  temperatures over  600°C. 

8 Capaci ty i s  p r a c t i c a l l y  un l im i t ed .  

Produces h i g h - q u a l i t y  g lass.  

Long p roduc t i on  l i f e  ( ~ 2  y r ) .  

Able t o  process a l l  c u r r e n t  LWR high-  and. i n t e rmed ia te - l eve l  wastes, defense 
wastes, and probably  AFC waste,s. 

Disadvantages 

e Sta r tup  and shutdown may take  severa l  days. 

e Glass must be w i t h i n  a  s p e c i f i e d  r e s i s t i v i t y  range. 

Mol ten meta ls  and/or o t h e r  h igh-dens i ty  phases may s e t t l e  t o  me1 t e r  f l o o r .  

e Trans fe r  and v a l v i n g  o f  mol ten g lass  requ i red .  

Has n o t  been t e s t e d  under r a d i o a c t i v e  cond i t i ons .  

The ceramic m e l t e r  concept has been used by t h e  g lass  i n d u s t r y  f o r  over  
30 years.  PNL has been develop ing t he  ceramic m e l t e r  f o r  use i n  s o l i d i f y i n g  
h i gh - l eve l  nuc lear  wastes f o r  t he  pas t  4  years.  Over 17,000 kg o f  nonradio- 
a c t i v e  g lass have been produced, and me l t e r s  have been a t  temperature f o r  over  
3  years w i t h o u t  se r ious  degradat ion t o  date.  

The spray ca lc iner /ce ramic  me l t e r  i s  t he  l ead ing  candidate f o r  t reat inent  of 
t h e  defense waste a t  t he  U.S. Savannah R i ve r  P lan t .  However, the  ceramic m e l t e r  
has n o t  been designed f o r ,  no r  operated i n ,  a  remote h o t  c e l l .  Consequently, a  
c u r r e n t  major development t h r u s t  needed i s  design and demonstrat ion o f  a  
remotely-operated me l t e r .  Other areas be ing f u r t h e r  developed i nc l ude :  mol ten 
g lass  t r a n s f e r  and va l  v i n g  , high-densi  t y  phase s e t t l  i ng on t h e  tank f l o o r  (s ludge 
bu i l dup  and c r i t i c a l  i t y )  , and me1 t e r  c o n t r o l  loops. 

HIGH-LEVEL WASTE GLASSES 

The U.S., l i k e  many o t h e r  nat ions,  has se lec ted  b o r o s i l i c a t e  glasses as t h e  
p r i n c i p a l  contender f o r  immob i l i za t i on  of h i gh - l eve l  wastes--regardless o f  t h e i r  
o r i g i n .  

A t y p i c a l  waste g l a s s ~ c o m p o s i t i o n  f o r  HLW i s  shown i n  Table 2  a longs ide  t h a t  
o f  a  commercial "Pyrex" g lass.  Comparison o f  the  composit ions shows severa l  
major d i f f e rences .  Waste glasses w i t h  the  need f o r  h i gh  waste concent ra t ions  a re  
low i n  s i l i c a ,  They a l s o  have .add i t iona1  a l k a l i  and a l k a l i n e  ear ths  t o  lower  
t h e i r  process ing temperatures. Waste glasses a re  t y p i c a l l y  me1 t e d  a t  tempera- 
t u r e s  o f  1050 t o  11 50°C whereas t h e .  commercial g lasses a re  more t y p i c a l l y  me1 t e d  
a t  %1600°C. 

This  b o r o s i l i c a t e  g lass  76-68, shown i n  the  t ab le ,  evo lved d u r i n g  t he  waste 
f i x a t i o n  program and has been e x t e n s i v e l y  charac te r i zed .  Tests have a1 so been 
run  on l e a c h a b i l i t y  a n d . v i s c o s i t y  o f  samples o f  g lass  con ta in i ng  f rom 0  t o  54 wt% 
waste. 



TABLE 2. Composit ion o f  a  Typ ica l  High-Level Waste 
Glass Coxpared t o  a  Durable Commercial Glass 

Borosi  1  i ca te  
76-68 Pyrex 

S i  O2 4 0  80.5 

T i  0; 3.0 - - 
2'3 

- - 2.2 

B2°3 9.5 12.9 

ZnO 5.0 - - 

Na20 + K20 7.5 

MgO + CaO + S r O  + BaO 2.0 

Waste 33.0% (PW-8a) - - 

The bas i c  goal o f  t h e  U.S. i s  t o  des ign a waste management system t h a t  w i l l  
s t r i c t l y  l i m i t  t he  q u a n t i t i e s  o f  r a d i o a c t i v i t y  t h a t  reach t he  biosphere. The 
p r o p e r t i e s  o f  t he  waste form can c o n t r i b u t e  s i g n i f i c a n t l y  t o  t he  success o f  such 
a system. 

Thus we a r e  concerned about t he  e f f e c t s  o f  t ime, temperature and r a d i a t i o n  
on t he  mechanical s t r e n g t h  and l e a c h a b i l i t y  of t he  glasses, Taking these i n  t u rn ,  
F igure  12 i n d i c a t e s  t he  r e l a t i v e  chemical d u r a b i l i t y  o r  leach  r a t e  o f  t y p i c a l  
m a t e r i a l s  compared w i t h  waste g lass  i n  99°C d i s t i l l e d  water .  As would be expected, 
de ion ized  water  i s  probably  more c o r r o s i v e  than any media gene ra l l y  a v a i l a b l e  i n  , 

n a t u r a l  surroundings. Secondly, t h e  fundamentals advocated by Arrhenius s t i l l  
ho ld .  The r a t e  o f  r e a c t i o n  increases w i t h  abso lu te  temperature. 

Both these e f f ec t s  a re  shown i n  F igure .13 .  Deionized water has a co r ros ion  
r a t e  about an o rde r  o f  magnitude g rea te r  than a . t yp ica l  b r i n e  s o l u t i o n .  The 
co r ros ion  r a t e .  increases a 1 i ttl e l e s s  than 50 - fo l d  w i t h  1 0 - f o l d  inc rease  i n  
temperature f rom 25 to, 250°C. However, t he  co r ros ion  r a t e s  a re  so h i gh  a t  250°C 
t h a t  t h e  waste form i s  no longer  a  s i g n i f i c a n t  b a r r i e r .  

Ma in ta i n i ng  t h e  g lass  a t  h i gh  temperature can cause d e v i t r i f i c a t i o n .  Such 
d e v i t r i f i c a t i o n  i s  n o t  des i rab le ,  b u t  i s  n o t  ca tas t roph i c .  Soxhlet  leach  r a t e s  
i n c r e a s e e n e a r l y  an o r d e r  o f  magnitude f o r  samples dev i  t r i f i e d  a t  700°C, t he  . 
temperature o f  maximum devi  t r i f i c a t i o n  f o r  Zn-B-Si waste g lass.  Samples f o r  t h i s  
t e s t  were h e l d  a t  t he  respec t i ve  temperatures f o r  two months be fo re  leach  t e s t -  
ing .  The change i n  leach  r a t e  due t o  thermal e f f e c t s  i s  t he  major  change iden-  
t i f i e d  i n  waste glasses. 

Table 3 shows some displacement r a t e  ca lcu la t , ions  from the  var ious  r a d i a t i o n  
damage sources present  i n  r a d i o a c t i v e  wastes. Note t h a t  even a t  12 years,  a lpha 
decay produces %95% o f  a l l  displacements, a  f r a c t i o n  which g r e a t l y  increases a t  
l ong  t imes s i nce  the  major  beta e m i t t e r s  have %30 year  h a l f - l i v e s  (137Cs, 9 0 S r ) .  

The cadi at jon ' .  e f fec ts  work undertaken a t  PNL re1  i es heavi  l y  on doping. 
methods us ing  t h e  a lpha e m i t t e r  *'+'+Cm ( t 1 / 2  = 18 y r ) .  Because t h e  a lpha f l u x  
i n  ac tua l  s torage decreasss s i g n i f i c a n t l y  a t  l ong  t imes, experiments us ing  t h i s  
technique can s imu la te  l o 5  years s to rage  i n  a  few years of i a b o r a t o r y  t ime. A 
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program us ing  i o n  bombardment techniques has been i n i t i a t e d  t o  extend understand- 
i n g  t o  beyond l o 6  years.  I n  t h e  cur ium doping work, s t o red  energy, vo lume t r i c  
changes, he l ium d i f fus. ion,  and leach ing  behavior  have been i nves t i ga ted .  

Rad ia t i on  damage e f f e c t s ,  when ex t rapo la ted  t o  long  t imes, sugg2st energy 
s torage o f  %50 c a l / g  and . e i t h e r  p o s i t i v e  o r  nega t i ve  d e n s i t y  changes occur  
(depending on t h e  g lass  composi t ion)  i n  t he  1% range. No r a d i a t i o n  e f f e c t -  
r e l a t e d  changes o f  se r ious  concern i n  terms o f  l e a c h a b i l i t y  o r  mechanical 
s t r e n g t h  have been found f o r  homogeneous glasses by 244Cm doping experiments 
s i m u l a t i n g  damage t ime  o f  l o 5  years.  

HIGH-LEVEL WASTE 

I n  wet, as opposed t o  d r y  r e p o s i t o r i e s ,  t he  encapsulat ion m a t e r i a l  f o r  t h e  
waste g l a s s - - i n  a d d i t i o n  t o  engineered b a r r i e r s  i n  the  repos i to ry - -can  o f f e r  
a d d i t i o n a l  p r o t e c t i o n  u n t i l  t he  t o x i c i t y  decreases t o  the  l e v e l  o f  n a t u r a l  
m a t e r i a l s .  To be more s p e c i f i c ,  F i gu re  14 shows t he  volume o f  water i n  which 
a  substance would have t o  be d ispersed t o  render i t  harmless. Both spent f u e l  
and h igh - l eve l  waste from 1  yea rs '  ope ra t i on  o f  a  1000 MWe PWR would reach a  
t o x i c i t y  l e v e l  equal t o  t h a t  o f  an equal volume o f  mercury o r  p i t chb lende  o r e  
i n  a  few hundred years.  

One such approach, under s tudy by t he  Swedish KBS group,, t s  'shown i n  F ig -  
u r e  15,* The con ta ine r  ho lds 1  MTHM equ i va len t  and has a  t o t a l  weight  o f  3.9 MT. 
The chromium-nickel s t e e l  con ta ine r  i n  which t he  v i t r i f i e d  waste' i s  d e l i v e r e d  
from the  reprocess ing p l a n t  i s  n o t  c r e d i t e d  w i t h  any p r o t e c t i v e ' l i f e  o f  i t s  own. 
Instead,  t h e  r e a l  p r o t e c t i o n  i s  a f f o r d e d  by a  c a n i s t e r  made o f  l ead  and t i t a n i u m ,  
bo th  possessing good res i s tance  t o  cor ros ion .  The lead  a l s o  serves as a  r a d i a -  
t i o n  s h i e l d  reduc ing  t he  r a d i a t i o n  l e v e l  and t h e  r a d i o l y s i s  o f  t he  groundwater 
so t h a t  these c o n t r i b u t e  l i t t l e  t o  cor ros ion .  

The co r ros ion  res i s tance  o f  t he  t i t a n i u m  cas ing der i ves  e n t i r e l y  f rom the  
c r e a t i o n  o f  a  p r o t e c t i v e  pass i va t i ng  l a y e r .  Under p r e v a i l i n g  cond i t i ons ,  t h i s  
pass i ' va t ing  l a y e r  i s  s e l f - h e a l i n g  when damaged. As l ong  as t h i s  l a y e r  i s  i n t a c t ,  
general  co r ros ion  o f  t he  m a t e r i a l  i s  ext remely  slow. Under t he  environmental  con- 
d i t i o n s  expected t o  p r e v a i l  around t he  c a n i s t e r s  i n  the  f i n a l  r e p o s i t o r y ,  l o c a l  
co r ros ion  o f  t i t a n i u m  has n o t  been observed a t  a l l .  The t i t a n i u m  cas ing can be 
expected t o  remain i n t a c t  f o r  a  very  l ong  t ime. 

General co r ros ion  o f  the  l ead  can be d isregarded because i t  i s  p ro tec ted  
by t h e  t i t a n i u m  casing. I f  the  t i t a n i u m  i s  penetrated, however, some p i t t i n g  
co r ros ion  o f  t h e  l ead  may be expected on the  exposed sur face.  The q u a n t i t y  of 
l ead  which can then go i n t o  s o l u t i o n  i s  est imated .to be s l i g h t l y  more than 2 kg 
i n  1000 years.  The a t t a c k  w i l l  pene t ra te  down i n t o  t he  l ead  a t  a  d im in i sh ing  
r a t e .  I t  i s  t e n t a t i v e l y  est imated t h a t  p i t t i n g  w i l l  pene t ra te  the  l ead  l i n i n g  
a t  t h e  e a r l i e s t  about 500 years a f t e r  the  t i t a n i u m  cas ing has been penetrated, 
b u t  t h i s  f i g u r e  i s  probably  g ross l y  underest imated. 

*KBS-010, Handl ing o f  Spent Nuclear Fuel and F i n a l  Storage o f  V i t r i f i e d  High- 
Level Reprocessing Waste. 



TABLE 3. Energy D i ss i pa ted  i n  E l a s t i c  C o l l i s i o n s  by Var ious Nuclear  
Radiat ions,  and Accu~liul a t i  ons o f  E l a s t i c - C o l  l i sion-Energ ies 
i n  Rad ioac t i ve  Wastes 

Cun~ul a t i  ve Number Cumulat ive Amount o f  
o f  P a r t i c l e s  i n  C o l l i s i o n  Energy 

Energy D i ss i pa ted  ~ a s t e s , ( a )  Aged 12 and D i s s i p a t i o n  i n  Wastes, 
i n  E l a s t i c  80 Years Aged 12 and 80 Years 

Nuclear  P a r t i c l e  C o l l i s i o n s ,  keV (1  017/c1n3) ( 1  01 9 keV/cm3) 
12 y r  80 y r  12 y r  80 y r  

Reco i l  nucleus (100 key) 100 8.1 17.1 8.1 17.1 

a(G MeV) 4-8 8.1 17.1 ' 0.3-0.6 0.7-1.4 

f3(>0.5 MeV; 
average = 1.5 MeV) 

y ( 2  MeV) <<o. i <3 < 5 <<O. 3 << 0.5 

F i s s i o n  r e c o i l  5000 '2 4 x 1 0 - 5  0.001 0.002 
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FIGURE 14. Toxicity Index o f  Spent Fuel and 
High-Level Waste* 

*R. A. Heckman, Energy and Technoloqy Review October 1977: 
Magnetic Fusion Research. 
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FIGURE 15. KBS High-Level Waste Canister Concept 

Since the U.S. repositories will be essential ly dry, ou r  primary approach 
i s  t o  investigate the protection by the waste form, a single metallic container 
and possibly an external engineered barrier. Figure 16 shows a typical canister 
and some of i t s  characteristics. I t  should be noted that after 1000 years the 
canister i s  generating only 20 W and the gamma dose rate i s  only 1.6 R/hr. 

REPOSITORIES 

Repository concepts, both in the U.S. and other nations, employ the h i g h -  
level waste form, i t s  encapsulation, and the geosphere as a series of barriers 
t o  keep radionucl ides from entering the ecosphere. 

The design of a repository, b o t h  in terms of the heat generation rate of 
the packages, when emplaced and i n  terms of the general areal loading, will 
affect the temperature regime of the waste canisters. 

One early design conta~~p'ldted (Figure 17) f o r  sa l t  with high-density waste 
(1 0 yr cooled, 3.5 kW canister a t  emplacement) would have a canister wall tempera- 
ture of 370°C 5 years after burial. The presence of any water could cause severe 
corrosion problems, depending on how much the water and the movement of the sa l t  

j - had increased thermal c~nductivi t ies  and reduced temperatures. 

Increasing the cooling time before emplacement or decreasinq the heat gen- 
eration rate o.f the canisters (Figure 18) w i  11 markedly reduce temperatures, even 
below 100°C i f  desired. 

One other temperature consideration in a repository i s  the long-term increase 
in temperature of the entire disposal horizon because of areal loading. Sandia 
Laboratories has analyzed the temperature rise in a sa l t  medium (50 m thick and 
550 m from the surface) for various types of wastes, e.g., spent fuel, high-level 
waste from p l u t o n i u m  recycle, high-level waste from U02 fuel, etc. 



HEAT . DECAY GENERATION CUMULATIVE 

. 
TIME RATE, kW a DOSE/GRAM 

1 YR 22 1.0 x 1017 

1 0  YR 3.1 2.5 x 1017 

100 YR 0.36 7.1 x loi7 

1000 YR 0.02 1.5 x 1018 

10,000 YR 0.006 3.0 x 10'8 

1 00,000 YR 0.003 6.1 x 1018 

CAN MATERIAL - 304L SS 
VOLUME - 0.21 m3 
CONTENTS - 2.5 MTU EQUIVALENT 

DOSE-RATE 
30 cm FROM 

SURFACE 

FIGURE 16, Typical High-Level Waste Canister 
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FIGURE 1 7 ,  Temperature Versus Radius a t  Mid-Waste 
Level Time = 5 Years 
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FIGURE 18. Reduction of Canister Wall Temperatures by 
(1  ) Aging or ( 2 )  Dilution of Waste 

A1 though the data should not be d i rec t ly  compared, they do indicate that  maxi- 
mum temperatures are  reached we1 1 a f t e r  (e .g . ,  50 years) emplacement and closure of 
the repository. The average temperature r i s e  (Figure 19)  correlates we1 1 71i t h  areal 
1 oadi ng . 

Based on previously presented arguments, a case can be made tha t  i t  i s  impcr- 
tan t  to protect the waste form by the can and other engineered barr iers  until the 
highly mobile b u t  short-lived f iss ion products decay, i . e . ,  200 t o  500 years, 
rather than depending to t a l ly  on the geosphere. This scenario will prcbably re- 
quire a balance between the heat generation rate  of the canister a t  time of 
emplacement, the decay ra te  of the canis ter ,  and the temperature r i s e  in the 
repository caused by areal loading. Reasonable design values are  available fo r  
a1 1 these variables. 

With these l imitations,  i t  would seem readily feasible to provide an adequate 
engineering design 1 i f e  of hundreds of years. After a1 1 ,  there are  many manmade 
structures over 3000 years o l d .  

I t  i s  also noted that  a counter case can be made that  the rates  of reaction, 
and perhaps equi 1 i  brium constants, of waste/rgck reactions could be benefited by 
increased temperature to  such an extent t h a t ' t h e  additional protection offered by 
the geosphere would more than compensate for  reduction in waste form protection. 
Such a scenario would benefit by designs favoring high temperatures. 

Data a re  being collected which will allow logical decisions, probably in . . 

between the extremes defined by these two scenarios. 

CONCLUSION 

The foregoing has been a quick overview of the s tatus  of management of high- 
level nuclear wastes both in the U.S. and certain other c0untrles. 
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AREAL LOADING, kWlacre 

FIGURE 19. Average Temperature Rise a t  Waste 
Disposal Level* 

*Richard C .  Lincoln, David W .  Larson and Carl E. Sisson, 
Estimates of Relative Areas for  the Disposal in Bedded. 
Sal t  of LWR Wastes from A1 ternative Fuel Cycles, 
SAND-77-1 81 6 ,  Sandi a Laboratories, A1 buquerque, N M ,  
January 1978. 

We personally fsel  that  the predisposal technology required to condition 
high-level nuclear wastes i s  well developed and ready for commercia: application 
subject to the additional development mentioned. 

Although there s t i l l  remain some technical choices to be validated, we 
share the conclusion reached by many technical experts that  w i t h  proper 
design parameters geologic media can be used for  disposal of nuclear wastes 
without s ignif icant  r isk.  




