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INTRODUCTION 

In t h i s  paper, development of  processing mekhods f o r  a var ie ty  of 

power r s a c t x r  fue ls  i s  summarized. Fuel processing i s  only me of" !;he 

k-,tepfi 311 !,he fuel cycle, buk  must be considered i n  t h e  overal l  economic 

evaluat lan o€ each reac tor  type Deve?opmen+% of processing methods, of 

coursel lags  behirid evc;luticn of nev reac!;or types and o€ten reqiures 

s! irniibm?-ou; evakiia% ton of several  m t e n t i a l  methods ?or chemically pro- 

eessfng one type of reactor  fue l .  

method, as with se lec t ion  of optimum reac tor  designs, m u s t  r twaLt  full- 

s c ~ l e  engfneerfng t e s t s  * To j l l u s t r a b e  t h e  appLicabill ty af bhe r e l a t i v e l y  

v e r s a t i l e  aqueous processes which have been developed, 01" wh-fch are beirg 

developed, reactors were c l a s s i f i e d  i n t o  severa l  groups and typ ica l  exam- 

ples  were chosen. 

b r i e f l y  swnmarized with respect t o  mechanical pre-treatment, d i sso lu t ion  

reagents €or cladding and core, solvent extxaction method, and volumes of 

radioact ive waste which would be generated i n  t h e  processing p l an t .  

s ta te  of development f o r  each method I s  indicated.  A bibliography i s  

given L) 

U l t i m a t e  choice o f  t h e  processing 

For each exarrple, t h e  aqueous processes which apply a r e  

The 

Table 1 gives t h e  approximate flowsheet conditions for one fuel  

element of each of t he  se lec ted  representat ive reactor  types.  

*:or (I) cladding d isso lu t ion  or removal, (2) core dissolut ion,  arid ( 3 )  

solvent ex%rac"eon are .'-scribed general ly  i n  the  numbered notes Table XI: 
L L z k  o*ihcr reac",o-r fixels simrjar t o  the representat ive reactors  i n  Table T o  

The processes 

The processes in t h e  following tabula t ion  (Table I> are based on flow- 

shce14"3 thdf; have been developed I n  t h e  laboratory t o  t h e  point where %hey 

<-en be iJsed with a reasonable assurance of success i n  exis'cing plants,  

L&mg i n t o  accouni; such f a c t o r s  as f u e l  d i sso lu t ion  equipment, corrc:sion, 

.*rf t ieal  i t y  control ,  solvent extract ion,  and waste s torage practict3s that 

wed at variou,s s i t e s  a t  present .  Where reasonably firm flowsheets 
were not, awilable ,  (mid t h i s  i s  t h e  case f o r  mast of t h e  proposed processes 

in  t h e  acrtmpanyfng tabula t ion)  
sol vent, ex'c-raction flowsheets were sssumed t o  fol low f u e l  dissolution with- 

app;Moxim.ately s%andard Purex o r  Tho-Pex 

oi?, .?e:, 21-1 CL Ing Yne fiss ionable material concenbration to achfeve cs ELi- 

ca l2 ty  t.:ontm?, by d i l u t i o n  as i s  proposed for ex is t ing  p lan ts  Instead, 

3 4 4 5 6  0 3 7 5 5 4 1  b 
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soluble nuclear poisons (Reference 37) were assumed to be present in 
process solutions for criticality control, thus permitting high concen- 

t ra t ions  of fissionable material in geometrically unsafe vessels. 

There are many properties o f  fuel elements that significantly com- 

plicate reprocessing, Table I1 presents a short summary o f  a few of 

.these* If fiiel e Lements incorporate features in this table, additional 

developaen'c wi'l.1 be required and revisions to flowsheets will have to be 

made 

IJROPOSED DECLADDING ISROCESSES 

1 Sulfex Process (References 1-53 

Stainless steel c1addh.g is dissolved in three times the stoichi- 

ometric amount of boiling 4 M H SOl+ yielding a solution containing about 

67 g of stainless steel per liter. 
each 55 g of? stainless steel dissolved. 
cores are washed with a volume of water equal to 25$ of decladding solution. 
Decladding solution is centrifuged to remove fuel particles and neutralized, 

evaporated, and stored as a sludge containing -0 g of stainless steel 

per liter. Swaged U02 fuels may present major handling problems due to 

release of gross amounts of powdered UOg in the dissolver when cladding 

is removed. Low carbon Nionel or Wd-BMI-20 dissolver. 

- 2  
Off-gas is hydrogen, 1.1 moles for 

and Tho -U02 After decladding, U02 2 

2 Chopping (References 6-9J 43) 
S t a i n l e s s  steel- and zfrconium- clad oxide, carbide, or uranium alloy 

Sodium or" fueSs are cb.opped into short, 1/2-1 in. sections using a shear. 

XaK bondfng agents possibly can be hydrolyzed with steam prior to  COY'^ 

di;;?oliaLLon in acid (not yet tried). 

S%rming of chopped Hallam 2 fuel would hydrolyze the sodium bond and the 

LC core and produce water, hydrogen, and methane as off-gas (proposed; 

ncA yet tried) Volume of cladding scrap may be decreased 5056, or moi"e 
by crushing t h e  rings. Stainless steel dissolver. 

3 Zirflex [References r0-13) 

The off-gas would be hydrogen. 

Zircon~um o r  Zfrcaloy cladding is dissolved in boiling 5.5 M NH F- - IC 
L 5 "/I nmgm (F/ZY mole r a t i o  of '71. ~lne  off-gas contains -5 moles of m o -  

3 - 
. a and 0 .I mole of Fi per mole of zirconium dissolveci. Ammonia is removed from 2 



t h e  off-gas by water scrubbing. Hot decladding solut ion is d i l u t e d  w i t h  

'3.3 volume of water {used t o  wash the  oxide core) t o  prevent prec ip i ta t ion  

of ammo-x~i-an f luorozirconates on cooling, and Is centrifuged to recover 

CY4 and XI, f i n e s .  A+; F/Q mole r a t i o  of '7, maximum attainable s t a b l e  

zircon;ixn eoncentratron 9m waste so lu t ion  j s  0.6 ne1ar., 

may he zieintral i z e d  ~ 5 t h  0.07 l i t e r  of 50% NaOH per lit ,er of waste and 

wborcd in  carlam af,eeiL- ?in& tanks. S t a i n l e s s  steel, HW-BM4-200: OP low- 

rarbon flionel ciissoivel- s 

2 
&cladding wasfe 

h Combustion (Reference 14) 
0 BvLwoning graph-ite-matJrlx fuels 3 n oxygen st, '750-900 I: prccluces 

rzsidues of  U 0 or T ~ I O , - ~ J ~ O ~  which a r e  dissoLved by conventional methods 

enless s tee l  o r  Low-carbon Mionel d i sso lver ,  Nicke-1 o r  stair,iess 

::%eel furnace (Proposed only) 

j Grinding (References 14- 15)  
Graphite-matrix f u e l s  containing 100- t o  b0-rnicron fuel p a r t i c l e s  

coated w i t h  pyrolyt ic  carbon o r  s in te red  A 1  0 must be ground f i n e  enough 

(about 200 mesh) t o  ensure rupture cf f u e l  parbicles .  

a r e  recovered f r o m  t h e  r e s u l t i n g  powder by Peachhg with HbJO 

respect ively.  An appreeiable f r a c t i o n  of t h e  f i s s i o n  product a c t i v i t y  may 

r a i s i n  I n  t h e  graphi te  sludge .. Subs tan t ia l  engineering pi-oblems are a n t i c i -  

pated with a i l  graphite f u e l s .  Sta:nless s tee l  o s  low-carbon Nionel 

2 3  
U r m T u m  and thorium 

3 - or IIN02-HF, 

;solver [ ~ r o p o s e ~  F )  

6, 1__1 ~ a r e x  (Rei"weoces i, 43 1.6, 23, 25) 
2LalrjLes.s s t e e l  cladding i s  dtssolved i n  d i l u t e  aqua reg ia .  l"n0 -U02 2 

< D Y ~ J  are Targely in : ,duble  but losses prohibi t  c lad so lu t ion  discard ; 

L.,~b?le (see below) Chloride is  removed from the  decladaing 
ZJiort by d i s t , l l ~ - a t ~ o n - ~ , t r l p p i n ~ ,  and recycled. Uranjim and thor5um 

?UL+ ained 111 i,he declad solut ion are recovered by simultaneous extract ion 

wiih t h e  \-ore sr;ll.itinn (see below), A chloride-bearing waste may be gen- 

erated ff 90% RE8 (90-95$ FINO recommended) if: used t o  batch s t r i p  the 

? h i o ~ z d e  frnr i  derladding or f u e l  ljliis c lad solut ions,  or i f  chloride i s  
3 3 

rtdbei f r o r n  pr~i?e&s off"- ga;es prfor  Lo disposa l  Direct, disposal of 

hl~r ide-bea- iag off-gas@:;., af't,er f i l t r a t i o n ,  t o  the plant s tack may be 

l e  I Y  ex~essi-at-3 radioiodine escape is prevei-ted by  long decay n f  
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Titanium disso lver  and chlor ide s t r ipp ing  system. 

E lec t ro ly t i c  Disintegrat ion (References 17, 27) 
Zir@oviPzm and ZPrcaPoy claddings are anodical ly  d is in tegra ted  t c  

7,:lrconi~un axide sludges 1x1 n i t r i c  ac id .  P'ranfm oxide cores are s h u l -  
Taneously d 4  tsLved. ZyO2 sludge hand l i ig  may be a problem i n  bfne head 
erld cystem, WZLn w a  a$, 4. 1 %  uranLcm 5s lost t o  the sludge., NTobiw- 

cataode and plat ,  inyn  cia^ niobtum anode ( I i q u P d  contact e lectrode systen) 

i n  a s t a i n l e s s  s t e e l  d i sso lver  vessel .  

8. Carbonaceous Film Removal (Reference 34) 
OMRE f u e l  i s  coat,ed with a carbon film t h a t  i s  removed by a lka l ine  

permanganate ("Turco") t o  permit, d i s so lu t ion  of t h e  f u e l .  

PROPOSED CORE DISSOLUTION PROCESSES 

1. Ni t r i c  A c i d  (References 1-13> 18-21) 
Uranium oxide cores d isso lve  i n  boi l ing n i t r i c  ac id  so lu t ions  w i t h  

evolukion of  ni t rogen oxides and requi re  3-5 moles of HNO per  mole of 

mrani.m, depending on n i t r i c  ac id  recovery i n  t h e  condenser and off-gas 

equipment. The n i z r i c  ac id  concentration used depends on t h e  f u e l  con- 

cent ra t ion  and acidit ,y des i red  i n  t h e  solvent ex t rac t ion  s t ep .  Solutioris 

from leaching chopped f u e l  elements may be d i l u t e  due t o  washing of t he  

cladding but rnay be evaporated t o  des i red  feed eoncentgration. Hydrous 

uraniim (IV] oxide, fron hydrolysis  of uranium monocarbide, dissolves  i n  

n i t r i c  ac id .  i s  used f o r  d i s so lu t ion  of U-- 

10% MQ a l loys  i f  7rirtduazaZly comylete p rec ip i t a t ion  of MOO 3 
Terminal a c i d i t y  must be 8 molar fol- maximum prec ip i t a t ion  of MOO 

is  co l lec ted  by centrifugation and then dissolved i n  hot 5 I M NaOH leevirtg 
oc 13uded man5 U T  and plrJ.t,oniwn as a HNO soluble  p r e c i p i t a t e  Dissolution 

of G - 3 $  Mo i n  h o i l l n g  6 Ivl 3NO. produces s t a b l e  solut ions containing O e 6  - M 

11 and -3 _M RFj13 

n i t r a t e  may be required I n  t h e  ac id  for dissolving Zirflex-declad UO, cores 
rl 

to minimize corrosion f r a m  t r a c e s  of f luo r ide  ca r r i ed  over from decladding 

3 

Concentrased (11-13 M> HNO 
3 3 

i s  desired.  

3 MOO 3' 

3- 

- 3  
Masr-irnxn molybdenim so?ub i l i t y  at; -3 M HNO Aluminum 

3 *  - 3* 



S i n k r e d  !Ikr) -IT0 dissclves i n  boiling 13 M HNO containing 0.04 M - 2 2  - 3  
IIF as c a t a l y s t  t o  pronuee ccneentrations of 1 M Th and 8 M HNO when using 

j times the stoichiometr ic  amount of acid.  Without t he  fluoride ca ta lys t ,  

both manfun and tkol- im recoveries are low from ground graphite-matrix- 

ruels- L i t t l e  o f f -gas  IC; prodlueed Prom tnosia. Low-carbon Nlonel o r  
s t a i n l e s s  s tee l  riissclver (Darex requires t i tanium) 

- 3  - 



--- 
ZarcaLoy-Z-- ~ ; a d  U- ~r alleys eclntaining up to .LO% lu?;-a;-riwn dissoive 

i n  boiling 6 M l!KH.4F--l M IUH EQ 

t inuously.  

dissolved and alsb ccntaino a5ou-b I$ H At'te-r d i s so lu t fon ,  
r i ~ t r i c  acid w.d a%uminu;n nitrate &-E' added t o  prodi-ice an extraction feed 
Solution similar to t h a t  for the HF-HNO procesa. Stainless  steel or low- 
carbon Nicnel dissGLver . 

to which hydrogen peroxide 1s added con- - 4 3  I 

Yi?e off-gas is mainly mmonfa, 5 moles JlR2 per mole of ejrccnium ."' 
and 0.3% 02.  2 

3 

8 .  Dilute Nrflex (Reference 37) 

The zircon9utn-clad U-Mo and Zfxa loy-2- -  clad U- Zr alloy fuels are 

dissolved in 11.3 HMO t~ which HF is added continuoixsly. 

zircon'iun cladding on U--X'% &Io allcy is dlssolved in 0.075 M KF: and then 

'? M HfJO At 12 g U / l i t e r  

or less, mt3Zybde:mi dnec ncJt precipitate aid criticaifty control IS 

Alternatively,  - 3  

0.075 14 AI(IUO-)3 LS added to dissolve the core. 
.I " _ I  -. 3-- - 

quate.  Sta~n?ess S ~ P E J  d.isso.lver*. 
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U / l i t e r  r a t h e r  than 320 g / l  ( R e f .  13). 
s torage cooling l imi ta t ions ,  t h e  ex t rac t ion  waste may be concentrated by 

a f a c t o r  of - < 80 p r i o r  t o  s torabe.  

2 -  ModWied P u e x  Process (References 38, 1-71 

Subject t o  high-level  waste 

When t h e  feed contains s t a i n l e s s  s t e e l ,  iron, aluminum, z i rconim,  o r  
rnoP@kinam salts, and possibly f i s s i o n  products i n  such concentrations 

tha t  stable m l a t i o n s  a r e  not obtained a t  normal Purex feed uranium con- 

centrat ions,  the  feed concentration is reduced u n t i l  a s t a b l e  so lu t ion  i s  

achieved. Feed and scrub a c i d i t i e s  and flow r a t i o s  a r e  adjusted as re- 

quired f o r  ex t rac t ion .  

so lu t ions  are a l s o  d i lu t ed  for  c r i t i c a l i t y  cont ro l  purposes. Evaporation 

of high-level  ex t rac t ion  waste i s  usua l ly  l imited by salt  s o l u b i l i t y  r a the r  

than f i s s f o n  product hea t  generation. Storage of wastes a f t e r  neut ra l iza t ion  

may be complicated by p r e c i p i t a t i o n  of meta l l ic  salts .  

The solvent may 'be <30$ TBP i n  dodecane. Feed 

3 .  Zirconium Alloy Fuel Process (References 31, 39, 40) 
The flowsheet was developed f o r  zirconium-uranium a l l o y  fuels con- 

t a in ing  -1% U and has been modified f o r  t h e  higher uranium content i n  t h e  

PWR-1 seed. 

hydrocarbon d i luen t .  Flow r a t i o s  are, feed: ex t rac tan t ;  1 : 0.625. The 
scrub c o l m  i s  separate  from ext rac t ion  column t o  avoid d i l u t i o n  of t h e  

high-level  waste e An a l t e r n a t e  flowsheet uses a compound extraction-scrub 

column with 1 M HNO 

r a t i o s  are, feed : scrub : ext rac tan t ;  1 : 0.2 : 1 (Reference 41). 

4. Fermi Core Flowsheet (References 17, 422) 

Extractant is 12.5 vol  $I TBP i n  Amsco 125-9OW (or dodecane) 

as scrub and 5% TBP i n  dodecane as solvent .  Flow 
- 3  

Developed f o r  use i n  ex i s t ing  eqpipment using d i l u t i o n  f o r  c r i t i -  

c a l i t y  control .  and t h e  ex t rac tan t  i s  10% TBP i n  

dodecane. Flow r a t i o s  are, feed : scrub : ext rac tan t ;  1 : 0.5 : 4. 

'" _I OMRE (References 34, 441 

Scrub i s  3 M HNO - 3  

ExtracAant i s  10% TBP i n  Amsco 125-9OW (or  dodecane). Flow r a t i o s  

are,  feed : ext rac tan t ;  1 : 0.55.  The scrub column i s  separa te  from 

ext rac t ion  c o P m  to avoid d i l u t i o n  of high l e v e l  w a s t e .  The high-level 

w a s t e  could be, but 5.s not, evaporated p r i o r  t o  s torage as acidfc  waste. 



6* Acid Thorex (References 45, 46) 
Flowsheet developed t o  give t h e  maximum decontamination f ac to r  when 

recovery of both uranium and thorium i s  des i red .  N i t r i c  ac id  i s  subst i -  

tu ted  f o r  t h e  aluminum n i t r a t e  previously used i n  t h e  Thorex process t o  

achieve a lower waste volume. Scrukl #l is  0.5 WHNO Scrub #2 i s  0.01 - M - 3’ 
0.01 - M Fe(NH2SOj12, t h e  s a l t i n g  agent (introduced seve ra l  s tages  iva3p049 

below t h e  feed p l a t e )  i s  13 M HNO t h e  ex t rac tan t  i s  30% TBP i n  dodecane. 

Flow r a t i o s  are, feed : Scrub #l : Scrub #2 : s a l t i n g  agent : extrac- 
- 3’ 

t a n t ;  1 : 0.2 : 0.8 : 0.3 : 7. 

For Darex-Thorex, t h e  13 M HNO- s a l t i n g  agent stream is  replaced by 
3 

t h e  chlor ide-free s t a i n l e s s  steel decladding so lu t ion  t o  simultaneously 
- 

recover U and Th contained i n  t h e  Darex declad so lu t ion .  

7. Interim-23 Type Thorium Flowsheet (Reference 46) 
This flowsheet i s  used when thorium is  not recovered. The scrub i s  

5 ,M HN03, and t h e  ex t rac tan t  i s  5% TBP. 
ex t r ac t an t ;  1 : 0.4 : 2. 

Flowratios are,  feed : scrub : 
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Table 11. Features Which Can Complicate Aqueous Processing 

i. 

2.. 

3 .  
4. 
5. 
6. 

7 .  

8 .  

9 -  
10 " 

Very long fuel. elements. 

Very laFge cross-secl lon elemeiits . 
Bundle sheaths not removed at; r eac to r .  

Use of si;ainless s tee l  and Zircaloy i n  same element, 

Presence of spr ing mater ia l s  of d i f f e r e n t  metal than clad.  

Central  s o l i d  s t a i n l e s s  s t ee l  rods, and/or boron impregnated 

m e t a l  or  ceramic poison rods in s ide  f u e l  tubes.  

Presence of r e f r ac to ry  insu la tors ,  themocouples, OY" burnable 

poi sons t h a t  are insoluble .  

Components with appreciable s i l i con ,  niobium, o r  ceramic content 

r e su l t i ng  i n  so l id s  i n  process so lu t ions .  

Sodium or  sodium-potassium l i q u i d  metal bonds. 

Clad or core d isso lu t ions  procedures t h a t  evolve po ten t i a l ly  

hazardous gases ( lme .9  HP7 CH4, e t c . )  

Coated f u e l  p a r t i c l e s  e - 

U s e  of U235 0 -Tho and s l i g h t l y  enriched UO i n  t h e  same element. 
2 2  2 

Fuels requir ing combmtion a:; a precursor to aqueous processing, 

Fuels wtth core al loying components t h a t  requi re  addi t ion of 
complexing agents to i n s w e  s o l u b t l f t y  ( foe. ,  Fu(N03)3 i n  dfssolveuit 

f o r  IFMO cores) 

Swaged QY vihyatory compacted oxide powder f u e l s  t h a t  may dfs in te -  

g r a t e  i n t o  powder during a chemical decladding s t ep .  

Low theo re t i ca l  dens i ty  ceramic fuels o r  i r r a d i a t i o n  induced 

soPiYbilit,y effeet;s t h a t  may requi re  recovery of fuel values from 

dec I add 1 :g wab Se solut  i n n s  ., 
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Table 141. Reactor Fuel Elements Similar  t o  Examples 

Reactor Element Similar t o  

Ne S o  Savannah Yankee 

ZGrn 

BR- 3 
SELTI 

SENA 

BOWS Superheater 

Saxton 

Bo-rax- 5 T,oiler 
B i g  Rock Point 

Humboldt #3 

Bodega Bay 
So. Calif. Edison 

BOWS Boiler  

RWE 

€'RTR Blanket 

SENN 

SWR Blanket 
Pathfinder Boiler 

Carolinas- Vtrginia 

JAEEI 

Dresden 

Elk River Con. Ed. 

APPR 

Fermi Core 3 

OMRE 

I 
Pathfinder Superheater 

Ecrax- 5 Superheater 

Fermi Axial. Blanket Fermi Rad. Blkt . 
city of PiqTna Fermi Rad. B1kt.W 

EWCTR Driver PWR-1 Seed 

* A f t e r  decladding 
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