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Summary 

1. POWER REACTOR F U E L  PROCESSING 1,2 H o t X e l l  Tests  on Sulfex and Zirflex 
Processes 

I 

1 . I  Processes for Uranium and Thorium 
Carbide F uels 

T h e  preparation of uranium and thorium carb ides  
and  the i r  subsequent  hydrolysis  in  water  and  other 
aqucous  reagents  were s tudied.  Nearly s ing le-  
p h a s e  uranium monocarbide (UC) w a s  prepared by 
a n  arc-melting method (samples  prepared by Metals  
and  Ceramics  Division). Preparat ion of uranium 
dicarbide,  however, resul ted i n  t h e  preparation 

not s toichiometr ic  UC,. Hydrolysis  a t  
80°C of as-cast uranium-carbon a l loys  with com-  
poFitions between UC and UC 1 .  a y ielded complex 
mixtures of  g a s e o u s  hydrocarbons, hydrogen, and 
a so l id  te t ravalent  oxide.  Waxes were formed 
when t h e  al loy contained ei ther  U,C3 or UC1.85 .  
As t h e  C/U rat io  in  t h e  carbide increased  from 1 
t o  1.85, t h e  methane concentrat ion in  the  gas  de- 
c reased ,  and  t h e  amounts  of hydrogen, C,- to 
C8-hydrocarbons, and wax increased.  

Of UCl.857 

Thorium dicarbide had a composition of T h C  . 9  j s  

Hydrolysis  products  of T h C  and water  were t h e  
s a m e  a s  t h o s e  found for UC. Thorium dicarbide 
when contac ted  with water  produced more a lkynes  
and less wax than t h o s e  obtained with UC,.,, .  

Soluble  organic  s p e c i e s ,  primarily a c i d s ,  were 
produced during the  dissolut ion of uranium car-  
b ides  in  ni t r ic  acid.  T h e  d isso lu t ion  of UC le f t  
20 t o  40% of t h e  carbide carbon in  solut ion,  mainly 
as oxal ic  acid.  Other organic a c i d s  s u c h  as 
mell i t ic  (benzene hexacarboxyl ic  ac id)  and higher- 
molecular-weight s p e c i e s  were a l s o  found in  t h e  
s 01 ution. 

T h e  UO, s lurry obtained by hydrolysis  of UC 
was e a s i l y  d isso lved  in boi l ing 8 111 HNO,. T h e  
raw so lu t ion  w a s  a n  unsat isfactory feed for Purex  
so lvent  extract ion b e c a u s e  the organic a c i d s  
a c t e d  as s t rong  emulsif iers  and complexing agents  
for uranyl ni t ra te .  However, t reatment  of t h e  
solut ion with KMnO, o r  Ce(NH,),(N0,)6 to oxi- 
d i z e  t h e  organic  a c i d s  did provide a sa t i s fac tory  
feed. 

Nineteen hot-cel l  demonstrations of the  Sulfex 
process  for decladding s ta inless-s teel-clad UO, 
fue l  i n  boi l ing 4 M I-I,SO, were made with prototype 
Yankee Atomic Reactor  fuel spec imens  irradiated 
up to 28,200 Mwd/ton. 'She exposed uranium di- 
oxide w a s  washed  with water  and d isso lved  i n  
boi l ing 4 kl H N 0 3  1.0 provide a feed s u i t a b l e  for a 
modified Purex  so lvent  extraction process .  Stain- 
less s t e e l  d i sso lu t ion  ra tes  averaged 2 mg min-' 
cm-2,  which were comparable t o  t h o s e  obtained 
with unirradiated specimens.  Complete decladding 
required about  5 br. Soluble l o s s e s  of uranium 
and plutonium to the  decladding solut ion averaged 
about 0.05%. 'The decladding so lu t ions  required 
filtration t o  remove undissolved s c a l e  and uranium 
dioxide f ines .  Core dissolut ion in  boi l ing 4 i V  

HNO, w a s  completed in about  6 hr, about t h e  time 
required for unirradiated uranium dioxide. 

T h e  solvent  extract ion performance of f e e d s  a t  
irradiation l e v e l s  up to 28,200 Mwd/ton w a s  
a c c e p t a b l e  when highly purified so lvent  w a s  
u s e d  on a once-through bas is .  

1.3 Processes for Breeder Reactor F u e l s  

T h e  d isso lu t ion  r a t e s  of high-dcnsity UO,, PuO,, 
and U0, -PuO2 pe l le t s  were determined as  a func- 
tion of ac id ,  ni t ra te ,  fluoride, and aluminum con- 
centrat-ions, with and without various oxidizing 
agents .  T h e  dissolut ion rate  (in mg  min-' cm-') 
of UO, pe l le t s  of 95% theoret ical  densi ty  pre- 
pared by Davison Chemical  Company w a s  def ined 
by t h e  equat ion,  log  (rate) 7 2.1 log (NO3) - 0.68. 
P e l l e t s  of t h e  same dens i ty  but from different 
s o u r c e s  varied widely in their ra te  of dissolut ion.  
T h e  d isso lu t ion  ra te  of PuO,  pe l le t s ,  90% of 
theoret ical  dens i ty ,  prepared by Nuclear Materials 
and  Equipment Corporation in 1 4  M I-IN03-0.1 M 
H F  w a s  2.1 m g  min-' an- , ;  without fluoride i t  
w a s  0.006 mg min-' T h e  addi t ion of 3 
moles of aluminum per mole of fluoride eliminated 
t h e  rate- increasing e f fec t  of t h e  fluoride. T h e  
d isso lu t ion  r a t e  of pe l le t s  prepared from copre- 
c ip i ta ted  P u 0 , - U 0 2  may b e  ca lcu la ted  from t h e  
r a t e s  of t h e  pure components. 

i i i  
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Ionic plutonium (but not plutonium polymer) w a s  
successfu l ly  adsorbed from ni t ra te  so lu t ions  on 
z i rconiun  phosphate  or zirconium-phosphate- 
s i l i ca te .  

A chemical  f lowsheet  w a s  developed for t h e  
reprocess ing  of U ’ for fuel  recycle  by extract ion 
with di-sec-butylphenyl phosphonate  (IISBPP). 
T h e  factor for U Z 3  decontamination from daughters  
of U Z 3 ’  w a s  greater than 100, and the  nitrate-to- 
uranium rat io  in  t h e  product w a s  less than 2.3. 
In engineer ing s t u d i e s  of th i s  system in 2-in.ediam 
pulsed columns, t h e  flow capac i ty  of the  compound 
extraction-scrub column varied from 490 t o  1340 
gal hr-’ ft-’ as the frequency decreased  from 
90 t o  35 cpm. T h e  s t a g e  efficiency expressed  as 
HETS w a s  2.1 ft a t  ’10 cpm for uranium extraction, 
4.6 t o  6.2 f t  a t  50 cpm for thorium scrubbing,  and 
4.2 ft a t  90 cpm for uranium stripping. T h e  s e p a -  
ration factor between uranium arid thorium w a s  
higher with DSRPP than with T B P ,  but the  DSBPP 
in diethylbenzene w a s  l e s s  s t a b l e  chemical ly  
than IT’BP in n-dodecane. 

R a t e  s t u d i e s  indicated that a 4-kg sphere  of 
uranium metal wil l  d i s s o l v e  in  1.5 M RI(NC) , )~-  
4 M I-INO, in  about  68 hr. 

In laboratory s t u d i e s  on t h e  adsorption of prot- 
actinium from ni t ra te  so lu t ions ,  unfired Vycor w a s  
loaded to gra te r  than 10 mg of Paz3’  per gram of 
g lass .  In one  t e s t ,  about  80% of the  protactinium 
was recovered a t  a concentration equivalent  to 
120 t imes t h e  feed concentration by elut ing with 
0.5 h’ oxal ic  acid.  T h e  remainder of t h e  prot- 
actinium w a s  recovered a t  lower concentrat ions.  
Decontamination factors  of protactinium from tbo- 
r ium,  uranium, ruthenium, zirconium-niobium, and 
total  rare  e a r t h s  of 6300, 1.59 x l o 4 ,  40 x lo3,  
3, and 5.8 x lo5 ,  respect ively,  were obtained in  
t racer  experiments. T h e  presence of 25’ moles of 
aluminum per mole of fluoride reduced the fluoride 
corrosim of t h e  g l a s s  by a factor of SO. T h e  u s e  
of 7’/2 moles of aluminum per m o l e  of fluoride in- 
c i e a s e d  t h e  adsorption distribution coeff ic ient  t o  
that  of fluoride-free solut ions.  The  distribution 
coeff ic ient  of Pa ’ between laboratory-prepared 
silica gel and ni t r ic  a c i d  is three times that  of 
uiifired Vycor and more than f ive t imes tha t  of 
commercial silica gel. 

Protactinium-containing synthe t ic  d i sso lver  and  
solvent  extract ion feed so lu t ions  were prepared t o  
deterrniiie t h e  long-term solut ion s tab i l i ty  of prot- 
actinium. T h e s e  so lu t ions  s imulated t h o s e  tha t  
would b e  obtained from Consol idated Edison  TRo- 

rium Reactor  fuel  i r rsdiatcd to  18,000 Mwd/metric 
ton and cooled for ten days.  T h e  d isso lver  solu- 
tion w a s  0.5 M in  thorium and had a Pa231 con- 
centrat ion of 70 mg/liter; t h e  feed solut ion had a 
thorium concentrat ion of 4 0  g / l i tw and a Pa231  
concentrat ion of 90 mg/liter. T h e s e  so lu t ions  
showed no c h a n g e  other than a +IO% s c a t t e r  i n  
t h e  ana ly t ica l  values  af ter  s tanding  one month 
a t  room temperature i n  p las t ic  conta inr rs ,  or a 
+6% s c a t t e r  a f te r  contact ing type 347 s t a i n l e s s  
s t e e l  (2 e m ’  per milliliter of solut ion)  for one  week. 

In other so lvent  extract ion experiments  the  com- 
bining ratio of tributyl phosphate  (TBP)  to  thorium 
ni t ra te  was measured and is bel ieved to  b e  4. T h e  
extract ion of uranium from acid-deficient aluminum 
ni t la te  by a given concentrat ion of T B P  may b e  
expressed  s o l e l y  a s  a function of t h e  pH of t h e  
solution. Over t h e  range 0.5 to 4 M HF, t h e  ura- 
niurn distribution coeff ic ient  with 30% T B P  re- 
mains  cons tan t  a t  1 when the  nitrate-to-fluoride 
rat io  is 3.5. T h e  distribution coeff ic ient  of prot- 
actinium tracer  betweeti fluoride-free 5 M IINQ, 
and 30% T B P  is 4. T h e  protactiiiium is com- 
pletely complexed and is not extracted when t h e  
solut ion is 0.02 M in  IIF. 

1.4 Corms ioai Stwdias 

In corrosion s t u d j e s  on aqueous  p r o c e s s e s  for 
reactor fue ls  done in the  Reactor  Chemistry Di- 
vis ion,  no mater ia l  t e s t e d  w a s  sat isfactor i ly  re- 
s i s t a n t  t o  HNO,-HE’ mixtures a t  all. temperatures  
and compositions. Corronel 230 w a s  t h e  most 
general ly  acceptab le  material t es ted .  Aluminum 
corroded a t  very low ra tes  in n ixed  ac id  when t h e  
HNO,  w a s  =15.6 M and H F  w a s  -1 M ,  but iates 
became ca tas t rophic  at lower HNQ , concentrat ions.  
Corronel w a s  also t h e  most sa t i s fac tory  material 
t e s t e d  in a reprocess ing  c y c l e  cons is t ing  of oxi- 
dat ion of fluoride-contaminated graphite a t  800T 
followed by digest ion in  5 M HNO,. R a t e s  on 
Corronel were about  0.1 mil/month for 22 c y c l e s  
v s  19.6, 7.5, 9, and  8 rnils/month, respect ively,  
for t y p e  304L s t a i n l e s s  s t e e l ,  Carpenter 20, 
Haynes  25, and Nichrome V. Prefilmed titanium 
exposed  i n  nitric-flnohoric a c i d  so lu t ions  con- 
ta ining Cr(V1) employed for zirconium disso lu t ion  
corroded a t  overal l  r a t e s  of 4.14 to 7.75 mils/month 
a f te r  defilming; af ter  about  70 hr of exposure,  
pi t t ing occurred. 

> > . 



1.5 Mechanical  Processing 

A shear-and-leach apparatus ,  which c o n s i s t s  of 
a 25&ton, horizontally ac tua t ed  prototype shear ,  
rotary-drum conveyor-feeder, and rotary-drum 
l e x h e r ,  w a s  s u c c e s s f u l l y  operated.  A series of 
shcar-leach runs were made in which 110, w a s  
leached from $-, 1-, and l'/,-in.-long s e c t i o n s  of 
unirradiated ORNL Mark I, 36-tube prototype fuel  
a s sembl i e s  with 7 t o  8 M HNO, a s  the dissolvent .  
T h e  resu l t s  obtained in  t h e s e  t e s t s  showed that  
leaching of UO, from shea red  s e c t i o n s  of s ta in-  
l e s s  steel tubing i n  a rotary-drum leacher  i s  
feasible .  Almost no undissolved UO, or s t a i n l e s s  
steel f ines  were carried out of the  leacher  in the  
product stream, and the UO, w a s  completely 
leached from the s t a i n l e s s  s t e e l  hul ls  in  4 hr, a s  
del ermined by v isua l  inspect ion and chcmical  
a n a l y s i s  of the  hulls.  

Bench-scale  batch s t u d i e s  on the  leaching of 
UO,-ThQ, from shea red  >2-in.-long s e c t i o n s  of 
s ta inless-s teel-clad fuel, in Thorex d isso lvent ,  
show tha t  suspens ion  of f ines  IS e s s e n t i a l  to 
good dissolut ion.  

Complete particle-size-distribution d a t a  were 
obtained for 5,-, 1-, and l>,-in.-long shea red  
s e c t i o n s  of ORNL Mark I s ta in less -s tee l -c lad  
porcelain,  UO,, and UO ,-ThQ and for Zircaloy-2- 
c lad  UO,. T h e  amounts of par t ic les  discharged 
from both UO, and ThO,-UO, fue l  rods are about 
equal ,  s l igh t ly  more being discharged from Tho,-  
UO, cores. 

T h e  l i fe  of the s t epped  moving blade of the  
250-ton s h e a r  was  est imated from shearing t e s t s  
to be  10,000 c u t s  if the  blade is reversible .  T h e  
dimensions of the s t e p s  should be  proportioned 
according t o  the  size of the fuel assemhly being 
sheared.  

An invest igat ion of remote maintenance of the  
shear w a s  ini t ia ted.  Extraction tools  w e r e  de- 
s igned and built  for remote removal and ins ta l la -  
tion of t h e  gags,  fixed-blade holder, and the 
moving blade in  the s h e a r  housing, u s ing  the feed 
mechanism hydraul ic  cyl inders  a s  the  moving force. 

Stainless-s teel-clad and Zircaloy-2-clad UO, 
fue l  specimens,  irradiated to  16,000 and 17,000 
Mwd/ton, respect ively,  were sheared into 1-in. 
arid ),,-in. lengths  to  determine whether the particle- 
s i z e  dis t r ibut ion of the  UO, f i n e s  was  the s a m e  
as for unirradiated fuel. One-inch c u t s  with the  
irradiated spec imens  resul ted in  about 4 t o  6% of 
the  UO, par t ic les  being l e s s  than 2000 11; similar  

resu l t s  were obtained with unirradiated specimens.  
Shearing of the  irradiated s ta inless-s teel-clad 
specimens was  cha rac t e i i zed  by clcan-cut edges ,  
in contrast  to  the  torn edges  of the more duc t i le  
unirradiated material .  

In a continuation of evaluation of methods for 
sa fe ly  handling sodium- and NaK-bonded fuels ,  
design s t u d i e s  and limited experiments were made 
of var ious methods for removing inert  end adap te r s  
from fuel  c lus te rs  that  u s e  spiral-wound wi re  on 
t h e  fuel  rods a s  spacers .  T h e s e  s t u d i e s  included 
potting of fuel rod e n d s  in fus ib le  metal or epoxy 
res ins ,  followed by friction sawing; and mechani- 
cal ly  clamping an assembly and mill s awing  the end 
adapters .  Par t ia l  rcmoval of jacket ing to r e l e a s e  
or expose  the sodium or NaK bond was  invest i -  
gated.  An orbital  shea r ing  device with a rotary 
shea r ing  motion was  designed,  built,  t es ted ,  and 
found t o  b e  promising. Equipment w a s  a l s o  de- 
s igned and built  to eva lua te  the shear ing of th i s  
type fuel ,  followed by d i sposa l  of sodium and 
NaK by dispers ion in oil and reaction of the  dis-  
persion with water  under an inert-gas blanket.  

1.6 Chloride Vo la t i l i ty  Process Development 

T h i s  sec t ion  is reported in ORNL-3452, suppl  1. 

1.7 Rover F u e l  Processing Development 

T h i s  sec t ion  is reported in ORNL-3452, supp l  2 
(c lassi f ied) .  

2. FLUORIDE VOLATILITY PROCESSING 

2.1 Processing of Uranium-Zirconium Alloy F u e l  

T h e  decontamination of the equipment in  cell 1 
of t h e  Volati l i ty Pi lot  P l an t  w a s  demonstrated 
following a six-run s e r i e s  on 5- to 5.5-yr decayed 
zirconium-uranium alloy fuel. The decontamination 
program, as developed in laboratory s tudies ,  in- 
cluded a simulated-fuel dissolut ion run, a molten- 
s a l t  f lush,  and ex tens ive  cleaning of p rocess  
equipment with water and circulat ing and static 
decontaminating so lu t ions  10.35 iM ammonium 
oxalate ,  0.03 to  0.10 M A1(NOJ),-O.10 to  0.01 M 
HNO,, a n d  5-1-1 t o  5-2-2 wt  % NaOH-H20z-sodium 
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tartrate]. Ammonium fiuoborate was added a s  a 
nuclear poison t o  the  ini t ia l  ammonium oxala te  
wash. 

T h e  general act ivi ty  l e v e l s  in c e l l  1 were 3 0  t o  
60 mil l i remslhr ,  and residual  equipment act ivi ty  
w a s  suff ic ient ly  low af ter  decontamination to 
permit direct  maintenance. However, nickel  weld 
f i l ler  metal  61 (INCO-61) in  the  L-nickel fluorinator 
was severe ly  at tacked.  A laboratory-scale simu- 
la t ion of the  pilot-plant decontamination procedure 
showed that  INCO-61 welds in  nickel  were vulner- 
a b l e  and tha t  INOK-8 b a s e  metal and weld f i l ler  
metal of t h e  hydrofluorinator were not unduly a t -  
tacked. 

Metallographic exa~nina t ion  of samples  of k- 
nickel  removed from the lower part of the  fluori- 
nator revealed a t tack  on the b a s e  metal at  t h e  
rate  of 0.38 mil/hr based  on 57.7 hr of fluorine 
exposure time, including t h e  decontamination pro- 
cedure.  

During examination following aqueous  decon- 
tamiiiatioa, a c rack  w a s  found near t h e  bottom of 
t h e  hydrofluorinator. T h e  leak  probably occurred 
during t h e  f i rs t  run of the  long-decayed six-run 
ser ies .  About 20 in. of the lower portions of the  
v e s s e l  was replaced. Specimens from the  damaged 
portion were  examined metallographica!ly and sub-  
jec ted  t o  tensi le-s t rength t e s t s .  'The c r a c k s  
through which s a l t  leaked were of ex te ina l  origin 
and related to  the  at tachment  of therrnucouple 
s h e a t h s  t o  t h e  v e s s e l ,  during which operation t h e  
hydrofluorinator wal l  was overheated and e m -  
brittled. There  w a s  no indication that  s a l t  cor- 
rosion of the  interior of the  v e s s e l  was a factor 
i n  ini t ia t ing t h e  c r a c k s  or of embrittlement. Rather, 
fabrication of the  hydrofluorinator from one of t h e  
substandard h e a t s  which were s u s c e p t i b l e  to 
microfissuring and to  damage by high temperature 
may have  been a factor in  t h e  c rack  formation. 

Fol lowing decontamination of the  equipment, 
the pilot plant  w a s  modified to  (1) improve prod- 
uct purity by the addition of a magriesium 
fluoride bed for technetium and neptunium removal, 
(2) a l low convenient  recyc le  of off-specification 
product, (3) provide a s o l i d s  rod-out device  in  t h e  
hydrofluorinator off-gas line, and (4) add the  sh ie ld-  
ing  needed for future higher radiation leve ls .  

After t h e  modifications, five runs with cold and  
irradiated zirconium-uranium al loy were completed. 
Alloy dissolut ion r a t e s  ranged from 2.0 to  2.9 
kg/hr for three cold runs,  during which kIF uti l iza-  
t ion e f f ic ienc ies  per p a s s  through t h e  dissolver 

uieie 24 t o  34%. Greater dissolut ion ra tes  and 
IIF ut i l izat ion e f f ic ienc ies  were obtained duning 
the  processing of 13-month- and 6-month-decayed 
al loy (3.7 and 3.4 kg/hr: and 49 and 41%, respec-  
tively), although the  higher iate may riot have  
been a resul t  of the  extent  of fuel. burnup. 

T h e  product recovery operat ions weie s u c c e s s f u l ,  
although H F  contamination of t h e  product w a s  
appreciable  (up to 3 0  wt %) during cold runs.  Con- 
versely,  the  product from the  f i rs t  hot run was 
free from HF, whi le  the  product from the second 
run had 0.5% IIF contamination. Average fluorine 
ut i l izat ion e f f ic ienc ies  were 5% daring cold runs 
and 14 and 7% during t h e  runs with 13-month- and 
6-i-iionth-decayed al loy (runs R-7 and R-8). Non- 
recoverable  uranium losses, mainly to  t h e  w a s t e  
s a l t ,  during a l l  fluorinations were less than 0.46%. 
Tota l  cat ion impurity leve ls  i n  the  prodiict ducing 
cold runs were about  3200 ppm, or ten t imes higher 
than AEC spec i f ica t ions .  !-!owever, ca t ion  s p e c i -  
f icat ions were met during run R-7 on 13-month- 
decayed a l loy  ( total  ca t ions  less thail 171 ppm). 
T h e  IJF, product from riins R-7 and R-8 m e t  AEC 
spec i f ica t ions  for gaiiirria act ivi ty .  T h e  product 
natural be ta  ac t iv i ty  is being evaluated for both 
hot runs  t o  determine if AEC beta  spec i f ica t ions  
were also met. Significantly, molybdenum con-  
tamination of the  product w a s  only 3 and 4 3  pprn 
iliirjhg runs R-7 and M-8, as a resiilt of a s e l e c t i v e  
desorption procedure. A higher to ta l  cat ion leve l  
( l e s s  than 712 pptn) w a s  obtained during run K-5. 

'The decontamination of uranium f r o m  f i ss ion  
products w a s  exce l len t  during runs R-7 and R-8. 
Overall p rocess  decontamination factors  ranged 
f r o m  greater  than 10' t o  nearly 10" for vo la t i le  
f i ss ion  piodilcts (Sb '25 ,  Te, R u ' 0 6 ,  and Nbg5),  
and from greater than lo9  t o  greater than 10" for 
nonvolatile f i ss ion  products (Zrg5, S r g O ,  and 
C S ' ~ ~ )  during run X-8 on 5-month.decaycd fuel. 
Generally lower U F ' s  were obtained during rim 
R-7 on 13-month-decayed fuel. Trace quant i t ies  
of volat i le  f i ss ion  products reached the  MgF2 
trap during both runs ,  probably due to entrainment 
rather than t o  absorber  breakthrough s i n c e  Cs' 3 7  

was also col lected.  T h e  MgF, t rap w a s  effect ive 
for Tcg3 removal during rutis R-7 and R-8 ( l e s s  
than 1 and 4 ppm, respect ively,  in  the  product), 
but l e s s  e f fec t ive  for removal (4 and 48 
ppml respect ively,  in t h e  product). 

T h e  performance of pilot-plant equipment w a s  
generally sa t i s fac tory  during all runs .  All diffi- 
c u l t i e s  encountered were relatively minor, and in 
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e a c h  case i t  w a s  poss ib le  to cont inue operat ions 
or t o  repair  or modify the  equipment. 

R e s u l t s  of t h e  metallographic examination of 
€ive groups of corrosion rods exposed in t h e  pilot- 
plant fluorinator were received during the  year. 
Nicke l  f i l ler  metal  61 ( INCOdl) ,  E-nickel, nickel-  
5 F e ,  nickel-1 AI ,  INQR-8, and HyMu 80 all  showed 
s ignif icant ly  improved performance over L-nickel 
and  thus  a r e  p o s s i b l e  mater ia ls  of construct ion for 
a fluorination vesse l .  

2.2 Volat i l i zat ion and Recovery of Plutonium 
Hexaf luoride 

Plutonium hexafluoride w a s  fluorinated from a 
31-24-45 mole 76 LiF-NaF-ZrF,  melt containing 
about  1000 ppm plutonium, a t  ra tes  s imilar  to 
t h o s e  obtained for a concentrat ion of 2 ppm. T h e  
volat i l izat ion ra te  h a s  a first-order dependence on 
concentrat ion,  with react ion half-times of about  
5.3 hr a t  500% and 3.0 hi at 600T.  In a recent  
tes t ,  preliminary resu l t s  indicated a reduction of 
t h e  react ion half-time t o  1.5 hr by t h e  u s e  of fluo- 
rine at 40 psig, which is a n  acceptab le  ra te  €or 
process  u s e  provided pressurized fluorine d o e s  not 
also increase  markedly t h e  vessel-corrosion ra tes .  
Neither violent  s a l t  agi ta t ion not intermittent addi- 
tions of UF ,  increased  t h e  r a t e  of PuF, volat i l iza-  
tion. Material b a l a n c e s  of 95 to 100% were obtained 
in a l l  t h e  fluorination t e s t s  conducted with about  
1000 ppm of plutonium and 55 rng of to ta l  plutonium 
present .  In addi t ion to t h e  C a p 2  previously s tud ied ,  
high-surface-area I,iF and MgF both showed high 
ef fec t iveness  for trapping volat i l ized PLIF ,. 

2.3 Preparation and Absorption of Tellurium 
Hexo f l uoc ide 

Observat ions made i n  the  c o u r s e  of a t tempting 
to prepare TeF,, a volat i le  f iss ion product fluoride 
present  i n  process ing  short-decayed h e l ,  indicated 
that  it is readily reduced by nickel  a t  l e s s  than 
300T.  Thus, in the  fused-salt fluorination s t e p  
muc:h of t h i s  f i s s ion  product is retained on t h e  
relat ively cool upper wal l s  ot the  fluorination re- 
actor. In s tudying  t h e  absorpt ion of TeF, in 10% 
aqueous  KOH, a 12% TeF, mixlure in fluorine 
w a s  p a s s e d  through two 2 0 - h - l o n g  )i l-in.-diarri 
columns,  in  s e r i e s ,  packed with 5;-in. Alund!im 
Berl s a d d l e s  with a n  absorption of 46, 68, and  
67% of the tellurium, respect ively,  a t  25, 50, and  
70%. 

2.4 Process Engineering Studies 

Single-vessel  hydrofluorination-fluorination and  
s a l t  recyc le  a r e  be ing  evaluated on a n  engineer ing 
s c a l e .  Dissolut ion experiments  with Zircaloy-2 
and zirconium-uranium Zilloy e lements  indicated 
tha t  s a l t  recyc le  h a s  no s ignif icant  e f f e c t s  on 
rate  and  also showed that  filtration and/or s e t -  
t l ing  s t e p s  for salt purification a r e  not required. 
Corrosion r a t e s  measured during a s e r i e s  of 
s ingle-vesse l  d i sso lu t ions  and  fluorinations in 
INOR-8 v e s s e l s ,  on ei ther  a laboratory or en- 
gineer ing scale, were not s ignif icant ly  different 
from t h e  sum of t h e  r a t e s  noted when the  two 
process  s t e p s  were conducted in  s e p a r a t e  v e s s e l s .  
T h e  a l l o y s  HyMu 80 (Alloy 79-4), Ni--5 Fe, and 
Ni-1 A1 showed some possibi l i ty  of providing 
corrosion r a t e s  lower than those  for INOR-8, the  
material of construct ion for the  present  pilot- 
plant  hydrofluorinator. 

from a Elowing 
stream of UF,-N, by beds  of ,fis-in.-diam N a F  
p e l l e t s  in t h e  temperature range 29 to l O 0 T  and 
a t  U F  concentrat ions of 0.57 to 8.5 mole % U F  
were correlated by use of a mathematical model 
that  took into account  the effect  of temperature, 
U F ,  concentrat ion,  g a s  flow rate, and pel le t  
charac te r i s t ics .  T h e  experimental  d a t a  were ob- 
ta ined by measuring the  weight gained by a s i n g l e  
layer of Ma12 pe l le t s  a t  various temperatures and  
during prescr ibed times. Calculat ional  methods 
b a s e d  on t h i s  model were developed for predict ing 
s imultaneous sorpt ion of volat i le  fluorides s u c h  
as U F ,  arid MoF, by fixed beds of NaF.  

T h e  d a t a  o n  t h e  sorption of U F  

6 6 

2.5 Other Corrosion Studies 

B a s e d  on thc promising resu l t s  reported l a s t  
year for Alloy 79-4, a n  attempt w a s  made t o  de- 
termine whether  t h i s  composit ion w a s  optimum for 
hydrofluorination condi t ions.  Somewhat incon- 
c l u s i v e  resu l t s  were  obtained by expos ing  INOR-8, 
HyMu 80, a n d  experimeiital a l loys  to 50.5-37.5-12.5 
mole "/o NaF-LiF-UeF,  and to 37.5-37.5-2.5 mole % 
NaF-L,iF-ZrF,. T h r s e  tests were done with H F ,  
but without zirconium dissolut ion.  At G50T, 
HyMu 80, Ni-10 Mo, and  Ni-10 Mo-5 Fe corroded 
less than 1NOK-8. 

In s t u d i e s  comparing the 36.9-27.0-27.0-9.1 mole % 
NaF-LiF-ZrF ,-BeF mixture a t  500°C with the 
highly cor ros ive  50.5-37.0-12.5 mole % NaF-LiF- 
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B e F ,  mixture a t  650oC, the former w a s  found t o  
be  only s l igh t ly  corrosive. Ini t ia l  Zircaloy-2 dis-  
solut ion ra tes  were s ignif icant ly  lower than the  
ra tes  c a u s e d  by the  NaF-LiF-BeF melt. 

2 

2.6 Processing of Uranium-Aluminum Al loy  Fuel 

T h i s  s e c t i o n  i s  reported in ORNL-3452, suppl  1. 

3. WASTE TREATMENT AND DISPLPSAL 

3.1 POP Calc inat ion of H igh-Leve l  Waste 

Engineering Studies. - Eleven engineer ing-scale  
t e s t s  were made with s imulated w a s t e  of the  follow- 
ing  types:  TBP-25,  f ive  t e s t s ;  Purex and formal- 
dehyde-treated was te ,  1965 (FTW-65), s i x  t e s t s .  
F e e d i n g  the  ca lc iner  pot by gravity feed (gravity 
head of 10 f t )  w a s  a sa t i s fac tnry  al ternat ive to  pump 
feeding direct ly  from the evaporator. A cyclone  
mercury trap operat ing a t  150 to 20OoC i n  t h e  
ca lc iner  off-gas  l i n e  retained only 10 to 17% of the  
mercury. T h e  distribution of ruthenium i n  t h e  c l o s e d  
loop of the evaporator-calciner system w a s  deter- 
mined i n  a t e s t  with Purex FTW-65 w a s t e  with 
nonradioact ive ruthenium (0.09 d l i t e r ) .  Only 0.03% 
of t h e  ruthenium e s c a p e d  from the evaporator, and 
10% remained i n  the  evaporator heel .  Average feed 
r a t e s  to the  loop sys tem were 15 to 26 l i ters /hr  for 
TBP-25 w a s t e  and 26 tu  68 l i ters /hr  for Purex  
FTW-65 waste ,  depending on t h e  presence  or 
a b s e n c e  of  organic  in the  w a s t e  and the  degree to  
which t h e  pot had been filled with ca lc ined  so l ids .  
Sulfate w a s  eas i ly  retained i n  the  ca lc iner  pot by 
adding calcium ni t ra te  solution to  produce a 10% 
stoichiometr ic  e x c e s s  of calcium and sodium over 
the sulfate .  

Mechanical Development. -.. T h e  mechanical  de- 
velopment program w a s  completed a t  the Lockheed 
Nuclear Products  Facility-Georgia Nuclear Lab- 
oratoiy, and the  demonstration equipment w a s  dis- 
assembled and shipped t o  Hanford. Two types  of 
permanent s e a l s  were developed for calcinat ion 
pots ,  the  reliability of remote operation and equip- 
ment maintenance w a s  demonstrated, and hea t  trans- 
fer  d a t a  were  obtained under s imulated p r o c e s s  
conditions. Recommendations for design changes  
to improve the  performance of t h e  equipment and 
fac i l i t a te  remote maintenance were made by the  
Georgia Nuclear Laboratory. 

Pisot-Plont Design. - A pilot plant to  demonstrate  
the pot calcinat ion of radioact ive w a s t e s  is be ing  
designed by Hanford laborator ies  i n  cooperation 
with ORNL for instal la t ion i n  the  new Nanford 
Fuels Recycle  P i l o t  P lan t  building. Studies  a t  
ORNL included shielding calculat ions,  p r o c e s s  
f lowsheet  and equipment reviews, des ign  of a pump 
loop for tes t ing  pumps under s imulated p r o c e s s  
condi t ions,  and ca lcu la t ions  to determine the iri- 
f luence of f i ss ion  product heat  on the  operation of 
t h e  pot calciner. 

Laboratory Studies. - Fixat ion experiments  on 
high-sulfate P u i e x  w a s t e  produced nonglassy,  ap- 
parently insoluble  products that  retained as  inuch 
as 98% of t h e  su l fa te .  Hanfnrd F'I'W-65 was te  solu- 
tion could be  reduced i n  volume by a factor of 4 
before s o l i d s  began to  appear; serniengineering- 
s c a l e  fixation of t h i s  w a s t e  gave a volume reduc- 
tion greater than 30, resul t ing in  a strong, appar- 
ently insoluble  product that  l o s t  less than 2% of 
the  su l fa te  present  during the  fixation pi-ocess. 
Fixat ion products with sof tening teinperatures a s  
low as 7OO0C were prepared from FIW-65 w a s t e  by 
varying the addi t ives  and the  percentage of w a s t e  
oxides .  

Darex was tes ,  fixed as  g lassy  s o l i d s  or as ce- 
ramics, were leached  a t  ra tes  of about  1.3 x 
and 4 x g ern-^* day- '  for a g l a s s  containing 
15.3% w a s t e  oxides  and a ceramic containing 25% 
w a s t e  oxides  respect ively.  Phosphi te  did not  sup- 
p r e s s  ruthenium volatility when pot operation e m -  
ployed a slowly r is ing liquid level .  Entrainment 
during a TBP-25 fixation run  in a 4in.-diam pot 
w a s  about 0.1%. A TBP-25 g l a s s  heated in  a s e a l e d  
pot a t  900°C for 24 d a y s  produced a vacuum; the  
product was glassy  a t  the end of the hea t ing  period. 
Semicontinuous, semiengincer ing-scale  fixation of 
Barex w a s t e  3s a ceramic containing 255: w a s t e  
oxides  produced an exceedingly hard and s t rong  
product, giving a volume reduction factor of 5.1. 

Corrosion s t u d i e s  showed that  type 304L stain-  
l e s s  s t e e l  is a sa t i s fac tory  tiiatesial of construct ion 
for both the f ixat ion pot and the pot head, 

Accurate methods were developed for measuring 
the  thermal conductivity of powders, and t h e  varia- 
tion of  k w a s  correlated with the theoret ical  den- 
s i t y  o f  the  material. 

Hot-Cell Demonstration with Radioactive Waste. 
Equipment is being constructed for semi-pilot-plant- 
scale demonstration of the  pot-calcination proce.ss, 
us ing  radioact ive w a s t e s  obtained from the Manford 
Purex  and Iddin  TBP-25 plants .  Both ca lc ina t ion  
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and g l a s s  formation wil l  b e  tes ted ,  and t h e  s t a -  
bility of the  products  will b e  determined. 

3.2 Treatment. of L o w - L e v e l  Waste 

Scavenging-Preeipitatian Ian Exchange Process. - 
Seven addi t ional  runs were  completed in the  600- 
gph pilot plant  for t e s t i n g  the scavenging-precipi- 
ta t ion ion exchange  p r o c e s s  for waste-water proc- 
ess ing .  T h e  p r o c e s s  achieved s ignif icant ly  bet ter  
decontamination of SrgO and C s  3 7  than the  l i m e -  
s o d a  p r o c e s s  (currently used  a t  ORNL) during a 
five-month demonstration on process  w a s t e  water, 
Decontamination fac tors  for Srg' and C s '  3 7  ranged 
from 2000 to 12,000 and from 77 t o  3400, respec-  
tively, in 12 demonstration runs. In all but two 
runs the  average  act ivi ty  of the  p r o c e s s  effluent 
w a s  less than 3% of the MPCw values  for a l l  iso- 
topes  with respec t  to cont inuous occupat ional  
exposure. 

T h e  presence  of hexametaphosphate  i n  the  waste-  
water  feed d e c r e a s e d  h a r d n e s s  precipitation (cal- 
cium and magnesium), thereby caus ing  a premature 
breakthrough of Sr9' to t h e  ion exchange column 
effluent i n  two of t h e  runs. However, making the  
feed 0.005 IM i n  Na,CO, in  t h e  precipitation s t e p  
reduced t h e  detrimental" e f fec t  of t h e  phosphate. 
Three methods for prevent ing h a r d n e s s  supersatura-  
tion in  t h e  precipi ta t ion s t e p  were developed on a 
laboratory scale: (1) the  addition of sodium carbon- 
a t e  to  a id  complete  precipi ta t ion i n  the clar i f ier ,  
(2) the  ion  exchange removal o f  high residual  hard- 
nes s  in  t h e  s t . t e a m  exi t ing  t h e  clarifier, and ( 3 )  t h e  
removal of phosphates  from t.he untreated neutral 
w a s t e  with alumina prior to precipitation. T h e  
c h o i c e  of a n  optimal method for a given low-level 
w a s t e  s t ream may depend on t h e  leve l  of phosphate  
contamination. 

Foam Separation. - Foam separat ion w a s  s tudied  
a s  a method for decontaminat ing p r o c e s s  w a s t e  
water, and both one- and two-step p r o c e s s e s  are 
being developed. T h e  two-step p r o c e s s  employs a 
s lowly ag i ta ted ,  upflow s l u d g e  column and a coun- 
tercurrent foam column. Calcium is precipi ta ted as 
the carbonate  (by making t h e  water  0.005 M e a c h  
in  NaOH and Na,CO,) and is retained in  the  s ludge  
column; the  c l e a r  effluent i s  fed to the  foam col- 
umn. Laboratory-scale  experiments  with sp iked  tap  
water  gave overal l  strontium decontaminat.ion fa<:- 
to rs  of 1000 to greater  than 10,000; decontamination 
fac tors  a c r o s s  the  foam column were i n  e x c e s s  of 

100. Ini t ia l  resu l t s  frum experiments  with ORNL 
p r o c e s s  w a s t e  water  gave strontium decontamina- 
tion fac tors  across t h e  foam column i n  e x c e s s  of 15, 
20, ctnd 200. T h e  one-step process  i s  a simplified 
vers ion of  t h e  two-step process .  Calcium is pre- 
c ip i ta ted  as t h e  ot thophosphate  i n  a small mixer, 
and solut ion and s o l i d s  a r c  fed t o  the foam column, 
where both flotation and foam Separation occur. 
Strontium decontamination fac tors  with s imulated 
and ac tua l  ORNL w a s t e  water gave, respect ively,  
v a l u e s  of  1000 for s imuldted w a s t e  and 100 to 300 
with ORNL waste. 

Engineer ing s t u d i e s  showed HTUx va lues  as low 
as 1 cm in a 6-in.-diam foam separat ion column for 
l iquid flows up to 100 gal ft-' h r - - '  when condi- 
t ions  were s e l e c t e d  to give uniformly s i z e d  bubbles  
and to avoid channeling. T h e  performdnce of cen- 
trifugal, sonic whist le ,  arid cyc lone  foam breakers  
w a s  measured. A 24-in.-diam fubm column and a 
sur fac tan t  recovery sys tem were s tudied to  deter- 
mine des ign  spec i f ica t ions  for larger units. 

3.3 Engineering, Economics, ~ n d  
Safety E va I u a t i an s 

A study undertaken to eva lua te  the economics and 
s a f e t y  a s s o c i a t e d  with al ternat ive methods of w a s t e  
management in  a nuclear  power industry showed 
that  the c o s t s  for t h e  interim s torage  of sol idif ied 
w a s t e s  for per iods of 1 to 30 yr ranged from 0.0015 
to 0.0048 mill/kwh (electr ical)  for calcined,  ac id  
Purex atid Thorex w a s t e s ,  and 0.0018 to 0.8063 
mill/kwh (electr ical)  for calcined,  reacidif ied P u r e x  
and 'Thorex was tes .  T h e  interim s torage  of ac id  
w a s t e s  a s  s o l i d s  c o s t s  less than s torage  of  t h e  
same w a s t e s  a s  liquids, but t h e  revelse i s  t rue for 
neutral ized w a s t e s ,  

T h e  effects of f i ss ion  product removal on total  
waste-management c o s t s ,  which are t h e  s u m s  of t h e  
c o s t s  of interim storage,  pot calcinat  ton, shipping,  
and f inal  d i s p o s a l  i n  s a l t  mines, were est imated 
according to opt imist ic  expec ta t ions  of future 
p r o c e s s e s  for separa t ing  t h e  f iss ion products. The 
c o s t  of managing w a s t e s  that  are 90 to  99% de- 
pleted in  f iss ion products  is about 70% as much 
as the  c o s t  oE managing w a s t e s  with no f i ss ion  
products  removed. The difference, about  $400 per 
metric. ton of uranium processed,  i s  not enough to 
pay f o r  t h e  separa t ion  and handl ing of fission prod- 
ucts. Fission product removal m u s t  b e  jus t i f ied  
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and paid for by the market for f iss ion product radia- tion factors  in  laboratory t e s t s  under t h e s e  con- 
tion or  h e a t  source.s, with only a marginal c red i t  d i t ions  were  greater than lo4. Zirconium, niobium, 
from reduced c o s t s  of ultimate w a s t e  disposal .  and rare-earth decontamination fac tors  were >io4. 

T h e  only contaminants  invest igated that  follow 
t h e  transplutonium elements  through t h e  p r o c e s s  - 

a r e  nickel, Ag"', and possibly Te13'. Precipi- 
ta t ing  t h e  oxa la tes  or hydroxides of t h e  heavy ele- SMRAHaluM PRoCESSiNE 

T h e  Transuranium Process ing  Plan t  (TRU) and 
High Flux  Isotope Reactor (WIK)  a r e  being bui l t  
t o  produce gram quant i t ies  of many of t h e  heavier  
ac t in ide  eleinenls for research purposes .  Develop- 
ment of t h e  chemical  p r o c e s s e s  and equipment for 
separa t ing  and i so la t ing  t h e s e  e lements  as wel l  
a s  the des ign  of TRU are under the direct ion of 
t h e  Chemical  Techio logy  Division. 

Targe t  material for HFIR irradiation will b e  pre- 
pared from plutoniuin-alunilnun al loy irradiated to  
a gieater  than 99.9% burnup of PuZ3' .  T h e  irra- 
d ia t ions  and the  recovery of the residual  plutonium 
(Pu2 *) by conventional solvent  extract ion or 
anion exchange  procedures a r e  being done a t  
Savannah River. Recovery of A m 2 4 3  and C m 2 4 4  
in t h e  raffinate by ei ther  anion exchange or ter t ia iy  
amine extract ion from neutral ni t ra te  s a l t s  and 
t h e  f inal  purification of and C m 2 4 4  by t h e  
'T'rainex (Transuranium di-nine extraction) P r o c e s s  
wi l l  be  done here. 

Irradiated MFIR targets  will b e  processed  by 
separa t ion  of the  ac t in ides  f rom f i ss ion  products  
by the  Tramex Process .  Subsequently, the  ac t i -  
n ides  will be  s p l i t  into a n  americium-curium frac- 
tion and a transcurium fraction by extract ion with 
di-sec-butylphenyl phosphonate. Berkelium wil l  b e  
i so la ted  by extract ion of Bk4' with dialkylphos- 
pha te  from nitric ac id  solut ion,  and the  individual 
e lements  i n  the  group CY-Es-Fm will be  separa ted  
by chromatographic elution from a n  organic anion 
exchange resin.  

4.1 Chemical Process Development 

Satisfactory resu l t s  were obtained in  laboratory 
tests of t h e  Tramex P r c c e s s  for sepaiatinp, t rans-  
pli~tonium elements  from f i ss ion  products, cor- 
rosion products, and mater ia ls  used  in  target  
fabrication. T h i s  process  is useful  for recov- 
er ing a l l  known transplutonium e lements  as  a 
group from irradiated WFIR ta rge ts  and a l s o  for 
i so la t ing  CmZ4 and A m z 4 '  f rom irradiated cermets  
of A m 0  and aluminum. Ruthmiurn deccntarnina- 

ments  effects a sa t i s fac tory  separa t ion  f iom nickel. 
T e s t s  with rare ear ths  as subs t i tu tes  for the  heavy 
elements  gave  bet ter  than a 99% recovery, with 
nickel  decontamination factors  of about  300. For 
most processing,  Ag"'  and Te'32 will not present  
any problems b e c a u s e  of their short half-lives. 

T h e  Tramex P r o c e s s  was modified in  three re- 
s p e c t s :  (1) alurninuiil chloride was included in 
the  feed s i n c e  aluminum is present  in  the  target  
material; (2) t h e  concentration of the  hydrochloric 
a c i d  in t h e  s t r ipping solut ion was increased  to  
8 M to improve zirconium, niobium, and iron de- 
contamination; and (3) a scrub  of freshly prepared 
Alarnirie 336.HN0, w a s  added t o  the  s t r ipping 
s e c t i o n  to improve ruthenium decontamination. 

R e s u l t s  of tes t ing  the  'Tramex P r o c e s s  in  a 
ba tch  countercurrent extract ion a t  a solut ion 
act ivi ty  leve l  of 1 w/l i t r r  (from C m 2 4 2 )  ind ica te  
no  difficulties. Distribution coeff ic ients  were in 
agreement with tracer-level s tud ies ,  and phase  
separa t ion  w a s  as good as or bet ter  than tha t  ob- 
tained in  the  a b s e n c e  of activity. Radiat ion s t a -  
bility of t h e  solvent ,  0.6 M Alarnine 336.HC1- 
diethylbenzene (DEB), w a s  confirmed in  a ba tch  
t e s t  for a total  exposure to  a lpha radiation of 
about  300 whr/liter. T h e  curium distribution co- 
eff ic ient  decreased  30% but w a s  s t i l l  large enough 
for a sa t i s fac tory  process .  

Stable  Tramex feeds  of low acidi ty  were pre- 
pared on a 1- t o  2-liter s c a l e  in  laboratory g lass -  
ware by simply d is t i l l ing  off e x c e s s  acid and 
water. Loss of ac id  in  Tramex feed by radiolysis  
at a high act ivi ty  leve l  p o s e s  a potentially ser ious  
problem. Preliminary da ta  indicate  that  feed solu-  
t ions a t  t h e  proposed operat ing leve l  (10 wl l i te r )  
wil l  lose a c i d  a t  the  rate  of about 0.1 mole l i ter- '  
day- ' ,  making adjusted feeds  s t a b l e  for l e s s  than 
a day u n l e s s  a c i d  is replenished. Readjustment  
of the  a c i d  concentration by bubbling IlCl g a s  
through the  solut ion resu l t s  in a n  equilibrium 
a c i d  concentrat ion that  is higher than permitted. 
Acid addition with di lute  HC1-air inixtures wil l  b e  
invest igated.  

A careful  invest igat ion of the  effect of A1C13, 
LiCl,  and HC1 concentrat ions in  Tramex feed on 
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americium, europium, and a c i d  dis t r ibut ion co- 
e f f ic ien ts  i s  in  progress.  Concentrat ions must b e  
very carefully control Icd, Fo r  example,  the  
americium distribution coeff ic ient  between 0.6 
Alarnine 336HCl-DEB and 10 M I iCl-0.1 M 
A1C13-0.02 M lICl is about 4. T h i s  distribution 
coeff ic ient  w a s  dec reased  to 1 e i ther  by inc reas ing  
t h e  acid concentration to  0.135 M or by dec reas ing  
t h e  A1Cl3-LiC1 s a l t  concentration t o  9.5 N. 

In the  phosphonate process  €or sp l i t t ing  trans- 
plutonium elements  into a n  americium-curium 
fraction and a transcurium fraction, solvent  diluent 
h a s  an important effect .  A correlation h a s  been  
noted between the  dielectr ic  constant  of the  so l -  
vent used to d i lu te  2-ethylhexyl phenylphosphonic 
a c i d  [2-EH(@P)A] and distribution coeff ic ients  of 
americium and curium into 1 ibl 2-EIl(@P)A from 
1 W HC1. T h e  californium distribution coeff ic ient  
dec reased  from 4.5 for heptane di luent  (dielectr ic  
constant ,  1.9) to 3 for toluene diluent (dielectr ic  
cons tan t ,  2.4). Americium distribution coeff ic ients  
with t h e s e  two d i luents  were 0.37 and 0.028 re- 
spect ively.  

Complete sepa ra t ion  of americium and californium 
w a s  demonstrated in a t e s t  in which a m e r i c i u m  w a s  
preferentially s t r ipped into 1.9 iM HCI from a 
column of 2-EH(QP)A adsorbed on powdered g lass .  

Precipi ta t ion methods and ion exchange methods 
a r e  being invest igated for the  separat ion of amer i -  
cium from the curium. A 2.5-g sample  of A m L 4 ’  
contaminated with lanthanum, cerium, iron, and 
calcium w a s  purified by precipi ta t ing KAmQ,CQ, 
from 3 M K2CQ3. T h e  precipi ta te  contained 99.6% 
of t h e  americium, free  of a l l  contaminants  except  
cerium. T h i s  method c a n  be  used  to  s e p a r a t e  
americium from curium, which wil l  remain in solu-  
tion. 

With -270-mesh anion resin,  g a s s i n g  (caused by 
high a lpha  act ivi ty  leve ls )  was  controlled wel l  
enough by column pressurizat ion to accomplish 
sa t i s fac tory  americium-curium sepa ra t ion  by ion 
exchange at act ivi ty  leve ls  equivalent  t o  0.4 to 
1 mg of C f Z s 2 .  Elution from cat ion exchange resin 
with ammonium c*-hydroxyisobutyrate gave a prod- 
uct containing 96% of the  curium free of amer i -  
cium, and elution from anion exchange resin with 
4 M LiNO, gave a product containing 99% of t h e  
curium free of americium. Separation of Cf-Es-Fm 
was  not poss ib l e  by elution from anion exchange 
resin with 4.4 M LiNO.$ because  of a n  unexpected 
reversal  i n  elution posi t ions of t h e  transcurium 
elements .  

T h e  extraction of americium, curium, and rare  
e a r t h s  into tert iary amine from neutral  ni t ra te  
solut ion is a n  at t ract ive method for producing a 
chlor ide product tha t  can  be  readily ad jus t ed  to 
Tramex feed conditions.  In a laboratory demon- 
s t ra t ion,  curium recovery of 99.8% w a s  achieved 
with 1 M A1(N03),3 feed containing Cm’42 and 
~ ~ 1 0 3 - 1 D 6  tracers.  About 60% of the ruthenium 
was  extracted,  but most of t h i s  remained in the  
so lven t  during stripping, giving a n  overal l  ru- 
thenium decontamination factor o f  about 1000. 
T h e  curium product solut ion contained 2.4 M HCl 
and cO.01 M HNO,. In another laboratory mixer- 
s e t t l c r  t e s t  with a feed of 2 M A1(N03)3 con- 
ta ining 5 g/liter of rare ear ths  and 1 g/ l i ter  of 
iron, nickel,  and chromium, the rare-earth l o s s e s  
were  0.005%; iron, nickel ,  and chromium extrac- 
t ion w a s  undetectable.  T h e  aluminum decontami- 
nat ion factor  was  300. With different di luents ,  
americium distribution coeff ic ients  varied €rom 
0.53 to  38,  and americium-curium separat ion €actors  
var ied from 1.23 t o  2.06 for the s y s t e m  0.6 1M Ala- 
mine 3 3 6 . H N 0 ,  vs 3 8 LiN03-1  W AL(NO,),. 
Diethylbenzene is the  recommended diluent.  

Methods for s epa ra t ing  ac t in ides  and lanthanides  
in carbonate  so lu t ions  a r e  being invest igated in 
scou t ing  t e s t s .  It may be  poss ib l e  to sepa ra t e  
americium and curium from most lanthanides  e i ther  
by extract ing the lanthanides  into quaternary 
amines or by loading them on st rong-base anion 
exchange  resin from di lute  carbonate  solut ions.  
However, group separat ion of ac t in ides  and lan- 
thanides  does  not appear  possibIe  s i n c e  the  heavy 
ac t in ides  have  larger distribution coeff ic ients  than 
the  l ight  lanthanides.  Distribution coeff ic ients  be- 
tween 30% Aliquat 336 in DEB and 0.5 M NaHCO, 
were as follows: Am, 0.52; Cm, 0.65; Cf, 2.03; 
Es, 2.51; Ce,  1.0; and Eu, 4.8. Since there is a 
possibi l i ty  that  cerium was  te t ravalent  in t h e s e  
t e s t s ,  the  results may b e  somewhat misleading. 
Furthermore, t h e  pract ical  appl icat ion of th i s  
method i s  l imited by low so lubi l i t i es  of ac t in ides  
and lanthanides  in  the  di lute  carbonate  solut ions.  

A method was  invest igated for preparing P u 0 , -  
aluminum cermets  for u s e  in FIFIR target  prototypes.  
When PuO,  par t ic les  less than 10 p i n  diameter are 
mixed with -32s-mesh aluminurn powder and p res sed  
into cermets ,  the  oxide phase is continuous,  and 
t h e  thermal conductivity of the pel le t  is low. With 
PuO, par t ic les  ranging from 20 to 200 p, the 
aluminum phase  is continuous,  and conductivity 
is sa t i s fac tory  for irradiation in high neutron 
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fluxes. Dense ,  c o a r s e  par t ic les  were prepared 
by precipi ta t ing Pu(OII),, washing, diying a t  
15OoZ, and firing at 1 2 0 0 T  t o  produce R glassy 
so l id  with a densi ty  of 10.99 (96% of theoret ical)  
and par t ic les  1 to 3 mm in diameter. Careful 
grinding and screening  should produce a s a t i s -  
factory product. 

3. a 12-unit sampler s ta t ion ,  
4. t h e  dissolver ,  
5. t h e  f i rs t -cycle  solvent  extract ion equipment 

rack. 

Overall design i s  about 20% complete  a s  of July 1. 

4.4 TWII Fac i l i ty  
4.2 Development of Pulsed Columns 

T h e  solvent  extract ion contactors  chosen  for the 
?'ransuranium ('1'RhT) Fac i l i ty  a r e  small pulsed 
columns (about 1'/2 in, in diameter by 6 ft high) 
with feed capac i ty  in  the  order of 1 t o  2 liters/hr. 
Development work w a s  continued in t h e  p a s t  year  
with a newly acquired s e t  of three "/,-in. g l a s s  
columns with 'Teflon process  l i n e s  and tantalum 
pulse  plates .  

S ince  the  rare-earth scrub  sec t ion  of t h e  'Tramex 
f lowsheet  is bel ieved t o  be  the  s l o w e s t  iiiass- 
t ransfer  s t e p  of a l l  the  p r o c e s s e s  proposed for 
TRU, s t u d i e s  have been concentrated on t h i s  
problem. S tage  heights  ranged from 17 t o  37 in., 
t h e  lowest  be ing  obtained with c o a l e s c e n c e  sec- 
t ions  in the column. 

Hydra-iilic charac te r i s t ics  of a l l  s e c t i o n s  of both 
t h e  Trainex and phosphonate f lowshee ts  were  
s tud ied  and found t o  be sat isfactory.  

4.3 Process Equipment Design 

Complete equipmect and engineer ing f iowshee ts  
were developed for the  primary p r o c e s s e s ,  and 
de ta i led  des ign  of equipment components w a s  
s tar ted.  Corrosion and c c s t  da ta  accumulated 
within t h e  past year led to  the dec is ion  not t o  
u s e  Hastel loy C for low-temperature s e r v i c e ,  hut  
to  go to  a more-ca;rosion-resistant all-Zircaloy-2 
piping system. In nearly a l l  environments, coiro- 
s ion  r a t e s  for Zircaloy-2 a r e  only a tenth as high 
as  the  r a t e s  for Hastel loy C. Waste tanks  wil l  
s t i l l  b e  of I Ias te l loy C,  whereas  evaporators  wil l  
b e  tantalum l ined,  and product s torage  tanks  may 
b e  e i ther  tantalum l ined or of all-welded Zircaloy-2. 
To da te ,  de ta i led  design of the following i tems  
h a s  been  completed: 

1. process  pumps for use i n  sampling, as  feed 

2. d i sconnec ts  for makeup of all mechanical  
pumps and for product transfer, 

jo in ts ,  

Detai led des ign  of the TRU building s t ructure  
w a s  completed in  Februaty 1963 and advert ised 
for bid. T h e  low bidder (at $2,586,000, compared 
with t h e  engineer ing es t imate  of $2,715,700) i s  
expected t o  s ta r t  construction in mid-June for 
scheduled  completion in April 1965. T h e  procure- 
ment of mater ia ls  for the u s e  of the lump-sum 
contractor, including s p e c i a l  mater ia ls  such  as 
Hastel loy,  va lves ,  eductors ,  e tc . ,  and the  hydrous 
iron ore aggregate  for t h e  s p e c i a l  sh ie ld ing  con- 
c re te ,  is progressing on the  schedule e s t a b l i s h e d  
by t h e  critical-path a n a l y s i s  of the  overal l  project. 

Des ign  of t h e  important r i ~ c h a n i c a l  equipment 
components for the  building, s u c h  a s  the  conveyor 
for intercel l  t ransfers  and t h e  equipment t ransfer  
case for removing cubicle  equipment, w a s  nearly 
completed. Mockups of both a r e  under tes t .  

4.5 Experimental Engineering Studies 

Many of the unique design features  of t h e  Trans- 
uranium P r o c e s s i n g  Plan t  cel l -cubicle  arrangement 
must b e  t e s t e d  and developed in a ful l -scale  mock- 
up. T h e  b a s i c  mockup s t ructure  for two c e l l s  w a s  
instal led.  

After minor a l te ra t ions  the automatic port c losure  
on t h e  conveyor worked well, and there  w a s  l i t t l e  
wear during 1000 c y c l e s  of operation. T e s t s  
showed a need for modifications of an  intercel l  
pass-through des ign  and of the  extended-reach 
manipulator tongs.  Tests of equipment-rack 
handling, maintenatice of the lighting sys tem,  
and manipulators a r e  partially complete. 

A prototype diaphragm sampler  pump dcmon- 
s t ra ted  adequate  perforinance and life for Has te l -  
loy C or  Zircaloy-2 diaphragms. 'T'wo e lec t r ic  
impact  wrenches,  used  in conjunction with eight  
torque-limiting ex tens ions  made by machining 
s tandard s o c k e t  wrench ex tens ions  to give thinner, 
spr ingl ike c r o s s  sec t ions ,  proved sa t i s fac tory  for 
applying recommerided torques to all sizes of 
bol t s  required. 
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Tantalum disconnec ts  made by forming the  
conica l  s e a l i n g  s u r f a c e s  direct ly  on the  tubing 
itself leaked  excess ive ly ,  but a s u c c e s s f u l  joint  
w a s  made from machined p i e c e s  joined t o  t h e  
t u b e s  by a rolling operation. Burnishing t h e  cone  
s u r f a c e s  with hardened rol lers  improved the  sur-  
f a c e  f in i sh  so that  t h e  joint  w a s  leak-tight even  
af ter  s e v e r a l  make and break cyc les .  Misalignment 
of t h e  s e a l i n g  sur faces  of the d isconnec t  c lamps ,  
due to s t r a i n  induced by the cant i levered load, 
w a s  corrected by machining t h e  upper contac t  
s u r f a c e  a t  a n  a n g l e  of l..So. 

Ini t ia l  a t tempts  t o  form tantz  lum bel lows for 
process  va lve  s t e m  s e a l s  by magneforming, ex- 
p los ive  forming, and hydraulic forming were not 
successfu l .  However, a vendor h a s  been found 
who may b e  a b l e  t o  supply the  bellows. 

4.5 TRU - Evaluat ion o f  Protect ive Coatings 

'Tests  were made on 54 protect ive coa t ings  po- 
tent ia l ly  useful  in  t h e  TRU faci l i ty  t o  determine 
radiat ion r e s i s t a n c e  and ease of decontamination. 
At  a d o s e  of 4 x IO9 r, four coa t ings  (a l l  epoxy or 
epoxy-phenolic: formulations) exposed  in deionized 
water  and  29 exposed  i n  a i r  were still serviceable .  
F i b e r g l a s  fabr ic  reinforced coa t ings  retained 
greater  impact  res i s tance .  Decontamination factors ,  
determined following s imple water f lushing and a 
3 M IINO, a c i d  scrub ,  averaged 1850 for the  
polyesters ,  990 for the  vinyls, 870 for t h e  epoxies ,  
and 410 for t h e  modified phenol ics .  

4.7 Calculat ions for the Irradiation o f  
Prototype HFlR Targets 

Calcula t ions  for  irradiating three prototype TRU 
HFIR ta rge ts  in  the  MTI? were completed. 

5. CURIUM PROCESSING 

5.1 F lowsheet  Tests for +he Processing o f  
Americium, and Curium 

T h e  recovery of 30 g of plutonium and 4 g of trans- 
uranium e lements  from highly i r radiated Pu-AI al loy 
fuel rods w a s  completed in a pilot-plant s tudy of 
f lowsheets  featur ing anion exchange  separa t ion  
methods. T h e  purpose of  t h e  program w a s  the  
separa t ion  and recovery of quant i t ies  of t h e  pluto- 
nium and t ransuranics  su i tab le  for s t u d i e s  of  their  
nuclear  properties and t h e  development of proc- 

esses for the further separa t ion  of t h e  transuranium 
e lements  from e a c h  other. 

T h e  p r o c e s s  w a s  conducted according to a flow- 
s h c e t  which inc ludes  dissolut ion of the  fuel rods 
111 6 111 HNI), ca ta lyzed  with 0.05 M IIg2' and 0.03M 
F-, coagulat ion of the  so luble  s i l i c a  by digest ion 
a t  80" with 10 ppm of gelat in ,  c lar i f icai ion,  va lence  
adjustment  o f  the  plutonium to the  te t ravalent  
s t a t e ,  n i t r ic  acid concentrat ion adjustment to  7.0 M ,  
followed by sorption on Permuti t  SK ion  exchange 
resin, scrubbing sorbed aluminum and f i ss ion  prod- 
u c t s  from t h e  resin with 7.0 M HNO,-O.01 M I?- 
followed by elut ion of the  plutonium with 0.7 Fil 11'. 
T h e  plutonium w a s  further purlfied by readjustment 
of the plutonium va lence  to  4 and the  acid concen- 
tration to 7.0 itl and repeat ing the ion exchange 
step. Further  process ing  of the  aluminum-bearing 
w a s t e s  from the first ion exchange c y c l e  to recover 
t h e  transuranium element  included evaporation of 
t h e  w a s t e  unt i l  the  boiling temperature reached 
14OCC, ac id  and aluminum concentration adjust-  
ment, c lar i f icat ion,  and sorption of the  rare  e a r t h s  
and transuranium e lements  on Dowex L X 1 0  ion ex- 
change  resin,  scrubbing sorbed aluminum and l ight  
f i s s ion  products  from the bed with 8 IM LiNQ,, and 
elut ion of t h e  rare  ear th  fraction containing t h e  
transuranium e lements  with 0.7 iM HNO,. 

Plutonium product su i tab le  as  feed for the  iso- 
topic separat ion process  w a s  recovered. T h e  pluto- 
nium a s s a y e d  75% Pu242a  Gross decontamination 
from f i ss ion  products  averaged 2 x 10'. Measured 
process  losses a c r o s s  two ion exchange c y c l e s  
totaled 8% of the  feed.  Abnormally high sorpt ion 
losses were obtained i n  t h e  tirst cyc!e, i n  which a 
s igni f icant  fraction of the  plutonium w a s  irreversibly 
sorbed on t h e  resin along with R u i o 6 ,  R h l o 6 ,  and 
Pd.  

T h e  rare  ear th  fraction contained t h e  transuranium 
e lements  decontaminated from aluminum by a factor  
of 70 and from l ight  f iss ion products by a factor of 
10. Overal l  recoveries  of greater than 95% were 
demonstrated under optimum conditions. Losses 
i n  t h e  ion exchange  process ,  which were dependent  
on salt concentration but independent of ac id  de- 
ficiency over  t h e  range 0.1-1.0 N ,  were 0.2 and  
0.4%, respect ively,  during sorption and scrubbing. 
IIigh recovery of the  product hinged on t h e  e f fec t ive  
washing of t h e  filter c a k e  during the  clar i f icat ion 
s tep ;  as  much as 2s to 30% of t h e  transuranium 
elements  w a s  retained in  t h e  c a k e  under some op- 
erat ing conditions. Colloidal Al(O€I) present  in 
ion exchange  feeds  in  which t h e  ac id  def ic iency 
exceeded  1.0 N interfered with the  mechanical  op- 
erat ion of t h e  ion exchange  system. 



xiv 

5,2 The Curium Production Fac i l i ty  

T h e  high-level so lvent  extraction development 
facility for the  Transuranium Program, located in 
cells 3 and 4 of Building 4507, is being modified t o  
supply multigram quant i t ies  of Cm free of f iss ion 
products to the  I so topes  Division for the  fabrica- 
tion of h e a t  sources  s u c h  as SNAP 13, S N A P  11,  
and others ,  and Surveyor lunar  probes,  which are  
unmanned instmment  packages  designed for sof t  
landings on t h e  moon. The  faci l i ty  will be  used  
a l s o  to  demonstrate  process  chemistry for the  
Transuranium Program, i t s  original purpose. T h e  
highly radioact ive acid chlor ide process  so lu t ions  
will be  handled in  tantalum or glass equipment and 
designed for remote manipulation and maintenance 
through u s e  of t h e  same concepts  of equipment 
racks  and d isconnec ts  that  a r e  to be  employed in  
t h e  TRU Faci l i ty .  T h e  spec ia l  containment fea- 
tures  which a re  required of a l l  alpha-gamma c e l l s ,  
such  as  s e a l s  on openings and access ports ,  were 
previously incorporated into the  faci l i ty  and a r e  
adequate  for the  curium production work. 

T h e  f i rs t  gram quant i t ies  of A m 2 4 3  and Cm244 
from the ‘Transuranium plutonium irradiation will 
b e  iecovercd in  th i s  Fac i l i ty  in  the coming s ix-  
months period, u s i n g  f iss ion product Am-Cm con- 
cent ra tes  i so la ted  by du P o n t  a t  Savannah River. 
An experimental h e a t  source  of the  long-lived 

Subsequently, for the experi- 
mental hea t ,  Crnz4’ will b e  produced for  the  SNAP- 
13 (4  g) and SNAP-11 (12  programs, and routine 
curium production will follow. Curium-242 h a s  a 
spec i f ic  h e a t  generation rate  of 120 w/g and 
decays  with a 162.5-day half-life. Space ava i lab le  
in  cell 3, Building 4507, ivill b e  equipped for lab- 
oratory-scale s p e c i a l  development work for the  
TRU program to continue. Techniques  for i so la t ing  
t h e  iiidividnal transuranium e lements  (Am, Cm, Bk, 
Cf, Es, and Fm) will b e  developed a t  essent ia l ly  
the full -gainma-activity l e v e l s  to b e  encountered i n  
t h e  TRU program. Only t races  of elements  heavier  
than C m  will be  ava i lab le  in  t h e s e  solut ions,  so 
that  sh ie ld ing  for neutrons i s  n o  problem. All work 
in  t h e s e  cells, includiiig the  “production” or iented 
work for CmZ4’, will provide an exce l len t  check on 
the  chemica ls  s y s t e m s  to  be  used  i n  t h e  Trans-  
uranium Faci l i ty .  

will b e  made. c m 2 4 4  

5.3 CnRculstions Regarding the Irradiation 06 
Gram Quantities of Ameri=iun-241 

Cngineering ca lcu la t ions  for i r radiat ing gram 
quant i t ies  of A m 2 4 1  in  the Oak Ridge Research  
Reactor  were completed.  They  a r e  based  on an 
average perturbed thermal neutron flux of 3.0 x 
a peak-to-average thermal flux rat io  of 1 .2 ,  and a n  
irradiation time of 50 days .  If a 100% release of 
the gaseous  f i ss ion  products is  assumed,  t h e  
maximum s t r e s s  in the  aluminum c a p s u l e  is 500 
ps i .  

6. THORIUM FUEL-CYCLE 

T h e  sol-gel  process  w a s  developed to  convert  
thorium nitrate t o  d e n s e  T h o ,  par t ic les ,  and 
uranyl and thorium ni t ra tes  to uranium-thorium 
oxide par t ic les  s u i t a b l e  for loading into fuel  
tubes  by vibratory compaction. T h e  radioact ivi ty  
of t h e  decay  daughters  of the  U Z 3 ’  contaminant in  

and Th’” in  recycled thorium fue ls  makes 
it necessary  to  process  t h e s e  fue ls  t o  oxides  be- 
hind shielding,  and the combination of the  sol-gel 
process  and  vibratory compaction provides a com- 
paratively s imple sys tem,  readily adaptab le  t o  
remote operation. 

T h e  major emphRsis in the  development of t h e  
sol-gel process  h a s  been t o  optimize it for the  
demonstration of t h e  ful l -scale  preparation of 1 0  kg  
of U23302-‘Th02 (uranium/thorium weight ratio, 
3/97) per day.  T h i s  wil l  be done in t h e  Kilorod 
Fac i l i ty ,  a pilot plant with a capac i ty  of ten fuel  
iods per day. ?’he faci l i ty  is being used  t o  pre- 
pare  1000 fuel rods c l a d  with Zircaloy-2 for zero- 
power cr i t ical i ty  experiments a t  the  Brookhaven 
National Laboratory. Engineering equipment w a s  
designed and s u c c e s s f u l l y  operated for e a c h  s t e p  
of t h e  sol-gel process  a t  full scale, by us ing  
U Z 3 ’  nit rate  a s  a s t a d - i n .  In th i s  campaign about  
200 k g  of I.JZ3’O2-ThO2 w a s  prepared for vibratory- 
cornpaction s tudies .  F i v e  runs with IJZ3’ nit rate  
were iiiadc in t h e  Kilorod Fac i l i ty  with only minor 
diff icul t ies .  

T h e  s t e p s  in  t h e  sol-gel  process ,  including 
denitration of thorium nitrate, dispers ion of t h e  
deni t ra ted thorium t o  a s o l ,  forination of the  gel  

u 2 3 3  

4 



by evaporation, and firing to  d e n s e  oxide par t jc les  
having properties s u i t a b l e  for vibratory compac- 
t ion,  were showii to be flexible.  The  steam deni- 
tration of thorium ni t ra te  solut ion gave thoria tha t  
was  equal ly  a s  d i spers ib le  as the  oxide from 
thorium ni t ra te  c rys ta l s .  A dispers ib le  mixed 
oxide con ta in ing  up to 5% uranium was  prepared by 
s t eam denitration. In the  preparation of the  sol 
of a 3% UQ,-Th02, oxide concentrat ions up to 
5 M gave  sa t i s fac tory  g e l s  when evaporated.  
Comminution (prior t o  firing) of gel par t ic les  to 
s i z e s  s u i t  a h l e  for vibratory compaction was  shown 
in the  laboratory t o  b e  feasible .  On the labora- 
tory 3cale, firing t h e  gel in a n  inert g a s  (argon or 
nitrogen) w a s  shown to  produce par t ic les  satis- 
factory with r e spec t  tn densi ty ,  oxygen/total  m e t a l  
(oxygedurar i ium plus  thorium) m o l e  ratio, and 
release of g a s e s  upon heat ing t o  1200% in V ~ C U U I T I .  

Sol-gel thoria and 3% 170,-Th0, s p h e t e s  about 
0.5 c m  in diameter were prepared that had attritioti 
rates a s  low as 0.005 %/hr in a standard spouted-  
bed test. Microspheres of t h e s e  oxides  with 
diameters  of about BO0 p were a l s o  prepared. 

g 0 2  Properties of SoI-Gel Oxides 

All ana ly t ica l  and photographic evidence indi- 
cates tha t  sol-gel uranium-thorium oxide p roduck  
containing up to  10 mole  % uranium a r e  homo- 
geneous s o l i d s ,  probably sol id  solut ions.  They 
can be made uniform in t h e  U/(V i- Th)  mole ra t io  
f rom par t ic le  to par t ic le  and froin batch to  batch.  
Par t ic les  have d e n s i t i e s  between 99 and 99.8% 
of t h e  theoret ical  value.  T h e  c losed  porosity,  
rfieasuring less than  1% of the  volume of the  sol id ,  
is uniformly dis t r ibuted throughout i n  about equul- 
s i z e d  pores. When optimally s i z e d ,  these  ox ides  
cart be  vibratorily packed to (90 -i 4)s of theoret ical  
densi ty  in  fuel  t ubes  from 2 to in. in diameter.  

Sol-gel oxides  are qui te  f ree  from contaminants 
tha t  parasi t ical ly  capture  neutrons.  T h e  a n a l y s i s  
of one large batch showed that the impurit ies had 
a total macroscopic neutron absorption c r o s s  
sec t ion  equivalent  to tha t  of 5 ppm boron, The 
O/U rat ios  (calculated on the assumption tbzit the  
8 / T h  ratio = 2) varied from 2.0% to 2,5, depending 
on the  furnace  atmosphere in  which the gels were  
calcined.  T h e  volume of gas r e l eased  by heal.jng 

t o  1200T in vacuum varied from 0.002 to  0.4 s t d  
cm3/g and depended on the atmosphere in which 
the oxide w a s  ca l c ined  and the  grinding appl ied 
after calcinat ion.  It was  shown to he possible to 
hold the  gas evolutiorr, particularly hydrogen, 
oxygen, and water,  to a value low enough to  pre- 
vent e x c e s s i v e  corrosion of the  Zircaloy-2 cladding 
while t h e  element  is in service.  

Thirty-two irradiation-test  c a p s u l e s  were  fabri- 
ca t ed  by vibratory compaction: 27 from enriched- 
uranium sol-gel oxide arid 5 from arc-fused oxide.  
'l'hese have  been or a r e  being irradiated in the 
NRX, M T R ,  and ORK. The in-pile t e s t s  have  been 
completed on 18 capsu le s ,  and the accumulated 
resu l t s  show the  sol-gel  oxide to b e  a sa t i s fac tory  
reactor f u e l .  For the  16 c a p s u l e s  that  were  irra- 
diated in  t h e  NRX and in the MTR with burnups 
of 5000 t o  17,000 Mwd per metric ton of 'Ph + U, 
l inear  hea t  ra t ings from 25,000 to 45,000 Btu fir*- '  
ft-', a c l a d  temperature of about 200"F', anti 
average f u e l  temperatures of 2000 to 2500TI;, no 
s ignif icant  dimensional changes  in  the c a p s u l e s  
nor ev idences  of s in te r ing  of fuel  were observed. 
Irradiation t e s t s  and subsequent  evaluat ions are 
being pursued as pari c:f the joint effort of the  
Metals and  Ceramics  and the  Chemical Technology 
Divis ions.  

6.3 The Kilorad Fac i l i ty  

Cold and low-activity-level runs were completed 
in  the  Kilorod Fac i l i ty  (a thoria-uratiia fuel fabri- 
cat ion faci l i ty  for uzje with U2.'3).  

Thorium and gross-gamma decontamination factors 
of 1100 to 25,000 and 100 to 500, respect ively,  
were measured during shakedown t e s t s  oE the  
so lven t  extract ion system used 1:o purify the U"3 
feed for the  program. Satisfactory sol-gel  feed 
(NO,-/U rat io  less than 2.5) w a s  obtained, as  
well  a s  low uranium l o s s e s  (less than 0.07% to  the 
extraction-column waste). A 4-kg piece of U"j" 
metal w a s  d i s so lved  in 40 tir. 

Sixty-five ki-lograrns of specification-grade 
thoria-natural urania was prepared in the sol-gel 
l ine  during s i x  shakedown runs. T h i s  material  
was  success fu l ly  processed through powder con- 
di t ioning and vibratory compacting into t h e  rods. 
The densi ty  o f  the  packed pnwder w a s  9.0 g/cm3. 
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Calciilations were made of the expected gamma 
d o s e  r a t e s  to t h e  hands  from operat ions a t  e a c h  
s t e p  of the  Kilorod process .  A maximum hand- 
exposure case w a s  evaluated in  which a s ingle  
opeiator  performed a l l  operat ions in the  Xilorod 
Fac i l i ty  over a two-week period. A maximum gamma 
d o s e  t o  hands of 1000 millirems w a s  est imated to 
b e  received during the  second week of t h e  oper- 
a t i n g  cycle .  

T h e  Kilorod Fac i l i ty  is being operated jointly 
by t h e  Chemical  Technology Division and t h e  
Metals and Ceramics  Division. 

6.4 Application sf Sol-Gel Process to Preparation 
of The, and TIpC,-blC, 

Carbon, having a part ic le  s i z e  of 90 A and a 
spec i f ic  s u r f a c e  area of 670 m2/g, was d ispersed  
in sols of thoria or uranium-thorium oxide a t  
carbon-to-metal mole rat ios  of 4.3 t o  6.8 to form 
s tab le ,  mixed s o l s .  By evaporation of t h e s e  s o l s  
t o  ge ls ,  and ca lc ina t ion  of the  gels ,  complete  con- 
version t o  t h e  dicarbides  was obtained at  a tem- 
perature a s  low as  1580%. Conversions were 
obtained in t imes a s  short  as 11; hr a t  1'7.50 t o  
1800T. Studies  of the  kinet ics  of carburization 
of thoria ind ica te  the  reaction to  be f i rs t  order 
or pseudo f i rs t  order with respect  to  'I'h02. Ar- 
rhenius plots  were s t ra ight  l i n e s  between 1500 
and 1800oC, and apparent  act ivat ion energies  
ranged from 110 to 1'70 kca l  per mole of 'Tho,. 

Ini t ia l  experiments  in  forming uranium-thorium 
oxide---carbon mixed s o l s  t o  spheres  of 100 t o  250 p 

diameter in carbon tetrachloride and se t t ing  them 
t o  g e l s  by t h e  addition of isopropyl a lcohol  gave 
a high yield of spheres  in  the  des i rab le  s i z e  range. 
T h e  sys tem promises to  give an eas i ly  controlled 
method of forming sol-gel spheres .  Several  prob- 
lems in the reproducibility of preparation of s o l s  
having c lose ly  defined viscosi ty  must be so lved  
before the p;ocess c a n  b e  s c a l e d  up successfu l ly .  

t h e  necessary  operat ing areas and other fac i l i t i es .  
Shielding wil l  b e  of normal concrete  5t/2 ft thick. 
The  cells wil l  be  equipped with window l iners  on 
8-ft cen ters ,  half of which wil l  b e  plugged and 
half equipped with z inc  bromide viewing windows. 
In-cell c ranes  and electromechanical  arms are 
provided to  fac i l i t a te  equipment maintenance, re- 
moval, and replacement  by remote means.  

Process equipment wil l  
gel  vibratory-compaction 
fuel rods. 'I'his sys tcm 
that  i t  c a n  fabricate  rods 
0.25,to 0.75 in. and in 

be  provided for the  sol- 
method of fabricat ing 

i? to be  designed s u c h  
ranging in  diameter f rom 
length from 3 to 10 ft. 

Changes from one rod configuration to  another  can  
bc  accomplished by replacing various f ixtures  on 
the  b a s i c  machines ,  T h e  equipment for th i s  
process  w i l l  occupy only ahout h.alf the  c e l l  s p a c e ,  
leaving t h e  remaining s p a c e  ava i lab le  for another  
process  equipment line. 

7. CHEMISTRY OF LANTHANIDES AND 
T RAHSP i u TONI UM E 3- %MEN TS 

7.1 Extract icn of Tr ivalent  Lanthanides 
and Act inides 

Study of the  separa t ions  chemistry of the lan- 
thanides  and the  transplutonium elemmts.  is con- 
tinuirig, with two main object ivps:  (1) finding 
a n  eff ic ient  actinide-lanthanide separa t ion  that  
d o e s  not require u s e  of chloride and (2) dcvel- 
oping separa t ions  for the  individual transplutonium 
elements .  P a r t  of th i s  s e c t i o n  is reported i n  , 

ORNL-3452, Suppl 1. 

I 

7.2 Extraction of Hexavalent  Americium 

Extract ion of Am(II1) was greater than that  of 
Am(V1) by factors  gieater  than IO4 with D2EIIPA 

Development F a c i l i t y  from di lute  HNO,; up to  100 with trioctylphos- 
phine oxide from lithium ni t ra te ;  and up t o  30 wi th  

T i t l e  I design of the Thorium-Uranium Fuel-Cycle  tributyl phosphate  (TBP) from sodium ni t ra te .  
Development Fac i l i ty  was completed. T h e  faci l i ty  Extract ion by D2EII:"A should be appl icable  t o  
wil l  c o n s i s t  of four large operating c e l l s  having a the separa t ion  of curium from americium as  Am(VIj, 
total  i n s i d e  area of 2120 ft', p lus  two support ing s i n c e  Cm(lI1) is usual ly  s t i l l  more extractable  
cells and a glove maintenance room, together with than Am(I1H). 

6.5 Design of  Thorium-Uranium Fsnel-Cycle 
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8. SOLVENT EXTRACTION TECHNOLOGY 

8.1 Finol -Cycle  Plutonium Recovery by 
Amine Extract ion 

Batch  equi l ibrat ion tests with both aged  and 
fresh P u t e x  p lan t  so lu t ions  showed that  the  aged  
but not the  f resh  plant  so lu t ions  contain zirconium- 
niobium s p e c i e s  highly ex t rac tab le  by the hydro- 
carbon d i luents  used  with amines and other  ex- 
t ractants .  T h c  amounts of zirconium-niobium 
s p e c i e s  ex t rac tab le  from t h e  aged so lu t ions  were 
suf f ic ien t  to account  for the  low decontaminat ion 
previously obtained when aged  plant  so lu t ion  w a s  
used  i n  cont inuous countercurrent demonstrat ion 
of the  f lowsheet .  Batch  c a s c a d e  t e s t s  with f resh  
plant  solut ion showed separat ion and decontamina- 
lion fac tors  high enough for use in  t h e  projected 
purification process .  

8.2 Meta l  Ni t rate  Extract ion by Amines 

Continued s t u d i e s  on amine extract ion of ni t ra to  
nitrosylrutheriium complexes showed ext rac t ions  
by a quaternary amine to be  qual i ta t ively s imilar  
to those  previously reported with a ter t iary amine,  
but ex t rac t ions  by a primary amine to  be  consider-  
ably different, increas ing  cont inuously with ira- 
c r e a s i n g  ni t r ic  acid concentrat ion from 1 to 10 M .  
Extract ion coef f ic ien ts  were about  0.001, 0.1, 
and 1 at 1 1M HNO,, and 0.05, 0.006,  and 0.02 at 
10 M HNO, with (respect ively)  primary, ter t iary,  
and quaternary at about  0 .25 iCI i n  toluene.  

8.3 Meta l  Chloride Extraction by Amines 

Data were obtained for the  extract ion with amines  
of twenty different meta ls  from IlCl and LiCl-0.2 
ibl HC1 s o l u t i o n s  over t h e  range 0.5 to 10 M total 
chloride. With few except ions,  the  extract ion 
power of the  amines for the  var ious meta ls  varied 
i n  t h e  order: Aliquat 336 (quaternary amine) 
Alamine 336 ( ter t iary amine) 2 Amberlite LA-1 
(secondary amine) 3 Primene JM (primary amine), 
For most  metals t h e  extract ion coef f ic ien ts  in- 
c r e a s e d  with a n  i n c r e a s e  in  chlor ide concentrat ion.  

8.4 M e t a l  Fluoride Extraction by Amines 

Extract ion of uranium(V1) and niobium from 
hydrofluoric ac id  by amines decreased  with in- 

c r e a s e d  hydrofluoric acid concentrat ion.  The 
primary amine extracted uranium b e s t ,  and the  
ter t iary amine extracted niobium best .  Ext rac t ions  
of both metals  were poorest  with the secondary  
amine. 

8.5 Extract ion Performance of Degraded 
Proc e s s Extrac ta n ts 

T h e  s tab i l i ty  of Amsco 12.542 (al iphat ic  hydro- 
carbon) a g a i n s t  ni t r ic  ac id  was improved by pre- 
treatment with concentrated sulfur ic  ac id  or by 
preliminary nitric ac id  degradation followed by 
treatment with sulfur ic  acid.  T h e  su l fur ic  ac id  
apparent ly  destroyed the s i t e s  otherwise react ive 
to ni t r ic  ac id  by sulfonat ion to sulfur ic  acid-soluble  
by-pr0duct.s or by rearrangement of the molecule to a 

more s t a b l e  configuration. After t reatment ,  t h e  
Amsco  could be  degraded with ni t r ic  ac id  but a t  
a cons is ten t ly  low rate ,  about the s a m e  as that  
for the  relat ively stable n-dodecane. 

U s e  with tributyl phosphate  of d ie thylbenzenes ,  
butylbenzene,  or trimethylbenzenes, rather than 
a l ipha t ic  d i luents ,  gave  improved performance 
with regard to radiat ion s tab i l i ty ,  uranium extrac-  
tion power, and separat ion of uranium from f i ss ion  
products. 

T h e  isomers  of diethylbenzene varied in  s tab i l i ty  
aga ins t  side-chain degradation by ni t r ic  ac id ,  and 
i n  order of d e c r e a s i n g  s tab i l i ty  were: metn > 
ortho >> para. T h e  meta isomer was about  a s  
s t a b l e  as n-dodecane. Several  polymethylbenzenes 
w e r e  equal ly  s t a b l e .  

8.6 Separation of Alkal i  Metals 

Favorable  separa t ions  of a lkal i  meta ls  were 
obtained by ex t rac t ing  with subs t i tu ted  phenols  
from a lka l ine  so lu t ions .  With 4-sei:-butyl-2(0,- 
methy1benzyl)phenol (BAMBP), the order of ex- 
t ractabi l i ty  w a s  C s  > Rb > K > Pda > Li, end 
separa t ion  fac tors  were -20 for both cesium/rubid- 
ium and rubidium/potassium. Combining a s m a l l  
concentrat ion of di(2-el.hy1hexyl)phosphoric a c i d  
with BAMBP greatly enhanced a lka l i  metal  exi-rac- 
t ions  from neutral or s l igh t ly  ac id ic  liquors where 
extract ion with BAMRP alone is inappreciable .  
Extract ions were a l s o  synergized by combining 
dinonylnaphthalenesulfonic ac id ,  dodecylphos- 
phoric ac id ,  or Neo-'Tridecanoic a c i d  with phenols .  
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8.7 Cesium Recovery from Ores 

T h e  phenol extract ion (Phenex)  process  w a s  
applied to  the recovery of cesium from o r e s  and 
i t s  separat ion f r o m  other a lka l i  metals. T h e  
cesium in pol luci te  orc was solubi l ized by roast ing 
t h e  ore  with Na,CO,-NaCl a t  80O0C and leaching 
with water. Greater than 99% of the cesium w a s  
recovered from t h i s  solut ion by extract ing with 
1 M 4-sec-butyl-2( a-methylben zy 1)phenol (BAM I3P) 
in  di isopropylbenzene and s t r ipping with hydrochlo- 
ric ac id .  Overall decontaiiiination factors  ( leach  
liquor to  s t r ip  product) for cesiurii were 230 from Kb, 
610 from K,  16,000 from Na, >10 froiii Li, and >3000 
from Si. Cesium w a s  a l s o  recovered effect ively 
with BAMRP from a water solut ion of Alkaeb, which 
i s  a n  a lka l i  metal carbonate  by-product of the 
lithium industry. 

8.8 Acid Recovery by Aminc Extraction 

Preliminary t e s t s  showed the potent ia l  utility of 
tertiary amines for recovery and purification of 
phosphoric ac id  from the highly contaminated 
wet-process acid produced in  the  fertilizer in- 
dustry.  Water-stripping t h e  amine y ie lds  a product 
more than 1.5 M in H,PO, and almost f ree  of iron 
and aluminum. 

8.9 Extraction of  bliobiwrn and Tanta lun  
from Alkal ine Solutions 

Quaternary ammonium compounds, for example,  
Aliquai 336, extracted niobium and tantalum from 
alkal ine so lu t ions .  Niobium w a s  extracted pref- 
erent ia l ly  (niobium/taiitalum separa t ion  factor, 
5 to 10) in  some t z s t s  with pure so lu t ions ,  but no  
appreciable  separat ion of the  eleriients w a s  ob- 
tained i n  t c s t s  with pract icable  ore l iquors .  
Solut ions of N a 2 C 0 , ,  NaOI-I, (NH4)2C0, ,  K,@O,, 
chlor ide s a l t s ,  and ni t ra te  s a l t s  were effect ive 
s t r ipping agents .  

8.10 New Extractants 

A number of amides ,  

covering a range of s t ructures ,  were examined with 
regard t o  their extraction of uranium, thorium, and 
severa l  other s o l u t e s  f rom nitric acid so lu t ions .  
In coinparison with tributyl phosphate  (TBP), the  
N,N-dialkylamides extract  in  t h e  same manner, 
are  somewhat  weaker uranium ext rac tan ts ,  but 
have  potent ia l  for considerably greater se lec t iv i ty .  
Extracted uraniuiil was  stripped with water or 
with di lute  nitric ac id .  ‘The amides resemble 
TBP in synerg is t ica l ly  enhancing uranium e:itiac- 
tion by di(2-ethylhexy1)phosphoric acid.  Uranium 
extract ion power v s  nitric acid concentrat ion 
varied considerably with amides inadr from differing 
fatty a c i d s ,  and,  l ike TMP, the  coef f ic ien ts  for any 
one omide varied by only about a factor of 2 in  t h e  
acidi ty  range 2 t o  7 iM I iNO,.  In contrast ,  the  
thorium extract ion powes varied only s l igh t ly  
with chain length of the  fat ty  a c i d s ,  but the  amide 
coeff ic ients  increased  over three times as  f a s t  as 
those  with TBP in the  acidi ty  range 2 to 6 M 
HNO 3 .  Rranched-chnin amides showed much 
lower extract ions but higher indicated se lec t iv i ty  
for uranium. Extraction w a s  low for uranium and 
thorium from hydrochloric and sulfur ic  a c i d  solu-  
t ions,  and for strontium and cesium from ni t ra te  
so lu t ions .  Nitric ac id  w a s  extracted readily. 

A sys temat ic  survey w a s  s ta r ted  of cat ion-  
exchange  extract ion by hig~-molecular-weighi  
carboxyl ic  ac ids ,  including some spec ia l ly  synthe-  
s i z e d  and some of recent  commercial avai labi l i ty .  
T h e  cons tan ts ,  K = (H+)(MA)/(MP(HA) for t h e  
neutral izat ion reaction HA i M ”  e MA i~ I-I+ (dots  
ind ica te  t h e  organic phase) ,  measured at half- 
neutral izat ion in  two-phase titration, ranged from 

. . .  . . .  

10.- I O  t o  4 x 10--6. 

Hydroxamic a c i d s ,  

O H  
II I 

R--C-N-OH, 

showed potent ia l  for extract ion of zirconium, nio- 
bium, hafnium, and s t ront ium T h e  ava i lab le  a c i d s  
decoinposed when exposed to  ni t r ic  a c i d  or a lka l ine  
so lu t ions  but appeared s t a b l e  i n  extract ion f r o m  
hydrochloric acid,  sugges t ing  usefu lness  in  non- 
oxidizing acid sys tems.  

A bicycl ic  or “cage-structure” phosphate  e s t e r ,  
the  bjcycl ic  phosphate  of l,l,l-triiiiethylolnonane, 
showed high extract ion power for thorium and high 
se lec t iv i ty  for thorium over uranium. 
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undarnental Studies on Solvent Extract ion 
Equi l ibr ia  and Kinet ics 

In continued s t u d i e s  of a lka l ine  ear th  extract ion 
by d~(2-cthylhexyl)pbosphate ([HA] NaA) i n  
benzene, the  general ized equat ion,  

Sr2+ (n/y)[aHA-bNaAlY ;1 
. . . . . . . . . . . . . . .  

S r A , - ( n - 2 ~ r ~ H A . ~ ~ N a A j  t r H  + jNa '  , . . . . . . . . . . . . . . . . .  

proved to be  a su i tab le  model for strontium extrac- 
tion when t h e  extractant  ranged from the  acid form 
to the  50% s a l t  form. with n experimentally found 
in the range of 4 to  6. When the ex t rac tan t  IS 

nearly al l  in the acid form th is  becomes 

Sr -+ 1 [HA] SrA ,-4IlA + 211' . 
. . . . .  . . . . . . . . .  

The corresponding reaction for sodium extract ion 
w a s  a l s o  confirmed, 

-+ N a  i- 2[HA], NaA.3MA -t H t  . 

Ihese extracted s p e c i e s  a re  of par t icular  in te res t  
s i n c e  their  stoichiometry i s  markedly different 
from tha t  found in  most other metal  s p e c i e s  ex- 
t racted by di(2-ethylhexy1)phosphate. T h e  cho ice  
of d i luent  affects st-ronlium extract ion by sh i f t ing  
the pIl of maxiinurn extract ion,  and i n  some cases 
(e.g., n-nonane plus  TBP) by synerg is t ic  enhance-  
ment. 

Formation cons t an t s  were evaluated €or the 
thorium tr isulfate  and te t rasulfate  anionic  com- 
p l exes  on the  b a s i s  of amine extract ion equilibrium 
data:  

. . . . . . . . . . . . . . . .  
, -  

= 5.7 F 1.2, 

0.054 f 0.009, 

K , ,  = ITh(S0,),4-1/[Tli(S04)32--l [SO, '-1 
- 0.009 rt- O.QQ3, 

evaluated a t  zero ionic  s t rength.  A general  method 
was developed for t h i s  evaluat ion,  using the 
e s s e n t i a l  feature  ol experimentally maintained 

cons t an t  chemical  potent ia ls  of ex t rac tab le  s p e c i e s  
in t h e  aqueous phase ,  controlled and monitored by 
cons t an t  composition of the equilibrium organic 
phase  a 

Continued transfer-rate measurements of tagged 
su l fa te  from amirie solut ion to aqueous s u l f a t e  
solut ion,  with uranium absent ,  present  and e x t r m t -  
ing,  or already a t  equilibrium, gave ev idence  that  
both neutral  complex transfer and ion transfer 
contr ibute  to  the  uranium transfer ,  the former pre- 
dominating in extraction from low-sulfate so lu t ions ,  
where l i t t l e  of the uranyl ion is complexed, and 
the la t te r  becoming important a t  higher s u l f a t e  
concentrat ions,  where mosr o f  the uranium e x i s t s  
in  anionic complexes.  

Direct p rec ise  measurement of di luent  vapor- 
p re s su re  differences showed increasing polymeriza- 
tion of di(2-ethylhexyl)..phosphate (WA,NaA) 
so lu t ions  i n  benzene as the proportion of salt- 
form increased ,  from [HA], to  [NaAIi3 a t  0 . 1  M 
and from fIiA], to  [NaAISO a t  0.25 M %I. The  
same technique w a s  used t o  measure the act ivi ty  
coeff ic ients  of tr iphenylmethane in  benzene,  
varying from 0.98 a t  0.014 rn to 0.74 at 0.33 m. 
With this as the reference solute, the act ivi ty  
coeff ic ients  of azobenzerie and of tri-n-octylamine 
were  determined by i sopies t ic  balancing,  varying 
from 0.96 at 0.0134 rn to 0,67 a t  0.346 m, arid from 
0.98 at 0.021 in t o  0.S5 a t  0.354 m respect ively.  

8.12 Engineering Equipment Studies 

T h e  u s e  of so lven t  cxtraction t o  concentrate  
valuable  mater ia ls  from di lute  solut ions requires  
operation a t  high flow ratios. Pu l sed  coluinns 
show promise in  that  the s t a g e  heights  for uranium 
extract ion by tributyl phosphate  a t  a flow ra t io  of 
100:1 was  only 2 to 3 t imes that  at a more con- 
vent ional  ra t io  of 5 : l .  

Knowledge of  the maximum and minimum hydraulic 
p re s su re  a t  the  b a s e  of a pulsed column is needed 
for des ign  of the pulser  and external  piping. 'The 
variation of or i f ice  coeff ic ients  (calculated from 
maximum and minimum pressure)  of nozzle  p l a t e s  
with pulse  frequency and direction of flow w a s  
determined to be  not s ignif icant ly  different Erom 
tha t  for convent ional  s i e v e  p la tes .  
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9.1 Cesium 

Continued s tudy confirmed t h e  utility of t h e  
Phenex  process  for recovering cesium from a lka l ine  
P u r r x  wastes by extract ing with subs t i tu ted  phenols  
and s t r ipping with d i lu te  acid. Of a large number 
of phenols sc reened ,  b e s t  peiformance w a s  given 
by 4-sec-butyl-2 (a-rnethylbenzyl) phenol (BAMBP) 
and 4-chloro-2-benzylphenol (Santophen-1). In a 
hatch countercurrent t e s t  with Santophen-1 in  
diisopropylbenzene di luent ,  > 99.7% of t h e  ces ium 
w a s  recovered from simulated Purex 1WW w a s t e  
(tartrate complexed and adjusted t o  pH 12.3) in  
s i x  extract ion and two scrub  s t a g e s .  l'he extract  
was  s t r ipped with 0.1 M HNO, to give a product 
solut ion with - 5  g of cesium per liter. The  overal l  
ccsium/sodium decontamination factor foi t h e  ex-  
periment w a s  - 6  x l o 4 .  T h e  process  h a s  a l s o  
Secn appl ied to the  treatment of a lka l ine  liquors 
produced by sorb ing  cesium from acid w a s t e s  
with ammonium molybdophosphate (AMP) and d is -  
so lv ing  the  AMP in c a u s t i c .  

9.2 Strontium and Rare Earths 

T h e  d i  (2-ethylhexyl) phosphoric acid (D2EHPA) 
extract ion process  for recovering strontium arid 
mixed rare ear ths  g ives  eff ic ient  separa t ion  of 
yttrium from the  rare ear ths  in  the  nitric ac id  
s t r ipping c y c l e .  Batch countercurrent t e s t s  indi- 
ca ted  tha t  the  yttrium content  of the  rare-earths 
product would b e  (2% of t h e  amount in the  original 
w a s t e  solut ion.  Comparison of tar t ra te  and c i t ra te  
as  complexing agents  for t h e  Pnrex 1 W W  feed 
showed that  resu l t s  ace s t rongly dependent  on 
feed-adjustment procedures. More eff ic ient  ex.- 
t ract ions of strontium and rate  ear ths  were obtained 
from tartrate-complexed than with citrate-complexed 
feeds .  

3.3 Other Strontium Extractiosas 

T h i s  sec t ion  i s  reported in ORNL-3452, suppl  1. 

9.4 Zirconium-Niobium 

Eff ic ienc ies  in  the  extract ion of zirconium-nio- 
bium from Purex 1WW solut ion with D2EHPA and 

s t r ipping with oxal ic  ac id  were greatly improved 
by increasing the temperature. 

9.5 Extractions from Pwex-Waste Concentrate 
with Amines 

In a batch countercurrent t e s t ,  most of t h e  acid,  
iron, zirconium-niobium, and ruthenium were ex- 
tracted with a primary amine (Priinene Jill) from 
simulated Pnrex w a s t e  while extract ing only % 5% 
of t h e  cerium. More than 98% of the  cerium was 
then extracted from t h e  solut ion with Primene J M ,  
leaving a raffinate that  woi~ld  he  highly amenable  
t o  treatment for strontium and cesium recovery. 

10. URANIUM PROCESSING 

10.1 Radium RemoveB from Uranium-Mil l  
Waste Streams 

In s t u d i e s  on the column adsorpt ion of R a Z z 6  
from simulated,  neutral ized was te  s t reams from 
uranium mil ls ,  the  c a p a c i t i e s  t o  5% radium break- 
through were - 2000 column volumes for clinoptilo- 
l i t e  (natural zeo l i te )  and 500Q column volumes 
for Deca lso  (synthet ic  zeol i te) .  Animonium ni t ra te  
was  an eff ic ient  e lu t ing  agent .  

10.2 Amine Extroction of Uranium from 
su I fate- Ch R or; de L i quo i s  

The uranium extract ion power of the  N-benzyl 
secondary amines is suff ic ient ly  s t rong  that  they 
can  b e  applied to  t h e  treatment of chloride-con- 
ta ining su l fa te  liquors of the  type produced in  
plants  that  u s e  t h e  sal t - roast  acid-leach process  
for uranium-vanadium recovery. 

11. THORjUM RECOVERY FROM 
GRAWBTIC ROCKS 

Three  drill-core samples  t o  depths  of 500 t o  
600 f t  in  the Conway granite formations in  New 
Hampshire showed uniform thorium concentra-  
tion and thorium leachabi l i ty  with depth.  T h e  
thorium reserve in t h e  outer 600 f t  of the  main 
Conway m a s s  h a s  been est imated a t  2 1  mil-  
lion tons.  T h e  uranium reserve  in  the  rock i s  
probably a fourth t o  a fifth of t h e  thorium reserve.  
Process s t u d i e s  ind ica te  tha t  about two-thirds of 

R 
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the  thorium and a smaller  f ract ion of t h e  uranium fracture  t e s t s ,  and x-ray and metallographic ex- 
c a n  b e  recovered by a n  acid leach-solvent ex- amination. Pr inc ipa l  a t tent ion w a s  paid to the  
t ract ion f lowsheet  for :in average  c o s t  of l e s s  than 
$75 per pound of thorium plus  uranium. Thori te ,  

P-82 pe l le t s .  

Ruttonite, and zircon were identified a s  the  major 
car r ie rs  of thorium in Conway granite. 13.1 Irradiat ion Effects on P - 8 2  Thoria P e l l e t s  

12. PROTACTlNl 

The invest igat ion of t h e  chemistry of protac- 
tinium h a s  been  concerned primarily with exttact.ion 
of Pa(V) from sulfur ic  a c i d  so lu t ions  by organic 
amine so lu t ions  and by anion exchange res ins .  
T h e  extractabi l i ty  of Fva(Vj from sulfur ic  acid is 
qual i ta t ively related t o  t h e  b a s e  s t rength of the  
amine; extract ion coef f ic ien ts  for different amines 
vary over s e v e r a l  orders of magnitude. An observed 
marked d e c r e a s e  in  the  extract ion of protactinium 
with increas ing  aqueous ac id i ty  may be  due at 
l e a s t  partly to changes  i n  t h e  composition o f  the 
organic: phase ,  particularly t h e  d e c r e a s e  i n  s u l f a t e  
ion concentrat ion,  as wel l  a s  to c h a n g e s  in the 
aqueous protactinium complex. Extract ion coeffi- 
c i e n t s  obtained with Dowex 1 res in  and wit% di lu te  

T h e  I?-82 pe l le t s  irradiated under D,O and dry 
showed minor weight losses but did not appear  to 
suffer s t ructural  damage. A portion of the  pe l le t s  
irradiated i n  t h e  vapor phase ,  however, showed 
a s igni f icant  weight loss as  wel l  a s  considerable  
sur face  and s t ruc tura l  darnage. Wear tests showed 
that  the  pe l le t s  irradiated under D,O and dry had 
enhanced attrition res i s tance .  'The sur face  of t h e  
P-82 pe l le t s  w a s  found to contain an aluminum/tho- 
rium weight ra t io  of 0.08, in  cont ras t  with a n  
average  aluminum content  of 0.02% for whole 
pe l le t s ,  which may account  for the  marked s tab i l i ty  
of the P-82 pel le t  under irradiation. 

113.2 Irradiation Effects i n  Thoria P e l l e t s  Prepared 
by a Pressing and Firing Procedure Dif ferent  from 

That  for P-82 P e l l e t s  

trilaurylamine, at condi t ions giving relat ively low 
extraction, increase very rapidly with the atlueous T h e  thoria pe!iets prepared by a method different 
protactinium above about 10 5 from that  for t h e  P-82 p e l l e t s  suffered cons iderable  

min-- 1 ml- 1 (pa231) in 2.5 ,w tI,SO,. damage upon being irradiated in  D,O, d e s p i t e  their  
~h~~~ observations are consis tent with a revers- higher ini t ia l  densi ty .  T h o s e  irradiated dry ap-  
ible polymerization of Pa(V) in  one or both phases ,  peared undamaged. 
with both t h e  polymer and t h e  s impler  s p e c i e s  
be ing  ex t rac ted ,  and t h e  polymer be ing  more ex- 
t ractable .  13.3 Irradiation Effects on Other Thoria 

Preparations 

T h e  arc-fused pe l le t s  and sol-gel-prepared parti- 
c i e s  irradiated under D,O and dry did not appear  

13. EFFECTS OF REACTOR ~ R ~ ~ ~ i ~ T ~ O ~  
ON Tho, 

on v isua l  inspect ion to be s ignif icant ly  damaged 
by the  irradiation. N o  gross changes  were ob- 
se rved  in the  Houdry s p h e r e s  and in  t h e  ground, 
arc-fused mater ia ls .  Wet-irradiated 1500°-fired 
thoria powder w a s  transformed into i3 porous plug 
contaminated with corrosion products; t h e  dry- 
irradiated mater ia l  had formed a chalky plug. 

Thoria  pe l le t  and powder preparat ions irradiated 
in  D,O and dry in t h e  LI'T'K to exposures  of 2.5 x 

10 l a  f i ss iuns/gram were examined to determine 
irradiation e f fec ts .  'The preparat ions included 
P-82 thoria pe l le t s ;  s in te red  thoria compacts ;  
shaped ,  arc-fused thoria pe l le t s ;  sol-gel thoria 
par t ic les ;  Houdry thoria s p h e r e s  (44 to 7 4  p); 
arc-fused thoria fragments (44 t o  74 p); and 1600°C- 
fired thoria powder (DT-46). T h e  purpose of t h e  13.4 Results of X - R o y  and MetalSographic Exami- 
experiment w a s  to determine t h e  inf luence of t h e  
method of preparation and t h e  phys ica l  condition 
of the product on the irradiation e f fec ts  arid on 
ef fec ts  a s s o c i a t e d  with t h e  presence  of water. X-ray diffraction measurements on t.he P-82, arc- 
Radiat ion e f fec ts  were  eva lua ted  in  terms of v isua l  fused,  and sol-gel-prepared mater ia ls  irldicated that  
examination, material bislances, wear  t e s t s ,  impact re la t ively l i t t l e  change  had occurred as a resul t  

nation of Irradiated Thoria: P-82 Pel le ts ,  Arc- 
Fused Pel le ts ,  and Sol-Gel-Prepared P a r t i c l e s  
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of the  irradiation, indicat ive of t h e  marked res i s t -  
a n c e  of cubic  s t ruc tures  t o  radiation darnage. 

Pol i shed  sec t ions  at low magnification of t h e  
unirradiated and irradiated P-82 and arc-fused 
mater ia ls  were similar. T h e  irradiated sol-gel- 
prepared material exhibited ex tens ive  fracturing. 
At high magnification the polished and etched 
s e c t i o n s  of a l l  irradiated and unirradiated mater ia ls  
were s imilar .  

14. RAD3ATlON EFFECTS ON CATALYSTS 

Attempts to  a l ter  the  ca ta ly t ic  act ivi ty  of MgSI), 
and MgSQ,-Na,SO, by the addition of t race  impuri- 
t i e s  fa i led,  providing further ev idence  that  the 
previously reported e f fec ts  were c a u s e d  by the  
presence of radioact ive sulfur .  T h e  overal l  reac-  
tion order for t h e  dehydration of cyclohexanol  on 
t h e s e  c a t a l y s t s  was found t o  b e  1. 

15. HI GH-TEMP E RATUR E CHEMIST BY 

15.1 High- Tempera tu re ,  High- P res sw re 
Spectrophotometer System 

Design of the  high-temperature, high-pressure 
spectrophotometer sys tem by a subcontractor  w a s  
completed and the  subcontract  terminated. ‘The 
prototype absorption c e l l  i s  undergoing tes t ing.  

15.2 Miniature Circulating-Loop System hind 
Digital Data Output System for the  

Cary Spectraphotometer 

A spectrophotometer, Carg model 1 4  CMR, w a s  
ins ta l led  and equipped with t h e  previously con- 
s t ructed digi ta l  d a t a  output sys tem.  It is operable  
with solut ions a t  temperatures up to 95°C. Valve 
and support problems encountered with t h e  minia- 
ture circulating-loop sys tem,  designed for operation 
with liqiuids up to 17OoC and 200 p s i ,  have  been 
so lved .  

15.3 Measurement zaf Liquid Densit ies at High 
Temperatures and High Pressures 

An autoc lave  and faci l i ty  designed for the  ac- 
cura te  measurement of liquid d e n s i t i e s  a t  high 
temperatures and high pressures  w a s  built.  It 
should b e  poss ib le  to determine d e n s i t i e s  of 

so lu t ions  at 370 t o  371OC within a maximum error 
of 0.6% with th i s  sys tem.  T h r  e r r c r  wnll b e  less 
a t  lower temperatures. 

15.4 Computer Programs for Spectrophotometric 
Studies 

A computer program for the ana lys i s  of spectrc-  
photometric absorption d a t a  for dynamic multi- 
component s y s t e m s  w a s  written and tes ted .  Con- 
centration-time da ta  for e a c h  component of t h e  
react ing sys tem c a n  b e  obtained t o  within a rela-  
t ive error of %.1% over t h e  ent i re  course  of the 
react ion.  Output may be  tabulated and/or plotted 
on t h e  Caicomp graphical plotter. 

A s e t  of computer programs and subrout ines  was  
written for the  leas t - squares  convolution smoothing 
of the noise  and random f luctuat ions from digi t ized 
spec t ra l  da ta  obtained from t h e  spectrophotometer 
digi ta l  d a t a  output system. T h e  f i t t ing i s  done for 
each point over a 3- to 15-point range, ut i l iz ing a 
cubic  function. T h e  smoothed-data  output may be  
in the  form of tab les ,  punched cards ,  or Calcomp 
graphical plotting. 

For  the  purpose of developing a mathematical 
descr ipt ion of extract ion of nitric ac id  and uranyl 
nitrate from aqueous so lu t ions  by tributyl phos- 
phate (TI3P)-hydrocarbon di luent  so lu t ions ,  ac-  
t iv i t ies  of water, nitric a c i d ,  uranyl ni t ra te ,  and 
TEP are being obtained by t ranspirat ional  vapor- 
pressure techniques.  T h e  act ivi ty  of water and 
t h e  s toichiometr ic ,  molecular, and ionic act ivi ty  
coeff ic ients  of nitric ac id  were obtained for 0 to  
100% acid by coriibining new d a t a  with l i terature  
da ta .  Measured vapor pressures  of TBP over 
water--nitric acid-TBP so lu t ions  were used  t o  
ca lcu la te  a va lue  of 1.75 for t h e  equilibrium 
cons tan t ,  K /yTN,  for extract ion of nitric acid by 
TBP. Water and nitric acid ac t iv i t ies  over t h e  
three-component sys tem water ---nitric acid-uranyl 
ni t ra te  were measured. From these  da ta  t h e  ac- 
t iv i t ies  of uranyl ni t ra te  will be  ca lcu la ted .  

17. l0pB EXCHANGE 

17.5 Radiation Damage to Ion Exchange Resins 

The anion exchange res in ,  Dowex 1 (50 t o  100 
mesh)  i n  the hydroxyl form, l o s t  more than 90% 

1 
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of its strong-base capac i ty  in a flowing-water 
sys t em after a n  exposure of 1.3 x IO8 r in a Co60 
gamma irradiation source  - about half  the d o s e  
reported in the l i terature  for th i s  res in  in  a s t a t i c  
sys t em for a comparable loss of capaci ty .  Analysis  
of d a t a  from the irradiation of Dowex SOW cat ion 
exchange resin indicated that  degradation o c c u t s ,  
ini t ia l ly ,  by c l eavage  of t h e  ac t ive  sulfonate  
groups and is followed by the  breakup of the  resin 
matrix into water-soluble products and smal l ,  
noncentrifugable par t ic les  with a molecular welght 
of s e v e r a l  million. 

17.2 Studies of the Separation of Some 
F iss ion  Products by Ion Exchange 

Citrate  at pH 2.5 (usually c i t ra te  is used a t  
higher pH's) w a s  evaluated as a complexer of 
impurity ca t ions  in the  ion exchange recovery of 
rare ear ths  and strontium f i ss ion  ptoducts from 
radioact ive w a s t e s  l ike  I-Xanford Purex 1 W W .  Ex- 
peeimental distribution coeff ic ient  da ta ,  obtained 
from Dowex 50W-X8 (100- to 200-mesh) cat ion 
resin pre-equilibrated a t  pH 2.5 and was te  solut ion 
treated with 1.5 moles of c i t r a t e  per mole of 
combined AI3', Fe3' , and er + (impurity cat ions) ,  
indicated tha t  (1) bulk tr ivalent ca t ion  impririties 
were effect ively cornplexcd and remained i n  solu- 
tion; (2) res in  capac i ty  for strontium and rare  e a r t h s  
inc reased  as w a s t e  acidi ty  w a s  lowered by dilu- 
tion; and ( 3 )  at a reasonable  was te  dilution factor 
of 20, separat ion factors  were favorable,  being: 
K y / K z " ,  >200; K:"/K:", ?600; and Kc" d /q, 
-v 3 3 .  

18. CHEMICAL ENGINEERING RESEARCH 

18.4 Development aF High-speed Contactors: 
The Stacked-Clone Contactor 

Eighi geometrically d is t inc t  d e s i g n s  of the  
s t a c k e d c l o n e  contactor ,  a high-throughput, low- 
holdup so lven t  extraction device,  were tes ted  for 
capac i ty  and s t a g e  eff ic iency with uranyl ni t ra te-  
1 M sodium nitrate-18% TBP-Amsco. Within e a c h  
des ign ,  t h e  effects of the diameter and length of 
the vortex finder were s tud ied ,  IS was  t h e  a rea  
of the  feed port. With Mark I ,  a 3/,-in.-diam con ica l  
des ign  (the others  were 1 l/,-in.-diam funnel-shaped 
designs), t h e  e f fec ts  of different underflow baffl ing 
and underflow chamber volumes were a l s o  s tudied .  

T h e  need for a n  underflow-chamber arrangement 
providing symmetrical  radial  f low t o  t h e  pump, 
mixing opportunity,  and preservat ion of the  organic 
vortex is indicated,  

T h e  original des ign ,  the Mark I contactor ,  gave 
combined flow c a p a c i t i e s  of 2.0 li ters/min at 70% 
efficiency. T h e  Mark XI contactor ,  t h e  l a t e s t  
design of a s e r i e s ,  gave c a p a c i t i e s  of 4.5 l i tets/min 
a t  60 to  70% efficiency. T h i s  corresponds t o  a 
retention time of both phases  per theoret ical  s t a g e  
of about 4 sec. 

T h e  Mark XI des ign  represents  a useful  and 
pract ical  prototype high-speed contactor  for radio- 
chemical  p rocess  ing. 

18.2 Studies on Coalescence in Solvent 
Extraction Systems 

Studies  of the  effect of ionizing radiation on 
c o a l e s c e n c e  ra tes  in  liquid-liquid solvent  ext tac-  
tion s y s t e m s  have been undertaken. Fast protons,  
a lpha par t ic les ,  or f i s s ion  fragments may be  pro- 
duced in  the vicinity of the interdrop membrane 
by the  neutron irradiation of hydrogen, L i 6 ,  or 

in the aqueous phase .  Preliminary experi-  
ments show no effect  of recoi l  protons on the 
coa le scence  of water drops i n  benzene,  in agree- 
ment with theory. 

u"5 

18.3 Dynamics of G a s - l i q u i d  Contacting 
i n  P a c k e d  Towers 

In s t u d i e s  of the dynamics of contact ing gases 
and l iquids  i n  packed columns,  experiments were 
conducted on a n  air-CO,-water s y s t e m  u s i n g  $4- 

and %-in. ceramic Rasch ig  rings.  Both direct  
s inuso ida l  and pulse  forcing of the  enter ing g a s  
composition were used, and good agreement was  
obtained between the  two perturbation methods 
in terms of the  resul t ing amplitude rat ios  and 
phase  sh i f t s .  A simplified theoret ical  dynamic 
model indicated tha t  dynamic behavior is priinarily 
influenced by the absorption factor,  the number 
of transfer uni ts ,  and the  t ime required for t h e  
p h a s e s  t o  t raverse  one transfer unit .  Further  
experimental  d a t a  must be  obtained,  including 
measurements on the distribution of ve loc i t ies ,  
before mathcmatical  models for packed columns 
c a n  be evaluated.  
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19. GAS-COOLED REACTOR CWQANT 

and Methane by Fixed Beds of Copper 
Oxide Pellets 

T h e  invest igat ion of t h e  k ine t ics  of t h e  oxidation 
of s m a l l  amounts of H,, CO, and CH, (impurities) 
i n  a flowing s t r e a m  of helium by fixed beds  of 
porous pe l le t s  of coppen oxide is continuing. Two 
forms of copper oxide were tes ted :  porous pe l le t s  
made by compaction, and a mixture of powdered 
copper  oxide, alumina, and s i l i c a ,  extriided into 
pel le ts .  T h e  oxidation of t h e  impurities i s  a 
proposed firs: s t e p  in  the  purification of the  helium 
before i t s  use  as a coolant  for thc Gas-Cooled 
Reactor .  T w o  types  of CuO have  beer, t es ted  
in t h e  following range of condi t ions:  tempera- 
ture, 400 t o  60OoC; pressure ,  10.2 t o  300  atin; 
mass flow rate  of the  gas ,  0.0058 t o  0.050 g c m - ’  
sec- and containinant concentrat ion,  0.0008 t o  
1 .21  vol %. T h e  rate  controlling factors  for the  
three  contaminants  are:  (1) mass t r ans fe r  of the 
H,  or CO from t h e  bulk g a s  s t ream t o  t h e  CuO 
reaction s i t e ,  and (2) reaction sur face  in the  CuO 
part ic les  for t h e  oxidation of the  CH,. Coiuputer 
so lu t ions  of t h e  mathematical models w e r e  made, 
and correlation of the experimental  and model- 
predicted resu l t s  wi l l  be  t h e  b a s i s  for reactor 
design . 

19.2 Characterization of Aerasols by a 
b i ght- Sc otter i R g Techn i que 

An experimental invest igat ion w a s  s ta r ted  on 
t h e  character izat ion of aerosols  by dr termining 
par t ic le-s ize  distribution and concentrat ion in  gas 
s t reams by means of a light-scaltering technique.  
T h e  de tec t ing  cell for th i s  d e v i c e  WBS made, and 
instruments a r e  be ing  procured. An aerosol  
gcnerator w a s  developed for u s e  in  cal ibrat ing the  
d e l e c  tor. 

20. EQUIPMENT DECOHT MlNATlON STUDIES 

Laboratory t e s t s  showed t h a t  s t a i n l e s s  s t e e l  
blowers and piping exposed  to  contaminated helium 
at the operat ing temperatures of t h e  Experimental 
Gas-Cooled Reactor  c a n  probably b e  adequately 
decontaminated, without damage,  by hot  oxal ic  

acid solut j  ons containing fluoride and hydrogen 
peroxide. T h e s e  mixtures were superior  to  many 
others  for decontaminating, for dissolving oxide 
f i lms,  and for brightenicg t h e  s u r f a c e s  of heated 
s t a i n l e s s  s t e e l s .  T h e  s e a r c h  for improved methods 
is continuing. 

4 s  a part of t h e  Laboratory’s Reactor  Evaluat ion 
Progrzm, experimental and c o s t  stitdies were made 
on t h e  shipping of irradiated reactor fue ls  t o  a 
fuel-processing plant. T h e  expc;imental work 
involved the  dropping of 1.4- and 6-ton model c a s k s  
from heights  up t o  28 fe in  order to eva lua te  a 
sec t ion  of the proposed AEC regulations on fue! 
shipping. F l a t  drops from 15 f t  resul ted in  l i t t lc  
or n o  damage, but corner and “pis ton” drops from 
th is  height  did resul t  in minor damage. Thus  i t  ap- 
pears  that ,  except  for the  piston-impact provis ions,  
t h e  regulations c a n  b e  sat isfactor i ly  met by careful  
c a s k  design.  

21.2 Fuel Shipping Cost  Studies 

Shipping c o s t  s t u d i e s  indicated tha t ,  for a do- 
inestic-fuel-discharge rate  of 3 tons  of natural  
uranium per day,  the truck sh ipping  c o s t  for a 
2350-mile round trip with a 25-ton c a s k  would be  
about $1.30 per kilogram of uranium for an irradi- 
a t ion leve l  of 8500 Mwditon. R a i l  c o s t s  a r e  higher 
by  almost  a factor of 2. T h e  sh ipping  of the  same 
fuel from Italy t o  sontherr. California by chartered 
boat  w a s  es t imated t o  c o s t  only $1.25 per kilogram 
of uran iurn . 

22. CHEM!C4b. APPRICAT16N OF NUCLEAR 
EXPLOSIVES (PROJECT COACH) 

22.1 Recovery of Isotopes from Coach Event 

A flowsheet  w a s  developed for t h e  recovmy of 
the few grains of transplutonium iso topes  (to be  
produced in the  Coach nuclear  detonation) from 
the  10,000 t o  35,000 tons of s a l t  in which it will 
be  dispersed.  In th i s  f lowsheet  the  mined and 
crushed s a l t  i s  dissolved in 2.5 lb  of water  per 
pound of s a l t ;  and the  insoluble  material, contain- 
ing 99% of the  transplutonic i so topes  and f i ss ion  
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products,  is sepa ra t ed  from the  brine.  T h e  s e p a -  
rated insolubles  a r e  d i s so lved  in  ni t r ic  or hydro- 
chlor ic  ac id .  Oxal ic  acid is then added to the 
ac id  teach to precipi ta te  about 1% of the d i s so lved  
calcium; the calcium oxala te ,  which carries the  
t ransplutonics  quant i ta t ively,  i s  sepa ra t ed  and 
probably dried for shipment to a n  AEC site for 
further processing.  Scavenging by ferr ic  hydroxide 
a s  a means of carrying the t ransplutonics  w a s  
unsat isfactory.  

22.2 Jet Sampling and Bubble-Tapping Studies 

Two support  s t u d i e s  were made a t  Frankfotd 
Arsenal.  T h e  f i r s t  showed t h c  feasibi l i ty  of je t t ing  
uranium ta rge ts  with ve loc i t ies  suff ic ient  to outrun 
the shock  wave  from a n  underground nuclear  ex- 
plosion. T h e  second  s tudy indicated that con-  
vent ional  exp los ives  in a radial  pipe from the  
nuclear  dev ice  c a n  provide suff ic ient  counter- 
p re s su res  to keep  a sampling pipe open during and 
s f te r  the nuclear  detonat ion.  

23. PREPARATION OF URANIUM-232 

The preparation of U 2 ”  for neutron c r o s s  sec t ion  
measurements w a s  completed.  A total of 32.9 mg 
of uZ3’ containing from 180 to 3% ppm u~~~ w a s  
prepared previously,  and 1 . 0 4  g of U 2 3 2  containing 
0.72 wt  % U2L:’3 was  prepared during the  p a s t  year .  
T h e  U2, ’  was  produced by t h e  neutron irradiation 
of approximately 45 g of P a 2 3 1  i r radiated as  an 
AL-Pa cermet.  Chemical separat ion was  ac- 
complilshed by two c y c l e s  of anion exchange from 
mixed HCI-HF solut ion,  followed by a uranium 
extraction into 20% TBP f r o n  6 M HNO,. 

The  Chemical ‘Technology Division continued to 
provide a s s i s t a n c e  to others  on severa l  projects.  

24.1 Eurochemic Assistance 

This program w a s  continued a t  ORNL by pro- 
viding the U.S. Techn ica l  Advisor,  E. M, Shank, t o  
Eurochemic for the  construct ion phase  of the  
Eurochemic P l a n t  a t  Mol, Belgium, and f o r  t h e  
subsequen t  s ta r tup  period. ORNL also continued 

to coordinate  t h e  exchange of da ta  between 
Eurochemic and the United States. 

T h e  Eurochemic s taff  is rapidly inc reas ing  and 
employed a total  of 195  people a t  the end of 1961. 
T h e  Eurochemic P l a n t  is currently es t imated to  
c o s t  $24,670,000. 

24.2 High Radiation Level Analytical Laboratory 

T h e  Division is continuing to provide the tech- 
n ica l  liaison for t h i s  faci l i ty  for the Analytical  
Chemistry Division. Last yedr the  F o s t e t  and 
Creighton Company of Nashvi l le ,  T e n n e s s e e ,  was 
s e l e c t e d  a s  the  prime contractor and began con- 
s t ruct ion in July 1962 following preconstruction 
s i t e  preparation work by the  H. K. Ferguson 
Company. Construction of the  faci l i ty  IS now 
scheduled for completion ear ly  in 1964. 

24.3 P I ant-Wa ste- 5 y stem 1 mprovement s 

T h e  divis ion continued f o provide technical  
l ia ison to the  Operations Division on th i s  project.  
T h e  plant w a s t e  improvements currently being 
designed and bui l t  ate (1) a sepa ra t e  Melton Valley 
col lect ion and transfer sys t em for low- and inter- 
mediate-activity-level was t e ,  (2) a n  intermediate- 
and high-activity-level w a s t e  evaporator,  and (3) 
a pair  of 50,000-ga1, high-activity-level,  water- 
cooled,  s t a i n l e s s  s t e e l ,  acid-waste  s to iage  tanks. 
Construction of the f i r s t  project  and the structural  
fac i l i t i es  for the other two were s ta r ted  in  March 
1963 by the  Rentenbach Construction Company 
and are scheduled for completion by December 
1963. Design of p rocess  equipment for t h e  evap-  
orator faci l i ly  is complete;  this  equipment is 
being fabricated at ORNZ,. Design of the was te  
s torage  t anks  was  also completed,  and they will 
be  madc outs ide the 1-aboratory. T h e  evaporator 
and w a s t e  t anks  a re  scheduled to be  ready for u s e  
by December 1964. 

24.4 Molten-Salt Converter Reactor (MSCW) 
Fuel-Processing Study 

The MSCR fuel-processing design study and c o s t  
es t imate  made jointly with the Reactor Division 
and presented previously was expanded to deter-  
mine the economics in  recovering the protactinium 
in the  was te  salt after the  f i rs t  processing.  This 
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new s tudy  showed that  a t  a plant capac i ty  of about  
3 kg of U 2 3 5  per day a n  annual  s a v i n g  of $ l S O , O O O  
could b e  achieved by d iscard ing  the  protactinium. 

c o s t s  a lone  exceed  t h e  conzplete c y c l e  c o s t s  for 
natural-uranium €uuel. 

24.7 Radiochemical Plant  Safesy S t d i e s  
24.5 Interim Alpha Lahoratory, Bui9ding 3019 

An interim alpha laboratory for joint  u s e  by the  
Chemical Technology and hletals and Ceramics  
I l ivis ions WRS designed and is being built in the 
basement  of Building 3019. 

2 4 6  Fue! Cycle for Large Desalination Reactors 

F u e l  cyc le  c o s t s  were evaluated for a variety of 
reactor s t a t i o n s  for the  production of wa.ter and 
possibly electr ic i ty .  T h e  b a s e  c a s e  s tud ied  w a s  
a heavy-water-mcderated, light-mater -cooled, nat- 
ural-uraniuni reactor us ing  the ncsted tube e1e:nent. 
F u e l  c y c l e  throughputs railged f r o m  1 t o  30 short  
t o s s  of uranium per day ,  T h e  fuel  c y c l e  c o s t s  
were a l s o  determined for t h e  same fuel  e lement  
(a )  when the  irradiated h e 1  w a s  discarded rather 
than processed a t  10 and 30 tons per day,  and 
(6) when plutonium and depleted uranium replaced 
the natura! uranium a t  1 to 30 tons per day.  An 
attempt was made t o  examine on a comparable 
b a s i s  a partially enr iched uranium fuel  of the 
Dresden type a t  10 tons  per day. 

These s t u d i e s  indicated: 
1. Unit c o s t s  are rapidly reduced by i n c r e a s e  i n  

2. Natural-uranium fuels  have  t h e  lowest  fuel  

3 .  Burnup and inventory a re  the  major fac tors  in  
T h e s e  

production requirements. 

c y c l e  c o s t s .  

fuel c y c l e s  for s l ight ly  enr iched uranium. 

Radioisotope-source fabrication and P u  3 9  and 
u 2 3 3  fuel fabrication in  privately owned radio- 
chemical  p lan ts  a r e  expected to increase  greatly 
during the  nex t  decade.  T h e  potent ia l  economic 
l o s s  from off-site damage d u e  t o  acc idents  in 
such plants  was evaluated.  With the  safeguards  
in des ign  and operation norrrially iricludcd in  a 
radiochemical plant  t h e  worst  contained acc idents  
are not expected t o  resul t  in a monetary loss due  
t o  damage to the  surroundings which could exceed 
t h e  limits of present ly  ava i lab le  insurance (60 
million dollars). As in the  case with large power 
reactors ,  however, ca tas t rophic  acc idents  involving 
loss of containment in t h e s e  fac i l i t i es ,  althoiigh 
having slrch an extremely low probability of oc- 
currence a s  t o  be considered incredible ,  could 
resul t  in  damage t o  the surroundings amounting to 
bi l l ions of dol lars ,  particnlarly when normal in- 
ventor ies  of Pu238 ,  S r g O ,  and PuZ3'  are involved. 
IJncontained acc idents  involving U 2 3 3  or KrB5,  
on the  other hand,  would resul t  in  potential l iabi l -  
i ty  of a million dol lars  or IPSS. 

The  resu l t s  of the  s tudy provide va lues  of rela- 
t ive l iabi l i ty  for plants  that  fabr ica te  or process  
a variety of radioisotopes of current in te res t ,  and 
they provide rough es t imates  of the  potent ia l  
economic loss that  could b e  incurred in  major 
acc idents .  Radioact ive material inventory, con- 
tainment properties, meteorology, and surrounding 
population distribution a l l  affect  t h e  potent ia l  
monetary loss. 
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1.  Power  Reactor Fuel Processing 

Laboratory and engineer ing-scale  development of 
p r o c e s s e s  for recovering f i ss ionable  and fer t i le  
mater ia l  from irradiated power reactor f u e l s  i s  
continuing. In the p a s t  year  more emphas is  w a s  
p laced  on b a s i c  chemical  s t u d i e s ;  however, major 
effor ts  a r e  s t i l l  in  progress  on chemical  appl ica-  
t ions ,  engineer ing  development, a n d  f inal  small-  
scale hot-cell t es t ing  of t h e  more promising fuel  
recovery processes .  

Hot-cell demonstration of the Sulfex process ,  
including o n e  c y c l e  of solvent  extract ion,  w a s  
completed with fuel  s a m p l e s  irradiated to 28,000 
Mwd/ton. B a s i c  chemical  s t u d i e s  were  continued 
on  uranium and thorium carb ides  and begun on 
t h e  d isso lu t ion  of P u 0 2 - U 0 ,  ,pe l le t s .  T h e  
engineer ing-scale  development of the  chop-leach 
process w a s  cont inued,  with major emphas is  on 
the  leaching  operation. 130th chemical  and  engi-  
neer ing-scale  work w a s  done  on t h e  optimization 
o f  a U Z 3 ”  so lvent  extract ion c leanup f lowsheet  
for the Brookhaven National Laboratory Kilorod 
program descr ibed in  Chap. 6. F l o w s h e e t s  for re- 
cover ing  protactinium by both adsorpt ion arid 
so lvent  extract ion of thorium-uranium f u e l s  were 
developed. Chloride volatility p r o c e s s e s  were 
s tud ied  for u s e  with both I.J-A1 al loy f u e l s  and 
UC-ThC impregnated graphite fue ls ;  this work is 
reviewed i n  ORNL-3452, Suppl I. 

The extens i  ve corrosion-test  program on candi-  
d a t e  mater ia ls  of construct ion for aqueous  and 
nonaqueous head-end p r o c e s s e s  under development 
was coni inued. 

A cons iderable  effort w a s  expended on the  
development of a main l i n e  and one or m‘xe backup 
p r o c e s s e s  for the Rover  fue2. T h i s  work, b e c a u s e  
of its c l a s s i f i e d  na tu re ,  is descr ibed i n  ORNL- 
34.52, Suppt 2 (classi f ied) .  

1.1 PROCESSES FOR URANIUM AND 
THORIUM CARFJIDE FUELS 

T h e  hydrolysis  s t u d i e s  with var ious uranium and 
thorium c a r b i d e s  were continued t o  t h e  point where 
a very good understanding of t h e  chemistry of 
t h e s e  reac t ions  is now avai lable .  To be a s s u r e d  
of high-quality material for t h e  experiments ,  many 
s a m p l e s  were prepared i n  t h e  Metals and Ceramics  
Divis ion under very carefully controlled condi t ions.  
T h e  program effort w a s  also extended to provide 
d a t a  on feed adjustment  of t h e  hydrolysis  product 
and on so lvent  extract ion compatibility. 

Fuel Sample Preparation 

Uranium-carbon a l loys  u s e d  i n  the  hydrolysis  
experiments  were prepared by the nonconsumable 
arc: mel t ing of high-purity uranium metal  and 
spec t roscopic  grade graphite, using tungs ten  
e lec t rodes .  ’- .’ T h e  maximum combined carbon- 
to-uranium (C/U) atomic ratio that  could b e  
obtained by a r c  melting or arc melting followed 
by hea t  t reatments  between 1260 and 2000°C was  
1.85, which ind ica tes  that  uranium dicarbide is 
a nonstoichiometric compound. Alloys with a 
total-C/U atomic rat io  (of 1.91, but  with a corn- 
bined-C/U atomic ratio of only 1.85, were pre- 
pared; they were e s s e n t i a l l y  s ingle-phase uranium 

%I. J. Bradley arid 1.. M. Ferris, ~ n o r g .  Cticm. I ,  
683 (.1962j. 

M. J. Bradley and I,. M. Fer r i s  Hydrolysis of 
Uranium Carbides Retweeri 25 and fOOo’C. I I .  As-Cac,l 
Alloy,i: Containing 2 to  10 rut YO Carbon, paper presented  
a t  the American Chemical Society National Meeting, 
Los Angelcs, Calif.,  Apr. 4, 1963. 

2 

3M. j. Bradley et aI., l ’ lw  E f f e c t  of Irradiation on tlie 
fiydroly,sis of 1Jranirzm Carbides.  1. Preparation i ~ f  
Urariinm Monocarhide Pellets for  Irradiation, OKNL- 
3403 (March 1963). 
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dicarbide,  based  o n  x-ray and metallographic 
examination. Uranium monocarbide spec imens  

Alloys appeared t o  b e  stoichiometric - 
which contained less than one carbon atom per 
uranium atom were two-phase mixtures of uranium 
met31 and uranium monocarbide, while a s - c a s t  
spec imens  with composi t ions between UC and 
U C , . 8 5  were two-phase mixtures of the  mono- and 
dicarbides .  Heat ing  U C , . ,  for  60 hr a t  160OOC 
produced a material that  w a s  relat ively pure 
uranium sesquicarb ide  (U2C3) according t o  x-ray 
a n a l y s i s ,  but microscopy showed a considerable  
amount of impurity phases .  

Graphite e lec t rodes  a r e  required in the  a r c  
melting of thorium carb ides  t o  avoid ex tens ive  
tungsten contamination (6 wt % in thorium dicar-  
bide). B a s e d  on chemical  and x-ray ana lyses ,  
thorium dicarbide appears  to be  nearly s toichio-  
metric, with a formula of  ThC , 9 5 .  T h e  metallo- 
graphic examinat ions of t h i s  material have  not 
been completed. 

UC 1 .o'  

Hydrolysis of Uranium Carbides in W'ater 

T h e  hydrolysis  of uranium carb ides  a t  ternpera- 
tures  between 25 and 100OC yielded coinplex mix- 
tures  of hydrogen and gaseous  hydrocarbons and 
a gelat inous,  hydrous, te t ravalent  uranium oxide. 
Nonvolatile waxes  were a l s o  formed when the  
al loy contained ei ther  uranium s e s q u i -  or  dicar-  
bide. T h e  volume of g a s  evolved decreased  from 
138 ml (STP) per gram of carbide to  42 ml  per 
gram of carb ide  as  t h e  combined-C/U atomic ratio 
increased  from 0.39 to 1.85 (Fig.  1.1). 

yielded 
principally methane (86 vol %), some hydrogeri 
(11  vol  %), and small  quant i t ies  of higher hydro- 
carbons.  As expected,  t h e  U-UC a l loys  yielded 2 
moles  of hydrogen per mole of f ree  metal in  addi- 
t ion t o  t h e  UC hydrolysis  products (F ig .  1.2). 
T h e  gaseous hydrolysis  products of spec imens  
with cornpositions between U C O e 4  and U C l , o  
contained a l l  the  carbon originally present  in the  
al loy (Table  1.1). 

?'he reaction of UC1.85  with w a t e r 2  yielded a 
water-insoluble wax, a gas containing about  40 
vol '% hydrogen, and a complex mixture of a t  l e a s t  
36 hydrocarbons which wete  dis t r ibuted as  foIfows: 
methane, 15 vol %; ethane,  28 vol %; propane, 1.0 
vol %; butanes,  4.6 vol %; C , -  to  C8-alkanes,  1.1 
vol %; ethylene,  1 .6  vol %; butenes,  4.7 vol %; 

T h e  hydrolysis  of uranium monocarhide 

C,- t o  C7-a lkenes ,  2.0 vol %; alkynes,  0.06 vol 
%; and unidentified unsaturated compounds, 1 .2  
vol 7%. Of the  combined carbon ini t ia l ly  present  
i n  t h e  IJC1.85 spec imens ,  37% w a s  found in the 
gas phase  and 27% in t h e  wax. T h e  remaining 
carbon presumably w a s  present  as water-soluble 
compounds whose  concentrat ions were too low t o  
d e t e c t  by conventional analyt ical  procedures. No 
water-insoluble liquid hydrocarbons weie  observed. 
The wa.x had an M/C ratio of about 1.2. Prelimi- 
nary infrared d a t a  indicated the presence  in  the  
wax of aromatic and al iphat ic  double  bonds,  C=O, 
and C--0-C bonds. Temperat,ures between 25 

- 80 

- 
43 

~ 

~ 

E 

I i 

Fig. 1.1. Volume of  Cos  E v o l v e d  when As-Cast  

Uranium Carbides React  with Water at 8OoC. 

0 04 0.8 4 2  46 2 0  
C3MBINED-Cj'U 4TOM RATIO 

Fig. 1.2. Gnseous Products from the Reaction of 

As-Cast  Uranium Carbides wi th  W G ~ ~ P  at 80°&. 
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T a b l e  1.1. Carbon Distr ibut ion in t h e  Hydrolysis of Uranium and Thorium Carbides a t  8OoC 

Expressed a s  Percent of  Combined Carbon in  Al loy 

Nonvolatile Gaseous  Products 
- Material Reacted 

(Combined Tota l  Carbon Compounds 
_. - _- - Saturated Unsaturated Gaseous 

Wax Unaccounted Carbon-to-Me tal 
CH4 C - to C -Hydrocarbons Hydrocarbons Carbon Atomic Ratio) 2 8 

As-Cast 

70 uc0.39 

u c o . 8 3  87 

u c l . 2 5  42 

uc1.48 24 

uC1.85 4 

T h C l . O ,  83 

ThC 1 . 9 5  

TJC0.g7 92 

UC1.71  10-5 

1 

Heated 60 hr at 

1600'C 

1.5 uc* .47  

20 

9 

6.5 

25 

29 

25 

22 

9.5 

24 

35 

8.5 

3 

1.5 

8.5 

11 

12 

11 

6 

2 8  

16 

99 

99 

I00 

75 4.5 

64  11 

47 20 

37 27 

98 

52 12 

52 11 

2 1  

25 

33 

36 

36 

36 

and 99°C had no ef fec t  on t h e  products  of t h i s  
reaction. 

Hydrolysis  O E  as-cast spec imens  with composi-  
tions between UC and U C l . 8 g  (i.e.> UC-UC,.,, 
mixtures) produced2 a d e c r e a s e  i n  the  methane 
concentrat ion and i n c r e a s e s  i n  t h e  amounts  of 
f ree  hydrogen, C ?- to C8-hydrocarbons, arid wax 
as t h e  combined-d/U atomic rat io  of the  al loy w a s  
increased  (Fig. 1.2 and T a b l e  1.1). T h e  y i e l d s  of 
met.hane were considerably lower than  expec ted  
from t h e  UC concentrat ions i n  the  a l loys ,  indicat-  
i n g  tha t  during hydrolysis  some C4-  u n i k  f rom 
t h e  CJC reac t  with (C2) ' -  uni t s  from t h e  UC1.85.  

Heat ing  of as-cast UC1.5 (i.e., a UC-UC:1.8, 
mixture) for G O  hr  at 1600°C to form uranium 
sesquicarb ide  (U2C3) c a u s e d  a marked c h a n g e  in 
t h e  g a s e o u s  hydrolysis  products. CIJy 1.5% of 
t h e  carbon originally present  i n  the  heat-treated 
alI.oy was fourid as methane compared with 24% 
for t h e  as-cast specimen (Table  1.1). 'The heat-  
t reated spec imen yielded more saturated and 
unsaturated C,- to Cr:-hydrocarbons (51% of the  
carbon v s  40% for the  a s - c a s t  specimen) and 

considerably more f r e e  hydrogen (0.8 atom per 
uranium atom v s  0.3 atom for t h e  as-cast s p e c i -  
men). In both c a s e s ,  11% of t h e  carbon w a s  found 
in t h e  wax. 

Hydrolysis of Thorium Carbides in  Water 

T h e  hydrolysis  of thorium monocarbide w a s  
s imilar  to  t h a t  of uranium monocarbide, yielding 
90 ml (S'W) o f  g a s  per  gram of sample;  the  g a s  
c o n s i s t e d  principally of methane (85 vol %) and 
hydrogen (10 vol %) (Table  1.1). On a mole b a s i s ,  
the  amounts of the  various a l k a n e s  and a lkenes  
produced i n  t h e  hydrolysis  of ThC I .9 were nearly 
ident ica l  with f.hose t h a t  would b e  obtained by 
extrapolat ing t h e  d a t a  for a s - c a s t  uranium carb ides  
t o  a hypothet ical  composition of UC .9 (Table 
1.1). In addl tion, thorium dicarbide yielded 
s ignif icant  quant i t ies  of a lkynes  (14% of the  
combined carbon v s  1% from uranium dicarbide) ,  
br inging t h e  total  carbon in  the gas p h a s e  t o  50% 
for 'ThC 1 .  , v s  35% for hypothet ical  UC1.,5. 
Thorium dicarbide yielded less wax (12% v:; 27% 
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for uranium dicarbide) and about the  s a m e  amount 
of organic  compounds unaccounted for. 

Hydrolys is  of Umniuw Carhides in  Nitric Acid 

When uranium carb ides  a r e  d isso lved  i n  nitric 
acid,  so luble  organic compounds, p r h a r i l y  ac ids ,  
are p r ~ d u c e d . ~ - ~  T h e  purpose of t h e  present  
work, being conducted ini t ia l ly  with uranium mono- 
carbide,  is to determine t h e  ident i t ies  and amounts  
of the  d isso lved  speci.es under severa l  d i sso lu t ion  
condi t ions.  Of paiticular importance is t h e  identi- 
f icat ion of any potentially explosive components 
or  t h o s e  which might have a deleter ious effect  on 
t h e  tecovery of uranium from nitric ac id  so lu t ions  
by so lvent  extraction. The  resu l t s  of t h i s  study 
are appl icable  both to  t h e  direct  d i sso lu t ion  of 
uranium carbide reactor fue ls  in  nitric ac id  and to  
the  acid leaching  of graphite-base fue ls  that  
contain carbides. 

In t h e  dissolut ion of uranium monocarbide (UC) 
in ilitric ac id ,  20 to 40% of t h e  carbide carbon 
remains in solution; t h e  amount depends  on 
acid concentration and reaction temperature. T h e  
rest  of the carbon is volatilized, mainly a s  CO,. 

4A. hl. Simpson and B. A. Heath, Products of the 
React ion Uranium Monocarbide.--Nitric Acid, IG Memo- 
iand,li.L? 464(D) (June 1959). 

'Chern. 'l'echnol. Uiv .  Ann. Progr. Rept .  June 30, 
1962 ,  OKNL-3314, pp 6--9. 

%. E. Rlanco. Q m r f a r l y  Progress  Report  f o r  Chemi- 
c a l  Development Section E july---Septernhpr 1 9 6 2 ,  O R N L  
TM-403 (Feb. 7, 1963). 

T h e  d isso lved  s p e c i e s  were i so la ted  by ad jus t ing  
t h e  acidi ty  of the  nitric a c i d  so lu t ions  to 6 N and 
then removing the  uranium by extract ion with 20% 
T B P  -40% Amsco solution. Nitric ac id  w a s  then 
evaporated from the  uranium-free so lu t ions  at low 
temperatures ,  l eav ing  a dark red-brown colored 
mixture of orgaiiic compounds that  was air-dried a t  
room temperature, T h e s e  organic compounds 
proved t o  b e  polyfunctional, so luble  only in polar 
so lvents ,  and acidic .  Equivalent  weights  mere i n  
the range of 70 to  80 g/eq (Table  1.2). T h e  in- 
frared spec t ra  showed that  only t r a c e s  of nitro 
compounds were present ,  a s  expected,  s i n c e  t h e  
nitrogen conten ts  of t h e  mixtures were a lways  
l e s s  than 0.5%. 

Oxal ic  ac id  and water  were the major ident i f iable  
components of t h e  ac id ic  organic  mixtures. The  
amount of oxa l ic  acid decreased  from 35 t o  about 
10% as  t h e  reaction temperature w a s  increased  
from 25 t o  110°C (Table  1.2). T h i s  re la t ion is 
to b e  expected s i n c e  oxa l ic  acid is oxidized to 
CO, in  hot ni t r ic  acid.  T h e  number of experiments  
conducted t h u s  far h a s  been insuff ic ient  t o  a l low 
evaluat ion of t h e  e f fec t  of react ion time on the  
oxa l ic  ac id  content  of t h e  mixtures. T h e  t imes  
given in  'Tahlc 1.2 a r e  approximately those re- 
quired for t h e  complete dissolut ion of 50- t o  200-g 
samples  of UC. T h e  oxal ic  a c i d  w a s  i so la ted  
by vacuum sublimation a t  about 100°C and w a s  
the  only organic  component of the  mixtures that  
subl imed at t h i s  temperature. T h e  water  content  
of t h e  mixtures varied randomly from 7 t o  17%. 
T h i s  water  was removed during t h e  vacuu~u sub-  
limation and w a s  also t i t ra ted directly with Karl 
F ischer  reagent. 

Table 1.2. Campocit ion of the Organic Pradvcts  f r o m  t h e  Reaction of Uranium Monocarhide with Nitr ic  Ar id  
- ___ ___ ~ ___- ~ _ _ _  

HNO Reaction Dissolution Analyses  of Organic Species  
~ ~ - .  ~ ..... 

Concentration Temperature T i m e  C H Equivalent Oxalic Acid 
Sample 

No. 
( 70) (%) Wt (g/eq) (70) (M) (OC) (hr) 

UC-16Y-2 16 25 840 30.1 2.66 74 35 

uc-4Y-3 4 40 312 33.0 3.5 75 25 

UC"4Y 4 105 6.5 39.1 1.5 77 8 

uc-4Y-2 4 105 23 39.3 2.6 7 3  11 

uc-1tiY 16 110 24 40.9 1.8 74 
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Quali ta t ive paper chromatographic t e s t s  with 
ethanol-water-NW4QII so lvent7  and partition 
chromatography experiments  with elut ion from a 
s i l i c a  gel  column with chloroform-butanol solu- 
t ions  revealed t r a c e s  of benzene  po1yc:arboxylic 
a c i d s  i n  t h e  mixtures. Preliminary d a t a  obtained 
thus  f a r  ind ica te  that  t h e  benzene a c i d s  which 
contain up to four carboxyl  groups account  for 
less than 5% of t h e  mixtures. Mellitic ac id  (ben- 
z e n e  hexacarboxyl ic  acid)  h a s  a l s o  been  ident-ified 
as a component of t h e  mixtures; based  on the 
weight of t h e  insoluble  ammonium mell i ta te  s a l t ,  
t h e  mixture conta ins  about  20% mell i t ic  acid.  T h e  
remaining cons t i tuents  of t h e  mixtures appear  to  
b e  higher-molecular-weight polyacids .  T h e s e  
a c i d s  h a v e  not  y e t  been  identified, but their  
eqliivalent weights  were es t imated  at 120 t o  300 
d e %  

Preliminary experiments  indicated t h a t  s imilar  
organic  products  a r e  obtained f rom t h e  nitric a c i d  
d isso lu t ion  of uranium dicarbide (UC I .  5) and 
'I'hC. 

Solvent Extraction of Uranium Carbide 
Fuel Solutions 

T h e  fuel  so lu t ions  obtained by hydrolyzing 
uranium monocarbide (UC) cvith both water  and 
nitric a c i d  direct ly  were subjec ted  t o  so lvent  
ttxtraction t e s t s ,  by u s e  of t h e  Purex  f lowsheet ,  
to determine whether  Ihe presence  of d isso lved  
orgmic compounds would have  any adverse  e f f e c t s  
on t h e  f lowsheet .  'The hydro ly i t s  of UC with 
water  ai 80 to 100°C to produce hydrous uranium 
dioxide, followed by d isso lu t ion  of t h e  110, in 
boiling ni t r ic  acid and appropriate feed adlustment ,  
yielded a feed  solut ion that  appeared compdtible 
with t h e  Purex  so lvent  extract ion process .  Direct 

d i sso lu t ion  of t h e  UC in boi l ing ni t r ic  acid pro- 
duced a solut ion tha t  is much less sui tab le .  In 
the current  program of the  hot-cell demonstration 
of p r o c e s s e s  for carbide fue ls ,  h e d e n d  p r o c e s s e s  
and appropriate so lvent  extract ion f lowshee ts  will  
be eva lua ted  with fuel  spec imens  irradiated up to 
16,000 Mwd/ton. 

Uranium monocarbide which contained a t race  
of uranium dicarbide ( total  carbon, 5.1 wt 7%) 
w a s  hydrolyzed with water at an  €i,O/UC mole 
ratio of  20 at 90°C for 4 hr, producing a thick 
slurry of hydrous uranium dioxide. I l i s so lu t ion  of 
t h e  s lu r ry  i n  boi l ing 8 M FINO, was complete  111 

2 hr. T h e  resul t ing sol ids- t ree  raw-feed solut ion 
contained 350 g of uranium per  liter, 4 1M FINO,, 
and t race  amounts  of  so luble  organic  ac ids .  T h e s e  
a c i d s ,  produced from t h e  hydrolysis  of t h c  d icar -  
b ide  impurity, were found, in contact ing the  solution 
wlth 30% tributyl phosphate  (TBP)  i n  Adakane, 
to act as emulsif iers  and s t rong  cornplexing a g e n t s  
for uranyl ni t ra te ,  clnd therefore cannot  b e  tolerated 
in t h e  Purex  s y s t e m .  

T h e  organic  a c i d s  were s u c c e s s f u l l y  degraded by 
oxidation to largely al iphat ic  compounds, possibly 
ni t ra ted,  t h a t  d o  not interfere with so tvent  extrac-  
tion. Treatment  of t h e  raw-feed solut ion with 
ei ther  0.02 hi MMnO, or  0.05 /W Ce(NM,j,(Ne),)6 
a t  '70°C for 3 hr w a s  equally effect ive.  Af te r  re- 
moval of t h e  manganese dioxide precipi ta te  which 
forms during permanganate t reatment ,  t h e  resu l t ing  
feed  so lu t ion ,  when tes ted by exhaus t ive  extract ion 
with 30 vol % TBP in Adakane and exhaus t ive  
s t r ipp ing  with 0.01 hf FINO,, w a s  free of interfacial  
crud and exhibi ted riorrrial c o a l e s c e n c e  t imes for 
the  Purex sys tem.  Uranium extracl.ion arid s t r ipping 
losses were e a c h  l e s s  than 0.04%. Almosf. identi- 
cal resu l t s  were obtained with feed solut ion t reated 
with ceric ion. Treatment  with c e r i c  ion would be 
preferred in  a process  not requiring a feed-clarifi- 
ca t ion  s t e p  or not utilizing t h e  permanganate 
head-end treatment for ini t ia l  decontamination of 
f i s s i l e  material f rom f i ss ion  product ruthenium, 

b a s e d  on UC hydrolysis  i n  water  and oxidation 
of organic  a c i d s  with Ce(NH,),(NO,), is given 
in  Fig. 1.3. 

...... _ _ ~  __ - 

'A. 12. Clb2ma11 and D. A .  Slltton, Fuel 3 ] *  259 and A headmend flowsheet 
(1'352). 

'€3. Fishwick, J .  C Imn .  SOC.  1957, 1196 (1957). 

'D. Juettner, J .  ~ m .  chenj. S O C .  59, 208 (19.37). 



6 

CH4 29.6 l i t e r s  OFF-GAS 
C$ig 0.62 l i te r  OXIDES OF 
H z  3.78 l i ters N 1 TROGEN 

A 
HYDRATED UO2 SLURRY 1.47 M U02(N03)2  

4 M  HNOj i 1000 mi 

SHEARED SS-CLAD UC 
94.9% u 

5.176 c 

UNCLASSIFIED 
ORNL-OWG 6 3 - 2 8 6 6  

TO SOLVENT 
EX ITRACTION 

5 * 0  rnl i - 1 ~ 0  J 
(5.8 M HN03 

540  i r i l  

P u VA L E NCE AD J-US-TyF-NT- 

1 hr AT 25°C 

- .......... ~.~~ HY D-ROLY S I S_ DISSOLUTION-REFLUX 0 X l D A . l  ION 

4 h r  AT 90T 2 hr Ai- 105°C DIGEST 3 hr AT 70°C 

Fig.  1.3. Head-End Hydrolysis Process for Uranium Monocarbide Reoctor Fuel. 

Chemical  and  engineer ing development of t h e  
Zirf lex l o  and Sulfex chemical  decladding proc- 
esses €or Zircaloy-2 and s ta inless-s teel-clad 
UO, and ?'h0,-U02 f u e l s  w a s  completed this  
year  with a s e r i e s  of 1 9  SiilfFtx hot-cel l  runs with 
Yankee prototype fuel s a m p l e s  irradiated up to 
28,030 Mwd/ton. T h e  Sulfex f lowsheet  i s  given 
in  Fig. 1.4, and a picture of the  hot-cell equipment 
used  in t h e s e  runs i s  presented i n  F ig .  1.5. 

In the  Suifex process, boiling 4 M H z S 0 4  i s  
u sed  t o  remove the  s t a i n l e s s  s t e e l  fuel  cladding. 
T h e  exposed  uranium dioxide i s  then wsahed with 
water t o  remove residual  su l fa te  and d isso lved  in  
boi l ing 4 M E N 0 3  to  provide a feed solut ion sui t -  
a b l e  for a modified Purex so lvent  extract ion pro- 
cess. Similarly, washed thorium dioxide-uranium 
dioxide core material is d isso lved  in boi l ing 13 
rM HN03-0.04 M HF---0.1 M A1(N03)3,  t o  provide 
a feed for the Acid l'horex extract ion process .  

Nineteen Sulfex d e c h d d i n g  runs' '-I5 were 
conducted on type 304 or 316 s ta in less -s tee l -  

.......... .......... ~ ~ - -  -~ 

"Chem. Technol .  D i v .  Ann,  Progr. Rept .  June 30, 
1962,  ORNL-3314, pp 15--17. 

J. 1-1. Goode and M. G. Baillie, Not-Cell Demon- 
stration o f  the Z i r f l ex  and Su l f ex  Processes ,  Report 
N o .  I ,  ORNL TM-111 (Jan. 11, 1962). 

11  

J. 1-1. Goode and M. G. Baillie, Hot-Cell Demon- 
stration o f  the Z i r f l ex  and Su l f ex  Processes ,  Report 
N o .  2, QRNT, TM-130 ( Jan .  26 ,  1962). 

1 2  

c lad  uranium dioxide pe l le t s  of 9 3  to  96% of 
theoret ical  dens i ty ,  irradiated from 1545 to 28,200 
PAwd/ton. Most of the spec imens  were ini t ia l ly  
p a s s i v e  t o  boi l ing 4 M l12S04,  and contac t  of t h e  
cladding with iron wire was required to s t a r t  the  
reaction. (Pass iv i ty  h a s  generally been observed 
with unirradiated spec imens  and is not thought 
to b e  a n  irradiation effect . )  S ta in less  steel d is -  
solut ion ra tes  averaged 2 mg inin-' c m " - 2  ~ a value 
in  close agreement with ra tes  obtained with un- 
irradiated spec imens .  About 5 hr w a s  required 
for complete  dissolutioti of the cladding. Soluble 
losses of uranium and plutonium to the  decladding 
solut ion were about 0.05%, and occas iona l ly  a s  
high a s  0.3% (Table  1.3). In three runs with 6 M 
H SO as  the  decladding reagent ,  the  uranium 
l o s s e s  were  higher than those  obtained with 4 M 
H 2 S 0 4 .  No signif icant  increase  in  dec ladding  
losses w a s  observed that  could b e  attributed to 
irradiation e f fec ts .  T h e  decladding so lu t ions  were 
f i l tered t o  remove undissolved s c a l e ,  uranium 
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, e t c . ,  which were returned to the  
d isso lver  prior to dissolut ion of t he  uranium dioxide 
core. Core dissolut ion in boiling 4 M H N 0 3  w a s  
complete in about  6 hr, which is comparable to  the  
t ime required to d i s s o l v e  unirradiated uranium 
dioxide. T h e  larger  sur face  area presented by the  
fractured i r radiated pe l le t s  produced a higher 

a1 d isso lu t ion  rate than did in t ac t  unirradiated 
ets, but the ra te  decreased  as the  sur face  a r e a  

was  reduced. 
Solvent extract ion runs were conducted with the  

so lu t ions  produced by d isso lu t ion  of the core ,  and 
the runs were made in miniature mixer-settlers 
s imulat ing the  f i r s t  c y c l e  of a modified Purex  
process .  At irradiation leve ls  from 13,100 up to 
28,200 Mwd/ton, uranium extract ion l o s s e s  were 
wel l  below 0.01%, and plutonium l o s s e s  averaged 
0.1%. The  presence  of 0 .1  M res idua l  su l fa te  in 
the feed had no deleter ious effect on the  losses. 
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Fig.  1.4. Sulfex Head-End Treatment. 
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T a b l e  1.3. Uranium and Plutonium Losses  During Sulfex Decladding of  Irradiated 

Stainless-Steel-Clad U02 i n  B o i l i n g  4 M H2S04 

Irradiation Soluble Soluble 

(Mwd/ton) (% of Theoretical)  Conditiona 
Uranium Loss Plutonium Loss U 0 2  Density Pe l le t  Level  

(so) (70) 

1,545 93 to 95 S 0.20 0.12 

93 to 95 S 0.23 0.12 2,790 b 

7,900 

7,900 

93 to 95 

93 to 95 

S 

S 

0.23 

0.05 

0.46 

0.11 

7.900 93 to 95 S 0.05 0.11 

9,700 

9,700 

93 t o  95 

93 to 95 

S 

S 

0.08 

0.03 

0.29 

0.07 

12,900 93 to 95 S 0.05 0.22 

12,900 

20,400 

93 t o  95 

93 to 95 

S 

S 

0.02 

0.18 

0.10 

0.32 

20.400 93 t o  95 S 0.03 0.03 

22,800' 

22,800' 

22,800 

96 

96 

96 

I F  

IF 

IF 

0.77 

0.89 

0.08 

0.17 

0.03 

0.04 

22,800 96 IF 0.06 0.04 

28,200 96 I F  0.08 0.01 

28,200 96 I F  0.03 0.01 

28,200 96 I F  0.08 0.05 

28.200 96 I F  0.0 5 0.00 

%, shattered; IF, in tac t  or fractured. 
'These decladding experiments conducted with boiling 6 M H2S04.  

Uranium decontamination from f i ss ion  products 
ave rage  3.1 x l o 4  and 1.3 x l o4  for be t a  and gamma 
emit ters  respect ively.  Plutonium w a s  decontami- 
nated from be ta  and gamma emi t te rs  by average 
fac tors  of 2.5 x lo4 and 7.1 x IO3 respect ively.  
These t e s t s  show tha t  there  a re  no deleter ious 
e f f e c t s  on uranium and plutonium losses or decon- 
tamination when feed solut ions prepared from 
highly i r radiated uranium dioxide and highly 
purified so lven t  on a once-through b a s i s  are 
used.  

1.3 PROCESSES FOR BREEDER 
REACTOR FUELS 

F u e l  p rocess ing  experiments were made with 
U02-PuOz  fuel  s amples  designed for f a s t  breeder 
reactors  and with Th-Pa233-U233  fuel so lu t ions  
obtained by d i s so lv ing  fuel  from thermal converter 
or breeder reactors .  T h e  experiments on the  f i rs t  
type of fuel included b a s i c  dissolut ion s t u d i e s  
with U 0 2 ,  P u 0 2 ,  and U 0 2 - P u 0 2  fuel pe l le t s ,  
and adsorption s t u d i e s  of plutonium ni t ra te  on 



zirconium phosphate. Work on t h e  thorium-U2 3 3  

f u e l s  included t h e  chemical  and engineer ing 
development of a U233 cleanup Rowsheet  for the  
BNL Kilorod program a n d  protactinium adsorption 
and so lvent  extract ion s tudies .  

Dissolut ion Studies on U0,-PuO, Pel le ts  

In order to determine t h e  d isso lu t ion  character-  
i s t i c s  of UO -PuQ fuel  pe l le t s  as a funct ion of 
fuel-pellet var iab les  and manufacturing condi t ions,  
a s e r i e s  of b a s i c  d isso lu t ion  experiments w e r t  
performed with unirradiated UOz pe l le t s  obtained 
from Davison Chemical ,  Nuclear Materials, United 
Nuclear ,  Atomics International, and Westinghouse, 
with PuO,, p e l l e t s  acquired from t h e  Nuclear Mate- 
r ia l s  and Equipment Company, and with mixed 
UO , -Pu02 p e l l e t s  also obtained from Nuclear 
Materials. 

Dissolut ion of UO, Pellets. - T h e  ins tan taneous  
d isso lu t ion  rate  of ‘30% of theoret ical  dens i ty  
UOz pellets in boiling 2 to 4 N H N 0 3 ,  or in a4umi- 
num, sodium, or lithium ni t ra te  containing 10% 
H N 0 3  w a s  found to  i n c r e a s e  as t h e  s q u a r e  of the  
ni t ra te  concentrat ion.  F o r  Davison p e l l e t s  with a 
dens i ty  95% of theoret ical ,  t h e  d isso lu t ion  rate  
R in  mg c m - 2  m1n-l 1s defined by the equation: 

2 2 

where (NO ) i s  the total ni t ra te  molarity. In 
utanyl  nitrate-nitric a c i d  so lu t ions ,  t h e  ra te  in- 
c reased  as !he s q u a t e  of the ni t ra te  concentrat ion 
due to t h e  nitric a c i d ,  plus  hstf the  ni t ra te  fiom 
the uranyl nitrate. T h e  addition of hydrofluoric 
ac id  to t h e  ni t r ic  ac id  w a s  found to e i ther  i n c r e a s e  
a r  d e c r e a s e  the rate ,  depending upon the respec t ive  
concentrat ion of the  a c i d s ;  t h e  addi t ion of 3 
moles of aluminum per mole of fluoride i n  the 
mixtures negated the e f fec t  of t h e  fluoride. T h e  
ins tan taneous  d isso lu t ion  r a t e s  of pe l le t s  of the 
s a m e  theore t ica l  dens i ty  varied with t h e  source  
of the  p e l l e t s  by as much as a k c t o r  of 50 (Fig.  
1.6). Photomicrographs showed that  the  pe l le t s  
that  d i sp layed  the higher d isso lu t ion  ra tes  had 
larger sur face  a r e a s ;  however, pore sizes could 
not be  determined. No difference i n  dissolut ion 
ra te  w a s  noted for varying oxygen-to-uranium ratio. 

T h e  t i m e  for complete  d isso lu t ion  of p e l l e t s  
with a dens i ty  of 10.3 g/cm3 w a s  61% of tha t  
ca lcu la ted  by u s e  of t h e  ini t ia l  ins tan taneous  
d isso lu t ion  ra tes .  About 95% of the m a s s  of the  

3 

pel le t s  d i sso lved  in  the f i rs t  half of the t ime.  
T h e  apparent  sur face  a rea  increased  during d is -  
solut ion of the  f i rs t  35% of the pel le t  and de- 
c r e a s e d  thereafter. The  nitric a c i d  consumed in  
d isso lu t ion  ranged from 3 . 3  moles per mole of 
uranium for I4 M HNO, to 2.6 moles  per mole of 
uranium in 6 kf H N 0 3  in  t h e  presence  of air. There  
w a s  no variation i n  d isso lu t ion  time when the  
amount a€ ac id  used  w a s  2 to  10 t imes tha t  re- 
quired. The time for complete d isso lu t ion  of a 
Davison pe l le t  with a detisity of 10.3 g/cm3 i n  
14 &I HNO w a s  about  70 min. 

Dissolut ion of PuO, Pel le ts .  - T h e  iiistanta- 
neous  d isso lu t ion  rate  of P u O  pe l le t s  with a 
dens i ty  of 10.3 g/cm3 obtained from Nuclear 
Materials and Equipment Company in boi l ing 7, 
10, and 14 M FINO3 increased about  as the fourth 
power of t h e  ni t r ic  acid concentration. T h e  rate  
R i n  mg cmU2 min-l is defined by the equat ion:  

3 

2 

log R - 4.10 log (HN03)  - 6.92 , 

0 
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Fig .  1.6. Dissolution Rate of U 0 2  Pellets from 

Various Sources as a Function of Pellet Density.  
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where (I-IN03) i s  the nitric ac id  molarity. T h e  
addition of ni t ra te  s a l t s  t o  the nitric ac id  did not 
vary the dissolut ion rate .  In mixtures of ni t i ic  
acid-hydrofluoric ac id ,  the rate  increased as the  
4th power of t h e  nitric ncid and the 1 . 4 l t h  power 
of the hydrofluoric acid.  The  d isso lu t ion  ra te  
in  14 hi' IINO,-O.l M HF was 2.1 mg min-' 

'The addition of 3 moles of aluminum per 
mole of fluoride t o  the  nitric acid-hydrofluoric 
acid sys tem decreased  the effect  of fluoride to 
the 0.36th power, T h e  rate in nitric a c i d  which 
conta ins  0 .01  to  0 .1  N Ce(NH ) ( N 0 3 ) 6  increased  
as the  f i rs t  power of t h e  c e r i c  ion concentration. 
T h e  addi t ion of dichromate, ozone,  or hydrogen 
peroxide did not vary the  rate .  'The dissolut ion 
rate  of P u 0 2  in  Darex dissolver  solut ion (5 M 
HNO -2 ,?.I H C l )  was only mg m i n - '  cm'-2;  
therefore, there  would h e  l i t t le  plutonium loss if 
th i s  reagent is used to remove the s t a i n l e s s  s t e e l  
c ladding from Pu02 s e e d  pe l le t s .  An experiinent 
in  which a P u 0 2  pel le t  of 90% theore t ica l  dens i ty  
was  d isso lved  in  1 4  M HNO,-0.05 M H F  showed 
that  about  1% of the plutonium disso lved  pet hour; 
there  w a s  no apparent increase  i n  the  sur face  
area during dissolut ion.  

4 2. 

3 

Dissolut ion of U0,-PuO, Pellets, -- T h e  instan-  
taneous dissolut ion rate  of pe l le t s  of varying 
PuO -to-U02 rat io  may be  deterrniiied as a weighted 
average  of t h e  ra tes  of P u 0 2  and U 0 2  alone.  T h e  
dissolut ion rate  of coprecipi ta ted mixtures of 
U 0 2 - P u 0 2  is sat isfactor i ly  expressed  by the  
equat ion:  

2 

log Rmix = % UO, x log R U o  
2 

i- % PUO2 x log R p u o  , 
2 

where 

R . = the  instantaneoiis dissolut ion rate  of m i x  
t h e  U O ~ - P U O ~  i n  m g  cm- '  min-',  

t h e  pure UQ, i n  m g  ctn-' inin--', 

t h e  pure P u 0 2  in  mg cm- 

= the  instantaneous dissolut ion rate  of K" 0 

% u o  = the  ins tan taneous  dissolut ion rate of 
iiiin- '. 

'This equat ion a l s o  assumes  that  the  U 0 2 - P u 0 2 ,  
UO , and PuO,  are of the same theoret ical  dens i ty  
and that  t h e  ra tes  for U 0 2  and P u 0 2  a r e  determined 
or ca lcu la ted  for the  same d isso lvent .  An example 
of the f i t  of ca lcu la ted  to experimentally deter- 
mined d isso lu t ion  ra tes  for 20% PuO, in UO, (80% 

2 

of theoret ical  dens i fy)  in 10 and 14 M H N 0 3  is 
shown in Fig. 1.7. 

Plutonium Adsorption Studies 

Ini t ia l  data indieate  that. ionic  plutonium c a n  
be  removed from nitrate so lu t ions  by adsorpt ion 
on zirconiuin phosphate or ziiconiuiii phosphate- 
s i l i ca te .  Plutoniuin polymer wzs not adsorbed,  
and the extreme condi t ions required to  convert  
plutonium polymer to ai?. ionic  f o i m  would probably 
make i t s  recovery from w a s t e  solutions by adsorp- 
tion uneconomical. 

0 20 40 60 80 100 

"i, Pu02 IN U02 

Fng. 1,7. Dissolut ion Rote of Pu02-uOz  Pellets. 
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In two experiments ,  a column 1 cm in diameter  
and 12 cm long,  which contained 50- to 100-mesh 
zirconium phosphate  (Bio Rad ZP-l), removed 75 
and 96% of the plutonium from 50 m l  of s imula ted  
ni t ra te  w a s t e  so lu t ions  (Table  1.4), containing 4 
and 1 M H N 0 3  respect ively.  In both t e s t s ,  82% 
of t h e  adsorbed plutonium w a s  e lu ted  with 100 ml  
of 8 M I I N 0 3 .  T h e  feed so lu t ions  contained about  
1.7 x i o 5  c o u n t s  min-' mI.--l of plutonium obtained 
from aged  uranium-plutonium so lvent  extract ion 
feed so lu t ions .  The flow ra te  during adsorpt ion 
w a s  about  0.75 ml/min. 

T a b l e  1.4. Concentrations of ionic Species in  

Simulated Ni t rate  Waste Solution 
. .. . . ... . . .. 

Constituent 
Concentroti on 

(IM) 

 AI^+ 

Mn 2+ 

~ 0 , ~ -  

K +  

HNO, 

Fe 3+ 

-t 
Na 

Tota l  NO3'- 

0.2 

0.02 

0.2 

2.0 

0.02 

0.5 

0.1 t o  4.0 

3.7 to 7.7 

A 17-h ba tch  equilibration with a zirconium 
phosphate-s i l icate  adsorbent  (10 g per l i t e r  of 
solut ion)  removed 99% of t h e  plutonium and 86% 
of the gross gamma act ivi ty  from a solut ion which 
contained 0.9 mg of uranium per mil l i l i ter ,  0.5 iW 
HN03,  0 . 0 1  ill N a N 0 2 ,  4.5 x 10' gross-gamma 
counts  min- '  ml - l ,  and 2 .7  x l o 4  plutonium 
counts  min-' m1-l. When t h e  ni t r ic  ac id  concen- 
t ra t ion in  the  feed w a s  increased  t o  4 M ,  the  
plutonium adsorpt ion decreased  to 12% and the 
gross  gamma to 34%. T h e  exchanger  w a s  pre- 
pared accord ing  t o  t h e  method of NaumannI6 and 
had a rat io  of Zr02:S i02:P205  of 1.0:4.8:0.7. 

Zirconium phosphate ,  zirconium phosphate- 
s i l i c a t e ,  and fired or unfired Vycor glass adsorbed 
less than 24% of the plutonium from simulated 
w a s t e  so lu t ions  which contained plutonium polymer, 

I6D. Naumann, Z. Chern. 1, 247-48 (1961). 

The w a s t e  so lu t ions  that contained 0.1 to 4 M 
W N 0 3  and about  1.5 plutonium polymer counts  

min-'ml-'  were contac ted  30 min with 10 g of 
each  adsorbent  per l i ter  of w a s t e  solution. 

Reprocessing of Aged U233 

In order t o  minimize t h e  sh ie ld ing  required for  
the  remote fabricat ion of fuel  e lements  tha t  con- 
tain U 2 3 3 ,  the uranium must be reprocessed imme- 
d ia te ly  before use t o  remove t h e  decay  daughters  
of t h e  U 2 3 2  contaminant. T h i s  problem is of 
particular importance a t  present  b e c a u s e  of the  
Laboratory's commitment t o  produce 1000 T h o 2 -  
U 2 3  'Q fuel r o d s  for cr i t ical i ty  experiments  a t  
Brookhaven Nat ional  Laboratory. T h e  program 
inc ludes  the d isso lu t ion  of aged  U 2 3 3  metal re- 
turned from Los Alamos i n  which the  U 2 3 2  con- 
centrat ion w a s  approximately 40 ppm, so lvent  
extract ion of the  uranium in the Thorex Pilot 
P l a n t  t o  remove the U 2 3 2  daughters ,  preparation 
of TbO2-UO2 fuel by the  sol-gel  p r o c e s s ,  and ,  
f inal ly ,  the manufacture of the fuel  rods by the  
vibratory compaction method (see S e c  6.3).  In 
order to provide a s u i t a b l e  f lowsheet  for the  f i r s t  
two s t e p s ,  a series of experiments  were made on 
the d isso lu t ion  and subsequent  so lvent  extract ion 
of aged  U 2 3 3 .  

Dissolut ion t e s t s  with uranium metal  i n  a boi l ing 
mixture 1.5 M i n  Th(N03), and 4 M i n  H N 0 3  indi- 
c a t e d  a sur face  penetration rate  of o.o[)l cm/min. 
Assuming that the uranium to be disso lved  is in 
the form of a 4-kg sphere ,  the resu l t ing  d isso lu t ion  
time would be  68 hr. In a boi l ing mixture 1.5 M in  
T ~ I ( N O ~ ) ~  and 3 M in  HNOj,  d i sso lu t ion  would 
t a k e  16 d a y s .  

In t h e  so lvent  extract ion f lowsheet  work, the 
s c o p e  of the effort included t h e  development of a 
process  t h a t  would provide a U Z 3  decontamina- 
tion factor  from thorium and U 2  decay-daughter 
gammas of L I O Q  and tha t  would be  operable  in  the  
present  Thorex P i l o t  P lan t  equipment. B e c a u s e  
of the la rge  s i z e  of t h e  Thorex so lvent  extract ion 
columns,  a n  Interim-23 f lowsheet  w a s  c h o s e n  i n  
which s tored  thorium is used  as the s a l t i n g  agent .  
T h e  work included both laboratory-scale experi- 
ments and extraction-column-perfoiniance tests i n  
2-in.-diam columns.  

In laboratory experiments, the extract ion of the  
U 2 3 3  with e i ther  tributyl phosphate  (TBP) in n- 

dodecane  (NDD), or di-sec-butylphenyl phosphonate  

2 
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(DSBPP) in  diethylbenzene (DEB) provided a 
product decontaminated from thorium and gross  
gamma by greater than the  required factor of 100. 
IJranium-thorium separat ion w a s  a factor of 4 
higher with IXHPP, but T U P  in NDD was m o r e  
chemical ly  s t a b l e  than DSBPP in DE:-3. T h e  ex- 
traction of uranium and thorium ni t ra tes  with 
DSBPP was qui te  similar to  extract ion with TBP. 
DSSPP and uraniuin combine i n  a mole rat io  of 2.  
I h e  maximum concentration of uranium i n  2.5 vol 
% DSBPP was about 1 2  g/liter. DSBPP and thorium 
combine i n  a mole ratio which appears  t o  b e  3 in  
di lute  thorium solut ions;  however, a deviat ion 
becomes not iceable  a t  a thorium ni t ra te  concen- 
tration of about 0 .1  g/liter in  2.5% D S E P P ,  pro- 
bably due t o  the  formation of a dimer (Fig. 1.8). 
As a resu l t ,  the  uranium-thorium separa t ion  
factors  i n  s y s t e m s  that  contain less than about 2 
g of thorium per liter were about  1000 with DSBPP 
in DEB and only 15 with TBP in NDU. Conversely,  
in the  presence of 100 g of thorium per l i ter ,  the  

,-I 
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Fig. 1.8. Extraction o f  Uronium and 'Thorium f r o m  

1 M AI(N03)3 with 2.5% TBP ond with 2.4% DSBPP 
in DEB. 

separat ion factor w a s  larger with TBP than wjth 
DSBPP.  Therefore i n  the  extract ion s e c t i o n  of an  
Interim-23 f lowsheet ,  l e s s  thorium is extracted with 
TBP than with DSBPP; but in t h e  scrub  sec t ion  t h e  
reverse  is true. A s  a resiilt of t h e s e  t e s t s ,  DSMPP 
in DEB was chosen  for u s e  in t h e  pilot plant. T h e  
recoinmended f lowsheet  is shown in Fig.  6.3 (Chap. 
6). Laboratory experiments  that  u s e  t h e s e  condi- 
t ions,  with full concentrat ions of IJ233,  resul ted in  
uraniuin decontamination fac tors  frorii thorium and 
gross gamma act ivi ty  of l o 4  and 700 respect ively.  
No T h  or T h  2 8  daughters  could b e  de tec ted  in  
the  product by gamma spectroscopy.  

T h e  u s e  of s l ight ly  degraded so lvent  resul ted i n  
nearly the  s a m e  decontamination factor for the  
product, but the  uranium distribution factor  in  the  
scrub  s e c t i o n  w a s  decreased  by a factor of 2.  T h e  
so lvent  in t h i s  experiment w a s  s t i r red overnight 
with feed,  then stripped and washed with carbonate  
before u s e .  T h e  use of aluiniiiirm as  a s a l t i n g  
agent  ins tead  of thorium did not d e c r e a s e  the  
gross gamma decontamination factor. 

Engineering t e s t s ,  which u s e  the  process  de- 
scr ibed above,  were made in  2-in.-diam s t a i n l e s s  
steel pulse  columns.  'Tlhese t e s t s  a l s o  included 
s t r ipping of riranium from the so lvent  product with 
0.004 M FINO3 and s t a t i c  washing  of t h e  aqueous  
uranium product with diethylbenzene to  remove 
residual  DSBPP. 

T h e  uranium extract ion l o s s  w a s  only 0.03% in a 
12-ft-high column with a pulse  of 50 cpm and 1 in.  
amplitude. Decontamination of uranium from 
thorium w a s  l o 4  in  a n  8-ft column, us ing  the  same 
pulse  condi t ions.  Stripping of uranium w a s  not 
complete  (0.6% l o s s )  in  a 12-ft column a t  the 
same pulse ,  but w a s  sa t i s fac tory  a t  a pulse  fre- 
quency of 70 cpm. T h e  s t a t i c  diliient-wash column, 
which w a s  7 f t  high and packed with K a s c h i g  
r ings,  was of debatable  value s i n c e  only about  
half the DSBPP w a s  removed, leaving less than 
30 ppm DSBPP i n  the  uranium product solut ion.  
T h e  nitrate-to-uranium ratio in the  product w a s  
l e s s  than 2.3, wliich i s  within the  requirement for 
sol-gel preparation. Most of the e x c e s s  ni t ra te  
came from t h e  0,004 M H N 0 3  in the  s t r i p  reagent  
and from entrained aluminum ni t ra te  sc rub  in  t h e  
loaded so lvent ,  although the samples  contained 
less than 0.01% of the  total  aqueous  phase .  

T h e  flow capac i ty  (Table  1.5) of the compound 
extraction-scrub column w a s  limited by flooding 
in  the  extract ion sectioil, where the  total  flow 
capac i ty  increased from 490 to 1340 gal h r - l  
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T a b l e  1.5. F l o w  Copacity and Ef f ic iency of 2-in.-diam 

Pulsed Sieve Plate Colunin for DSBPP Flowsheet  

Flow ratio: feed 100, scrub 50, solvent  250, s t r i y  50 

35 
50 

70 
90 
50" 

35 
50 
70 
3sc  
5OC 
70' 

1340 

9 10 4.0 
700 2-1 
490 

990 4.1 

Uranium Stripping 

730 12.0 
490 6.7 
38 0 4.2 
860 12.0 

5 30 
400 

Thor ium Scrubbing 

50 >580 4.6 
70 >4 10 4. x 

50d >530 13.0 
5OC .',.hSO 6.2 

"pulse amplitude, I in. 
'IIETS measured a t  80% of flooding capacity. 
%ow ratios: feed 100, scrub 40, solvent 200, strip SO. 

dColumn operated wi th  the organic phase  rontmuous.  

I t - -2  as  t h e  pulse  frequency w a s  d e c r e a s e d  from 
90 to 35 c p m .  T h e  flow capac i ty  of the s t r i p  
column was signif icant ly  lower a t  the same pulse  
condi t ions,  thus  limiting t h e  to ta l  throughput of 
t h e  process ,  'I'he flooding capac i ty  of t h e  s t r i p  
column increased  from 380 to 730 gal  h r - '  
as pulse  frequency w a s  decreased  from 70 to 35 
cpm. T h e  extract ion,  scrubbing,  and s t r ipp ing  
ef f ic ienc ies ,  expressed  as HE'TS, a re  a l s o  given 
in  T a b l e  1 .5 .  

Adsarption of Protactinium 

Adsorption of Protactinium on Unfired V Y C Q ~  
loss ,  .- 1;arlier work on protactinium adsorpt ion 

on unfired Vycor glass and silica gel h a s  been 

cont inued.  In current  t e s t s  unfixed Vycor w a s  
s u c c e s s f u l l y  loaded to greater than 10 mg of  pro- 
tactinium per gtam of g l a s s .  Most of the  recent  
experiments  were performed with fue l  solutions 
that  s imulated t h e  composition an t ic ipa ted  from 
Consol idated Edison  fuel irradiated t o  18,000 
Mwd/met.ric ton of thorium and cooled for 10 t o  30 
days .  Such so lu t ions  a r e  iibout 0.5 M in  thorium, 
6 to  11 M in HNO,, 0.04 to 0.1 ill in aluminum, 
0.02 to 0.04 iW in  fluoride, and contain 5 g of 
uranium and about  50 mg of protactinium per 
l i ter .  In s tab i l i ty  t e s t s ,  t h e s e  so lu t ions  showed 
no change  in  protactinium concentrat ion af ter  
s torage  i n  a plastic container  for one  month at  
room temperature or af ter  contact ing welded and 
unwelded type 347 s t a i n l e s s  s t e e l  coupons for 
one week.  

In a typical  experiment s u c h  a solut ion that  
contained 5 4  mg of Paz3'  per liter w a s  p a s s e d  
through a column 1 c m  in diameter  arid 8.64 cm 
long which contained 80- to  100-mesh unfired 
Vycor a t  a ra te  of 0.22 ml min-1. During 
t h e  run, $5% of t h e  protactinium was adsorbed,  
loading the column to 7.8 mg of P a z 3 '  per gram 
of g lass .  T h e  column w a s  then washed  with 11 
M HNO, and e lu ted  with 0.5 ila oxa l ic  a c i d .  About 
95% of t h e  Pa that  remained on t h e  column w a s  
recovered a t  a concentrat ion of 6.4 g of Paz3' per 
l i ter  and represented a concentrat ion factor of 
120  over t h a t  in  the feed solution ( s e e  raffinate 
and e l u a t e  concentrat ion profile, Fig. 1.9). 

T h e  4% in i t ia l  raffinate loss w a s  c a u s e d  by t h e  
presence  of a n  unadsorbable form of prot:act:inium. 
None of t h e  Pa231 w a s  adsorbed on p a s s a g e  of 
t h e  raffinate through a second column. T h e  P a 2 3 1  
product solut ion w a s  reconverted to t h e  original 
feed composition and then p a s s e d  through a new 
unfired-Vycor column where 99 and 95% of the 
P a 2 3 1  w a s  adsorbed at loadings of 2 and 5 mg of 
Pa231 per gram of g l a s s  respect ively.  'The amount 
of protactinium adsorbed would probably have  been 
higher i f  the  feed flow rate  bad not been  increased  
from 0.2 to 1.1 m l  cm-.2 rnin.-l halfway through the  

-. .................. 

17Chern. Technol. D i v .  Ann. Pro@-. R e p t .  June 30, 

"J. G. Moore and R .  H. Kainey, Separaf ion  of Prof-  
actinium from Thoriufil i n  Nitric Acid Solutions by 
Solvent  Exiraciioit with Tributyl Phosphate or by 
Adsorption on Pulver ized UnEired Vycar  Glass or 
Sil ica Gef, paper presented at the Protactinium Chem- 
istry Symposium. Gat l idnrg,  'l'enn., Apr. 25-26, 1963 
(to be published). 

1962, OKNL-3314, pp 22-23. 
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Fig. 1.9. Sorption of Protactinium wi th  Cngired Wycor. 

run. In s imilar  experiments tar tar ic  ac id  w a s  
s u c c e s s f u l l y  used  as a n  elutr iant ,  a id  the  addi t ion 
of 0.1 M A1(M03)3 t o  the  nitric a c i d  column w a s h e s  
reduced tile amount of Pa231 lost during washing.  
Es t imates  of the  purity of the  protactinium product 
were obtained in nonoptimized column experiments  
by u s e  of t racer  so lu t ions  of Pa233  and f i ss ion  
products. Protactinium-233 was decontaminated 
from thorium, uranium, ruthenium, zirconium- 
niobium, and total  rare  ear ths  by fac tors  of a t  

respectively. 
Fluoride ion i n  the feed solut ion decreased  t h e  

protactinium distribution coeff ic ient  and corroded 
t h e  unfired Vycor adsorbent .  T h i s  e f fec t  was 
al leviated by t h e  addition of aluminum. T h e  d is -  
tribution Coefficients of protactinium from feed 
so lu t ions  tha t  contained 0.026 and 0.5 .M thorium 

l e a s t  6 x l o3 ,  1.5 x l o 4 ,  4 x lo3 ,  3 ,  and 5 .8  x i o 5  

were decreased  by fac tors  of 1000 and about  3 ,  
respect ively,  when t h e  so lu t ions  were made 0.03 
t o  0.04 M i n  H F .  T h e  addition of 7.5 moles of 
aluminum per mole of fluoride complexed the  
fluoride so tha t  it exer ted no inf luence on the 
dis t r ibut ion coeff ic ient  from the feed that  contained 
0.026 M thorium. T h e  coeff ic ient  froiii the  0.5 M 
thorium solut ion w a s  increased to about  70% of the  
value obtained with no fluoride present .  Only 2 . 5  
moles of aluminum per mole of fluoride were re- 
quired t o  reduce the  corrosion of t h e  g l a s s  fiftyfold. 

The solubi l i ty  of Protactinium in ni t ra te  so lu t ions  
is low but more  than adequate  for t h e  processing, 
of short-cooled Consol idated Edison  fuel. For a 
fuel  solut ion 0.5 M in  thorium, the  a s s o c i a t e d  
protactinium content  would b e  about  70 mg of 
Pa233 per liter for ten-day cooled fuel. In s tab i l i ty  
t e s t s ,  a fuel  solut ion that  contained 40 g of thorium 
Fer l i t e r  and 90 mg of P a 2 3 1  pei  l i ter  remained 
free of precipitation af ter  s torage  in  a p l a s t i c  
container  for one month a t  room temperature. 
Furthermore, no change  in  protactinium concentra- 
tion w a s  noted af ter  contact ing the  so lu t ions  with 
both welded and unwelded type 347 s t a i n l e s s  s t e e l  
coupons for one week. 

Adsorption of Protactinium on Sil ica Gel. - T h e  
adsorpt ion dis t r ibut ion coef f ic ien t  for Pa be- 
tween nitric ac id  and laboratory-prepared s i l i c a  
gel i s  about  three t imes t h e  coeff ic ient  obtained 
with unfired Vycor and greater than f ive t imes t h e  
value obtained with commercial silica gel. Batch 
equi l ibrat ions with tracer Pa233  and 10 g/ l i ter  of 
20- t o  40-mesh adsorbent  showed maximal adsorp- 
tion coeff ic ients  of 825 and 975 at 6 and 10 M 
H N 0 3  for laboratory-prepared s i l i c a  gel .  T h e  
maximum coeff ic ient  obtained with unfired Vycor 
was about  325  for 8 M FINO3 and about  175 for 
commercial silica ge l  and 9 ll.i I - IN03.  Preliminary 
coluiiiri runs iildicated that  the  capac i ty  of the 
laboratory-prepared s i l i c a  gel  is greater than 3 
m g / g  and i s  higher than that  of the commercial 
material. 

Solvent Extraction Studies 

Solvent extrdct ion s t u d i e s  were also made on the 
combining rat io  of thorium and TBP, t h e  extract ion 
of uranium from acid-deficient or acid aluminum 
ni t ra te ,  and t h e  extract ion of uranium from nitric- 
hydrofluoric ac id  rnixtuies. 



Combining Rat io  of Thorium and f 5 p .  - T h e  
combining rat io  of TBP io thorium w a s  redeter- 
mined for s y s t e m s  0.5, 1.0, and 2 .0  iM i n  A1(N03),  
or 6 !d i n  NH4N03 i n  0.1 N FINOj and 0.2 to 16% 
‘I’WP in n-dodecane. T h e  average  rat io  w a s  3.15 
when the so lvent  contained less than 1% TBP, 
but the extrapolat ion of t h e  ra t ios  ca lcu la ted  from 
more than 1% ‘rBP indica te  a ra t io  of about  4. 

Extraction o f  Uranium from Acid-Deficient or 
Acid Aluminum Nitrate.  - I t  w a s  determined that  
t h e  uranium dis t r ibut ion coeff ic ient  ( D e )  between 
d i lu te  TBP i n  ri-dodet:ane and aluminum ni t ra te  
which is  a t  l e a s t  0.1 N a c i d  def ic ient  c a n  be  ex- 
pressed s o l e l y  as :I function of t h e  pH o f  t h e  
aqueous solut ion and  when so e x p r e s s e d  is  in- 
dependent  of the aluminum ni t ra te  concentration. 
At a given TBP concentrat ion,  t h e  logarithm of the  
13C is inversely proportionial to the s q u a r e  of the 
pH of t h e  solut ion.  T h e  log 13C/(N03)2 is a l s o  
inversely proportional to  t h e  f i rs t  power of the 
pfI of the  solut ion.  When t h e  dis t r ibut ion coeffi- 
c i e n t  is nbt e x p r e s s e d  as a function of the pH of 
the solution, the distribution coeff ic ient  is a 
function of aluminum content ,  acidi ty ,  arid T B P  
concentrat ion.  If t h e  aqueous p h a s e  is 0.2 f.o 1.5 
M in A1(N03).j and 0.1 N in €!NO3, and conta ins  
0.5 g of uranium per l i ter ,  and i f  the  organic  p h a s e  
c o n s i s t s  of 2.5% D S B P P  in DER, t h e  DC = 3.5 

Extraction of Uranium from Nitric-Hydrofluoric 
ixtures. - The uranium dis t r ibut ion coeffi- 

c ien t  for the  sys tem [IF-HNO 3-3Q% TEE) i n c r e a s e s  
as t h e  1 3 t h  power o f  t h e  ni t r ic  a c i d  concentration 
when t h e  fluoride concentrat ion is held cons tan t .  
T h e  coeff ic ient  d e c r e a s e s  with about  the  1.61h 
power of the fluoride conceiitration when ni t ra te  
is constant .  Over the  range 0.5 t o  4 M FIF, t h e  
uranium dis t r ibut ion coeff ic ient  remains constant 
at 1 when the nitrate-to-fluoride ratio is 3.5. 

(AI) 3 . 2 .  

An e x t e n s i v e  corrosion t e s t  program is be ing  
carr ied on i n  order to  eva lua te  poten t ia l  mater ia l s  
of construct ion for the  var ious p r o c e s s e s  being 
developed for the process ing  of power reac tor  
fue ls .  T h i s  work w a s  done i n  the  Reac tor  Chemistry 
Divis ion by P. D.  Newmann, L, R i c e ,  and 11. N. 
Iless. Mater ia ls  for both aqueous and nonaqueous 
p r o c e s s e s  a r e  be ing  evaluated.  

Corrosion s t u d i e s  during the  p a s t  year included 
the  evaluat ion of mater ia ls  of construct ion for 
var ious chlor ide volat i l i ty  methods ( s e e  Sec  1.6, 
ORNL-3452, Suppl. 1) and for graphite-fuel proc- 
ess ing  s c h e m e s  which involve decomposition by 
burning followed by leaching with nitric ac id .  
Studies  of the  corrosion of Corronel 230 in I-IN03- 
H F  and of titanium i n  HNO -€IRF4-Cr(VI) w e t e  
completed. In addi t ion,  co:rosion s t u d i e s  on 
boros i l ica te  R a s c h i g  r ings,  used  a s  fixed neutron 
poison i n  large tanks ,  were made by the  Chemical  
‘Technology Di vi; c ion .  ‘ 

Aqueous Process Corrosion Tests 

One method of decomposing uncoated par t ic le  
U02-graphi te  fuels  and leaching  the uranium f r o m  
the res idue  is to u s e  fuming c\-20 to 23 hi) nitric 
acid.  Exposure of types  347 and 309SCb s t a i n l e s s  
s t e e l  in  boi l ing 22 to  23 M HN03 which conta ins  
1 to 2 rll I-tF for t imes of 96 to 312 hr resul ted i n  
overal l  corrosion ra tes  of 0.2 t o  0.5 mil/month, 
with no serious local ized a t t a c k ,  T h e  addil.iona1 
presence  of graphite and U 0 2 2 c ,  however, in- 
c r e a s e d  the corrosion rate  of the  type 309SCb to 
15 to 20 mils/month and of type 347 to  4 .6  
mils/month. P i t t ing  a t tack  was observed on type 
309SCb but not on type 347. Type  304L s t a i n l e s s  
steel exposed  i n  the solut ion that  contained 
graphi te  and U 0 2 -  corroded a t  3.1) mils/month i n  
a 48-hr exposure  t e s t ;  there  w a s  no not iceable  
loca l ized  at tack.  

Aluminum a l loys ,  1100 and 6061, were also 
evaluated in t h e s e  so lu t ions .  Both grades were 
almost completely iner t  i n  all mixtures of nitric- 
hydrofluoric a c i d  with nnd without added graphi te  
and U O ~ ~ +  so  long as the  nitric a c i d  concentra- 
tion w a s  215.6 M and the  H F  concentrat ion w a s  
21 M .  In 14 M H N O ~  plus  I. to 5 M HF, aluminum 
was  inert. for the  f i rs t  24 h r  of exposure time, but 
began to undergo acce lera ted  a t tack  in both solu- 
tion and  vapor  p h a s e s  for longer exposure t imes.  
At room temperature, corrosion began immediately; 
ra tes  i n  14 iM H N 0 3  tha t  contained 1 and 5 M HF 
were about  65 and 290 mils/month, respec t ive ly ,  
f o r  24 hr exposure.  At nitric a c i d  concentrat ions 
below about  12 M the  rates became ca tas t rophic  
a t  all temperatures .  

Further  tests on welded Corronel 231) En boi l ing 
hydrofluoric and nitric-hydrofluoric ac id  so lu t ions  
to complete  t h e  work on this al loy reported last 

7 +  
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y e a r l g  showed i t  to be superior  to  other a l loys  
tes ted ,  though ra tes  were s t i l l  unsat isfactor i ly  
high i n  t h e  presence  of high concentrat ions of 
uncoinplexed fluoride, and the welded a r e a s  
suffered preferential a t tack.  Overal l  ra tes  for 72- 
hr exposures  weie 78, 3.8,  and 113 mils/month 
for boi l ing 1.0 M H F ,  4.0 ill PINO,-0.3 M HF,  and 
10 M HN03---1.0 M K F  respect ively.  

Cycl ic  oxidation--S M H N 0 3  d isso lu t ion  t e s t s  
were also made with Corronel 230. In t h e s e  t e s t s  
the al loy w a s  exposed  during the oxidation of 
graphi te-U02,  contaminated with NO3- and F-, i n  
oxygen a t  80OOC for 5 hr, followed by d iges t ion  
of the resul t ing a s h  in  5 M W N 0 3  for 2.5 h i .  Under 
t h e s e  condi t ions,  Corronel 230 showed superior  
res is tance.  R a t e s  for exposure t o  22 c y c l e s  were 
about  0 . 1  mil/month for diJ.plicate spec imens .  
R a t e s  for type 304L s t a i n l e s s  s t e e l ,  Carpenter  
20 s t a i n l e s s  s t e e l ,  Haynes 25, and Nichrorrie V 
under t h e  same condi t ions were 19.6 mils/month 
(9 cyc les ) ,  7.5 mils/month (18 cyc les ) ,  9 mils/month 
(17 cycles ) ,  and 8 mils/month (9 c y c l e s )  respec-  
tively. Intergranular a t tack  w a s  observed on a l l  
mater ia ls  tes ted  except  Corronel 230. 

Work done l a s t  year on the development of a 
s u i t a b l e  p r o c e s s  for the  cont inuous d isso lu t ion  of 
U-Zr al loy fuel  in  titanium equipment w a s  con- 
tinued, Continuous dissolut ion of 2% U-Zr alloy 
fuel in a laboratory-scale titanium disso lver  w a s  
demonstrated" by u s e  of refluxing 3 A4 HN03---1.2 hl 
I-IF-0.4 M I-IBF4-0.6 M Cr(III)-0.4 M Cr(VHj-0.16 
M Z r  a s  the  dissolvent .  The  zirconium dissolu-  
tion rate  w a s  8 to  16 mg c m U 2  rnin.~-' , and the  
titanium corrosion rate  w a s  -1 mil/month. The 
disso lvent  s tab i l i ty  charac te r i s t ics  weie in good 
agreement with predict ions made from ear l ie r  
batch s t u d i e s . 2 1  T h e  d isso lu t ion  rate w a s  coil- 
trolled by adding the d isso lvent  a t  the rate  needed 
to  maintain a preselected potent ia l  a s  measured 
by a gold-vs-calomel e lectrode in t h e  product 
effluent 

Other corrosion t e s t s  in  which titanium w a s  
exposed  in  a boi l ing mixture of 0.465 M Zr4.', 
2 . 8  M F --, 0 . 4  M B, 0.6 M Cr(M), and 0.4 M Ci(V1) 
so lu t ions  indicated that  the protective film formed 

~~ 

lgChern. Technol. D i v .  Ann. Progs, Rept .  June 30, 
1962,  ORNL-3314, p 20. 

. A. Gens, Continuous Dissolut ion of Zirconium 
Reactor Fueis  in Titanium Equipment: Laboratory 
Demonstration, ORNL TM-395 (Jan. 23, 1963). 

Technol. D i v .  Ann. Progr. Rept .  June 30, 
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1962, ORNI,3314,  p 17. 

by treatment of the  titanium in the  d isso lver  solu-  
tion followed by air drying w a s  s lowly removed 
during subsequent  exposure. Renewal of the 
d isso lver  soluti.on caused  a temporary renewal  of 
the  film (detected by weight gain of the specinlens) .  
Overall corrosion i a t e s  for a 168-hr exposure i n  
which there  was  one solut ion renewal  varied from 
4.14 to 7.75 nils /month,  based on defilmed weights  
after exposure.  Some deep  p i t s  were formed be- 
ginning af ter  about  70 hr of exposure.  

Carrosiara of Pyrex Raschig-Ring 
Fixed Nautrcn Paison 

Large-capacity tanks  c a n  be used  for the  cr i t -  
i ca l ly  safe s torage  of f i s s i l e  so lu t ions  if t h e  t a n k s  
a r e  f i l led with a fixed neutron poison in the  form 
of randomly packed rings of borosi l icate  g l a s s .  
Despi te  i t s  lower boron content ,  Pyrex g l a s s ,  
which corztains 4.0 wt % boron, h a s  been rec- 
ommended because  of i t s  superior  corrosion res i s t -  
a n c e  over borosi l icate  g l a s s  which conta ins  5.8% 
boron. After anneal ing,  the 5.8% boron g l a s s  lost 
about 0.1% by weight in  650 hr of exposure to 2 
N and 6 N MNOJ a t  65°C. T h e s e  same g l a s s  r ings 
af ter  being tempered by two methods were even  
more fragi le  after corrosion tes t ing  than the  
annealed r ings,  although their weight  loss w a s  
s l ight ly  less. Tempering, therefore, did not over- 
come the  undesirable  fragility of corroded high- 
boron rings. 

When 0.6% of gadolinium w a s  added to  Pyrex glass 
t o  r a i s e  i t s  neutron poison effect  to  that of 5.8% 
boron g l a s s ,  its corrosion r e s i s t a n c e  was not 
a l tered.  Nitric acid leaching a t  65°C produced 
no observable  change in weight or appearance.  
Cost of such rings would probably b e  three t o  four 
times that  of Pyrex g l a s s  which conta ins  5.8% 
boron. 

In other t e s t s  there  was e s s e n t i a l l y  no boron 
leached  from g l a s s  Raschig  r ings which con- 
ta ined 3.79% boron after five \sleeks of c o n t a c t  
with so lu t ions  s imulat ing solvent  extraction prod- 
uct. Simulated product so lu t ions  that  contained 
100 g of uranium and 5 g of thorium per l i ter ,  0.1 
iki i n  HNO,, and solut ions that  contained 100 g of 
uranium and 0.2 g of thorium per l i ter ,  0.4 M in  
H N 0 3 ,  were al ternately heated t o  65OC and cooled 
t o  room temperature i n  p las t ic  conta iners .  After 
five weeks  there  w a s  no s ignif icant  difference i n  
t h e  concentrat ion of boron between so lu t ions  that  
contacted R a s c h i g  rings and the  control so lu t ions .  
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1.5 MECHANICAL PROCESSING 

During t h e  p a s t  year ,  two approaches  to the  
mechanical  process ing  of power reactor  fue ls  were 
s tud ied .  T h e  major effort w a s  expended on fur- 
ther development of the chop-leach p r o c e s s  for 
multitubed metal-clad oxide fuels .  S tudies  were 
a l s o  made on al ternat ive methods for t h e  mechani- 
c d  decladding of s ta in less -s tee l -c lad  NaK-bonded 
fue ls  and t h e  s a f e  destruct ion of the  re leased  NaK 
bonding. 

Chop-Leach Process Development 

In t h e  chop-leach process ,  2 2  multitube s t a i n l e s s -  
s t e e l -  and Zircaloy-clad U 0 2  and 'l'hCI2-UO2 fue l  
e lements  a r e  sheared  to kL- to lI/,-in. lengths  and 
the oxide f u e l  l eached  i n  ac id  t o  produce aqueous  
fuel so lu t ions  for subsequent  so lvent  extract ion 
by TBP. fue ls  a r e  d isso lved  in  6 to 8 
M IIN03,  and t h e  solut ion is then ex t rac ted  by t h e  
Purex  p r o c e s s  for uranium and plutonium recovery. 
T h e  Th02-U0,  f u e l s  a r e  d isso lved  i n  13 M H N 0 3 -  
0.04 W NaF-Q. P M AI(N03)3; the resu l t ing  solut ion 
is then ad jus ted  and processed  by the Thorex,  Acid 
Thorex,  or Interim-23 process  for U 2 3 s - U 2 3 3  re- 
covery, and thorium recovery o r  discard,  T h e  
leached  c ladding  is s tored  as a radioact ive metal  
waste .  

The shakedown t e s t s  for t h e  25Q-ton s h e a r  were  
completed,  for the  most par t ,  l a s t  year ;  this  year ,  
the  effort w a s  devoted primarily to bench-scale  
leaching  t e s t s  with unirradiated prototype fue l  
and eva lua t ion  of the  semicont inuous,  incl ined,  
rotary l e a c h e r ,  Hot-cell tests of the  shear- leach 
process  were also made on both s ta in less -s tee l -  
and Zircaloy-clad 1 J 0 ,  fuel  p ins  i r radiated to 
1 = 16,000 Mwd/ton to eva lua te  sheared  fuel-particle 
dis t r ibut ions at high radiat ion leve ls .  

Shear Evaluation Program. - Work done  t h i s  
year  with the 250-ton s h e a r  included the  careful  
measurement of sheared  core and cladding par t ic le-  
s i z e  dis t r ibut ions,  evaluat ion of t h e  l i fe  of the  
s h e a r  b lade ,  further refinement of t h e  shear ing  
equipment to improve i t s  operability, and the  
Commencement of t h e  t e s t i n g  of too ls  and  methods 
for remote maintenance of the shear .  

T h e  UO 
2 

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

"Chern. Technol. D i v .  Ann. Pro&. N s p f .  June 30, 
1962, 0RNL-3314, pp 33-39. 

Further  s h e a r  tests were performed with t h e  
250-ton fue l  s h e a r  on unirradiated, 36-tube, s ta in-  
less-s teel-clad,  ORNL illark I prototype fue l  
a s s e m b l i e s  which conta in  porcelain,  U 0 2 ,  and 
U 0 , - T h 0 2  cores .  Par t ic le -s ize  d a t a  were ob- 
ta ined  on  sheared  s e c t i o n s  (v2- ,  I-, and 1v2-in. 
l engths)  t o  determine the amount and size of the 
core and jacket  par t ic les  produced by shear ing  
with t h e  s tepped  b lade  of the s h e a r .  

The  percentage of core  material, P ,  that  w a s  
dis lodged from various s i z e d  pe l le t s  and sheared  
lengths  (Fig. 1.10) c a n  be  e x p r e s s e d  by t h e  
following relation: 

91JO (0  . 4  20 - in .  -0 D X 0.6 2 5 -i n . - 1 on g p e 11 e t  s)l 
= 35.7 

? P o r c e l a i n  ( 0 . 4 2 O - i n . 4 D  X J . O - i n . - l n n g  p a l l e t s ) ]  

= 23.  j ( L ) - ' * ~ ~ ~  , 

0.7 0.4 0 . G  0 a 1.0 1.5 2 0 3.0 4 0  

SHEASESI L E N G T H  ( in . )  

Fig. 1.10. Percentage of Core Material Dislodged vs  
Length of Cut. 
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A comparison of d a t a  on all mater ia ls  sheared ,  
iiicluding t h e  horseposrrer required and the  amount 
of cladding and core dis lodged,  is presented in 
Table  1.6. 

Embrittlement of s t a i n l e s s  s t e e l  j acke ts  by 
reactor irradiation w a s  s imulated by carburizing 
the  j a c k e t s  of a porcelain-filled ORNL Mark I 
element  t o  2.6% carbon. Shearing t e s t s  with th i s  
assembly showed tha t  inore core and c l a d  were 
dis lodged from t h e  carburized assembly than from 
an uncarhurized duc t i le  assembly (Table  1.6). 

T h e  l i fe  of the s tepped ,  moving blade of the 
250-ton s h e a r  w a s  est imated a t  10,000 c u t s  on a 
36-tube Q R N L  Mark I assembly filled with porce- 
la in ,  U 0 2 ,  or U02-’l’h02. A Squarekeen No. 3 
blade suppl ied  by the American Shear  and Knife 
Company (composition, 0.53 wt % C,  0.31 Mn, 0.87 
Si ,  5.00 Cr, 1.28 Mo, 1.23 W, 0.01 S, and 0.02 ? 
and a Rockwell C hardness  of 5 4  to 56) w a s  chipped 
on t h e  main tooth af ter  5982 c u t s  on porcelain-filled 
OKNL Mark I prototype assembl ies  and was  re- 
placed.  B a s e d  on th i s  s ing le  measurement, one 
s i d e  of a b lade  could b e  used  to  make 5000 cuts ,  
then turned t o  t h e  other  s i d e  for an addi t ional  
5000 cuts .  T h e  blade c o s t  $250. 

During the  p a s t  year cer ta in  important s h e a r  
components and des ign  features  were eva lua ted  
and c h a n g e s  made, where necessary ,  to  a c h i e v e  
improved operation. 

The  gibs ,  which a r e  long wedge-shaped d e v i c e s  
t o  permit remote adjustment of the c learance  be- 
tween the  fixed and iiioving blades,  were difficu!t 
t.o remove, re inser t ,  and adjust ,  Additional develop- 
ment work wi l l  be required to  a t ta in  the operabi l i ty  
des i red .  

In general ,  the inner and outer  gags ,  which 
clanip and restrain a fuel assembly while  i t  i s  
being sheared ,  operate  sat isfactor i ly .  With the  
present  sys tem,  a fuel  assembly c a n  be  sheared  
to  a terminal length of 1% in. An inner gag  
capable  of holding a 1-in.-long termiilal p iece  i s  
being developed. 

The  shear  feed mechanism, which feeds  a fuel  
assembly  into the s h e a r  until a predetermined 
length h a s  been  sheared  into t h e  des i red  number 
of sec t ions ,  opera tes  sat isfactor i ly .  ‘The fuel 
assembly s top ,  which i s  located ins ide  t h e  s h e a r  
aad sets t h e  length of cut, w a s  damaged on two 
occas ions ,  requiring removal of the  r a m  of the  s h e a r  
to e f fec t  repairs .  S ince  i t  would be  very difficult 
and perhaps impossible  to make s u c h  repairs  
remotely i n  a hot c e l l ,  a n  internal  fuel  assembly  

s top  is not recommended. Ins tead ,  i t  should b e  
made a part of the  external  feed mechanism, where 
repairs  could be  made i f  needed. 

Power is delivered to the s h e a r  by means  of a 
chromium-plated s t a i n l e s s  s t e e l  connect ing rod (8 
in. in  diameter  and 8 ft long) a t tached to a hydraulic 
piston. T h e  present  method of preventing the s l o w  
transfer of d u s t  t o  the outs ide  of the  s h e a r  by t h i s  
rod h a s  not been adequate .  Two packing glands 
now used  on t h e  connect ing rod, which a l s o  
serve  as bearing sur faces ,  l eak  fuel  par t ic les .  
’This des ign  i s  being improved by al ter ing the  
glands to serve  exclusively as s e a l i n g  d e v i c e s ,  

Lubrication of the wearing s u r f a c e s  of the  s h e a r  
by a Molykote dispers ion i n  water  appears  ade- 
qua te ;  however, i t  i s  suspec ted  that  lubricat ion 
is not needed ,  

The interior of the  s h e a r  and d ischarge  throat is 
e a s i l y  c l e a n e d  of IJ02 part ic les  by 43 spray  nozz les  
instal led i n  the  s h e a r  (30 gal. of wash  water). 
Steady-state  holdup of par t iculate  UQ2 is ahout  
1570 g during shear ing;  th i s  powder is quantita- 
tively removed by water washing.  

An invest igat ion of remote dismantl ing and 
maintenance of the shear  h a s  been  s ta r ted .  Ex- 
traction tools  were designed and fabricated for 
remote removal and instal la t ion of t h e  gags ,  
fixed-blade holder, and the  niaving b lade  in t h e  
shear  housing,  using the  feed-mechanism hydraulic 
cyl inders  as the  moving force. Thee hydraulic 
cyl inders  were instal led for remotely opening and 
closijig the top and front doors on the s h e a r  housing 
and for removing and reinser t ing t h e  ram in the  
s h e a r  housing. Li f t ing  devices  for t h e  r a m  rack 
and ram tha t  c a n  be  handled remotely were de- 
s igned  and fabricated.  

5ench-Scale Leaching Stwdie~.  - An es t imate  of 
the to ta l  ac id  contac t  time required i n  the incl ined 
rotary leacher  t o  a t ta in  99.9% UO disso lu t ion  
from sheared ,  s ta inless-s teel-clad UO fuel  was  
attempted. A s e r i e s  of s ingle-s tage runs  were made 
in  which the  time required for a spec i f ied  uranium 
recovery was found t o  i n c r e a s e  linearly with the  
reciprocal  of the ni t ra te  molarity (Fig. 1.11). 
Further  experiments  d i sc losed  important differ- 
e n c e s  between the  bench-scale  eqiiipment and t h e  
incl ined rotary leacher .  It w a s  concluded that  the  
difference in  configuration be tween the bench-scale  
d isso lver  and t h e  full-scale rotary leacher  w a s  a n  
important one and that  the  bench-scale  d a t a  could 
only be appl ied to a large-scale  dissolver  that  h a s  

2 

2 



Table 1.5. Shearing Force and Sire Distribution of  Core and Cladding Particles from UOz, U02-Th02, and 
Porcelain-Filled ORNL Mark I Fuel Assemblies Sheared into 0.5-, 1.0-, and 1.5-in. Lengths 

ORNL Mark I assembly: square bundle (3.625 X 3.625 in.) of 36 type 304 s t a in l e s s  s t e e l  tubes  5; in. OD X 72 in. long X 35 mil wall, 
assembled with ?;-in.-OD x 1-in.-long, type 304 s t a in l e s s  s t ee l  spacer  ferrules, Kanigen or Nicro brazed a t  ‘“124n. spacing; 
tubes filled with 0.420-in.aD x 3-in.-iong porcelain sections or 0.420-in.-OD x 0.625-in.-long UO,, UO,-Tho, pellets;  

Shear: ORNL 250-ton, horizontally actuated stepped blade operated at 1.22 in . / sec  and 4.S cuts,‘min 

Cladding, S ta in less  Steel (wt %) b Core Material (wt 7%)’ Maximum 
FAeared Shear Force 

Cure Material Length Kequlred Dislodged Retained Dislodged Retained 

<44 p 44 to 1000 p 1000 to 9520 ,U In ‘lad <44 p 44 to 1000 1-1 1000 to  9520 p (in.) 
( tons) (hp) 

Porcelain (car- 0.5 

~~ 

9.0 51.0 28.5 11.5 0.044 0.336 18.12 81.5 

burized, 2.6% 1.0 25 3.5 24.0 16.0 55.5 0.016 0.115 5.20 94.7 

max., c iad j  1.5 1.8 10.3 4.2 83.7 0.007 0.114 5.18 94.7 

Porcelain (ductile 0.5 8.4 45.6 22.4 23.4 0.027 0.238 2.68 97.0 

clad) 1.0 68.5 26.5 3.2 15.8 4.0 77.0 0.030 0.108 2.50 97.4 

1.5 2.1 7.9 2.2 87.8 0.009 0.050 0.77 99.2 

V O n  (ductile 0.5 58.0‘ 22.5 22.4 57.6 4.5 15.5 0.023 0.357 7.52 92.1 

clad) 1.0 63.7” 23.3 7.4 25.6 2.4 54.6 0.007 0.120 2.10 97.8 

1.5 4.5 12.0 1.2 82.3 0.003 0.055 2.60 97.3 

UO ,-Tho, 0.5 49.8 19.75 23.8 60.2 6.7 9.3 0.020 0.215 3.74 96.0 

{ductile clad) 1.0 52.3 23.25 9.3 26.7 3.  P 61.9 0.006 0.050 1.57 98.4 

weight (g) of core material dislodged 

weight (9) of core material in fuel assembly 
“Wt 75 = x 100. 

%t % =  x 100. 
weight ( 9 )  of s ta in less  s t ee l  dislodged 

weight ( a )  of s ta in less  s t ee l  in fuel assembly 
C, / O  to 75 tons through section containing ferrules. 
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Fig. 1.11. Urnniirrn Recovery Time vs the Reciprocal 

of N i t i n t e  Concentration. 

the  same proportions and s a m e  ac id  flow pattern 
through the  vesse l .  

Bench-scale  leaching t e s t s  with !{-in. sheared  
lengths  of s ta inless-s teel-clad ThOZ-UOz i n  re- 
c i rculat ing 12 M I-IN03---Q.Q4 M NaF-0.10 ,$! 
A1(N03)3 disc losed  that  the  leaching ra te  w a s  
very strongly dependent on the  degree  of contac t  
between the  oxide f ines  and the d isso lvent .  T h e  
leaching  rate  of 'Tho -UO from sheared  fuel  i n  a 
s imulated flight of the  incl ined rotary leacher  
was  unacceptably low because  the  f ines  formed a n  
impervious layer which w a s  not penetrated by the 
d isso lvent  that  flowed over the top of the  bed. 
After changing the equipment t o  a recirculat ing 
ba tch  leacher  with provisions for suspending  Tho - 
UOz f ines  that  e s c a p e d  the  perforated fuel  baskgt ,  
a greatly iniproved leaching rate  w a s  obtained.  In 
th i s  t e s t ,  d i sso lu t ion  was 98.5% complete  i n  about  
8 hr (F ig .  1.12), thorium concentrat ion in  the  pro- 
duc t  w a s  about 135 g/liter, and the  f inal  nitric 
ac id  concentrat ion was about  9 M .  Preliminary 
experiments  indicated that  if the d isso lvent  is 

2 2  

added i n  two half-batches, the d isso lu t ion  time is 
shorter  than that  for a s ingle  addition of the  en t i re  
batch.  W i t h  th i s  procedure, 99.8% disso lu t ion  was 
obtained in 8 hr. 

Engineering-Scale beaching Studies. - The engi- 
neering-scale mechanical  s h e a r  and leach  complex, 
which c o n s i s t s  of a 250-ton horizontally actuatcd 
s h e a r ,  incl ined rotaiy drum conveyor, and incl ined 
rotary drum leacher ,  w a s  successfu l ly  operated as 
a total ly  integrated sys tem i n  which UOz was 
leached  from $-, 1-, and l?!2-in. sheared  s e c t i o n s  
of ORNL Mark I unirradiated prototype fuel  asseiii- 
b l ies .  A s e r i e s  of 15 shear- leach dissolut ion runs 
were made in  the inclined rotary leacher  on sheared  
s e c t i o n s  of aluininuin- and s ta in less -s tee l -c lad  
UOz; hot  counterflowing nitric a c i d  w a s  used .  In 
t h e s e  runs,  a batch of sheared fuel w a s  fed to t h e  
f i r s t  flight i n  the leacher  once  a n  hour. E a c h  
batch contained about  24.4 g-moles of U 0 2  and w a s  
obtained by shear ing  approximately 8 in. of a 
UOz-filled ORNL Mark I assembly or UOz-filled 
al iminum tubing. E a c h  batch had a volume of 
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Fig. 1.12. Percentage of ThoZ Undissolved vs Time. 
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about 2.25 l i t e rs .  T h e  fuel  w a s  contac ted  con- 
t inuously and countercurrently with 7 to 8 iM HNOJ 
at. approximately 95'C at HNO3/UO2 mole rat ios  
of 4 t o  6. T h e  leacher ,  which contained four 
d isso lu t ion  f l ights ,  w a s  rotated o n c e  an  hour, 
resu l t ing  i n  a leaching  t.ime of 4 hr; the leached  
rings were then washed countercurrently with 
water  in four w a s h  f l ights .  

T w o  ini t ia l  l eaching  runs were made in which 
1 J 0 2  w a s  leached  from s e c t i o n s  of aluminum-clad 
U 0 2 .  T h e  l o o s e  tubes  were held and stneared as 
e a s i l y  as a brazed assembly.  I t  w a s  n e c e s s a r y ,  
however, to discont inue us ing  U0 7-filled aluminum 
tubing b e c a u s e  of the e x c e s s i v e  d isso lu t ion  of t h e  
aluminum (approximately 30%) by t h e  UO 2(NC93)z 
solut.ion. 

Four shear- leach runs were made using eight  or 
nine b a t c h e s  of sheared  UQ2-filled ORNL Mark I 
a s s e m b l i e s  in  e a c h  run. In t h e s e  runs 7 M FINO3 
a t  95°C w a s  fed t o  the  leacher  a t  a feed ra te  
equivalent  t o  4 g-moles of I-IN0 per g-mole of 
U 0 2 .  A typical  plot of  ins tan taneous  and hourly 
composi te  uranium and 1-1' leacher-product concen-  
t ra t ions as  a function of d i sso lu t ion  time and mate- 
rial ba lance  during the apparent  s teady-s ta te  
portion of the  run a r e  presented i n  F ig .  1.13. 4 
l eaching  f lowsheet  is given in  Fig. 1.1.1. T h e  

3 

product a t ta ined  a n  apparent  s teady-s ta te  composi- 
t ion  of SO0 t o  525 g of uranium per l i ter  and 1.4 
to 1.8M H' af ter  5 to 6 hr. However, e v e n  though 
a n  apparent  s t e a d y  s t a t e  had been a t ta ined  with 
respec t  to the product. composition, ihe hourly 
uranium output  w a s  l e s s  than the  input, resul t ing 
i n  a n  accuniulation of undissolved uranium i n  the 
leacher  (Fig. 1.13). T h e  undissolved U 0 2  accumu- 
la t ion ra te  a f te r  t h e  s ix th  hour w a s  approximately 
2 g-moles/hr for t h e  %-in. s e c t i o n s ,  and 1.5 to 1.5 
g-moles/hr for the  1- and 1  in^ s e c t i o n s .  

T h e  uranium buildup is not completely under- 
stood; however, i t  probably c a n  b e  at t r ibuted to the 
large quantity t ~ f  d is lodged UOz f ines .  'The f ines  
caked ,  dras t ica l ly  reducing the  a rea  ava i lab le  to 
the leach  a c i d .  In a l l  runs, the leached  and 
washed  c l a d  discharged from the washing  s e c t i o n  
had been  leached  c l e a n  of UO as  determined by 
v i s u a l  observat ions.  A nitric acid leacher  cleatiout 
w a s  required af ter  e a c h  run in order  to recover a l l  
the  uranium that  had been charged during the  run. 

A run w a s  made to determine the e f fec t  of adding 
quarter ba tches  of 1-in. fuel s e c t i o n s  to the leacher  
every 15 Inin while  cont inuing to rotate  t h e  leacher  
once  e a c h  hour. T h i s  reduced the amount of DO2 
f ines  charged to t h e  leacher  at e a c h  addition but 
also reduced the  res idence  time for three-quarters 
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Fig.  1.14. tdateiial Balance Flowsheet  for Shear-Leach Process. 

of the  material added to  the f i rs t  flight. T h e  
uranium accumulation rate  of 1.5 g-moles UOJhr 
after the  s i x t h  hour was approximately t h e  s a m e  as 

that  obtained by adding a ful l  batch of 1-in. sec- 
t ions  e a c h  hour (Fig. 1.15) (1.6 g-moles U02/hr) ;  
however, the  total  accumulation af ter  the  ninth 
hour approached that  for $-in. s e c t i o n s  (35 g-moles 
of UOz,  compared with 37 g-moles). Apparently, 
the beneficial  effect  of s m a l l e r  batch addi t ions 
w a s  more than offset by the  decreased  res idence  
time. 

Three addi t ional  shear- leach runs were inade t o  
inves t iga te  the  effect  on uranium holdup of varying 
t h e  d isso lvent  concentrat ion and/or flow ra te .  
One run e a c h  was made in  which the UOz w a s  

leached  from nine ba tches  of 1-in. sheared  unirra- 
diated fuel  with 7, 7 .5 ,  and 8 M H N 0 3  a t  95OC. In 
t h e s e  runs the  HN03-to-U02 mole rat ios  'xcre 
6.1, 4.3,  and 5.9 respect ively.  There  was  con- 
t inuing uranium buildup i n  the  leacher  run with 
7.5 M I i N 0 3  a t  a mole ratio of 4.3,  resul t ing i n  a n  
inventory of about 28 g-moles a t  the  end of the  
ninth hour. However, with both 8 M H N 0 3  a t  a 
mole rat io  of 5.9, and with 7 M FINO3 a t  a mole 
rat io  of 6.1, there  w a s  uranium buildup for 2 to  3 
hr, af ter  which the  hourly output a t  apparent  s t e a d y  
s t a t e  exceeded  the  hourly input. With 8 M I IN03  
there  w a s  a 26.69 g-mole output and a 25.03 g-mole 
input, and with 7 M H N 0 3  a 27.2 g-mole output and 
a 24.47 g-mole input, Obviously the  output cannot  
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T h e  shear ing  of s ta in less -s tee l -c lad  UOz irradi- 
a ted  t o  16,000 Mwd/ton produced less f ines  than 
did tests with unirradiated spec imens .  There  was  
a lmost  no difference i n  the size distribution of 
s m a l l  pa r t i c l e s  from ei ther  t he  irradiated or the 
unirradiated spec imens ;  however, the sheared ,  
irradiated,  s ta in less -s tee l -c lad  spec imens  were 
charac te r ized  by clean-cut edges ,  i n  con t r a s t  to 
the  torn e d g e s  of the more duct i le ,  unirradiated 
material  (F igs .  1.17 and  1.18). T h e  size dis t r i -  
bution for material  in  all four t e s t s  is given in  
T a b l e  1.8. 

Decladding of NaK-Bonded Fuels 

during the dec ladding  of the irradiated NaK-bonded 
fuel from Core 1 of the  Sodium Reactor  Experiment 
(SRE) is re la t ive ly  inefficient although workable. 
The  program to inves t iga te  other methods of 
reliably dec ladding  liquid-metal-bonded fue l s  w a s  
continued, and s e v e r a l  new concep t s  were  t e s t ed  
and eva lua ted  in  preliminary inves t iga t ions  of 
d i sassembly  methods and of decladding, co l lec t ing ,  
and d ispos ing  of the liquid-metal bonding agent.  

Two  not en t i re ly  sa t i s fac tory  methods of d is -  
assembly  tried were friction sawing  after c a s t i n g  
the fuel  rod ends  in fusible metal  or epoxy r e s ins ,  
and m i l l  sawing  of fuel rod ends  from a mechani- 
ca l ly  clamped assembly.  

T h e  adequacy  and versat i l i ty  of the three mechan- 
ical dec ladding  methods eva lua ted  last year  2 4  

24Chern. Technol. D i v .  Ann. Progr. Rept. June 30, 
1962,  ORNL-3314, pp 27-32. 

Toble 1.7. Stainless Steel Fines Dissolved when Using 7 M HN03 to Leoch Sheored Sections of 
U02-Fi l led ORNL Mork I Unirradioted Prototype Fuel Assemblies 

Amount 
Dissolved 

Sheared Length Run Time Stainless Steel 

(in.) (hr) ( €9 (wt %) 

1 11 14-8 0.076 4 
1 11 

10 

13.7 

10.1 

0.066 

0.052 

UNCLASSIFIED 
PHOTO 59664 

UNCL ASS1 F IEO 
PHOTO 59665 

Fig. 1.17. Unirrodioted inless-Steel-Clod U02 Fig. 1.18. Sheored 16,090 M 
Sheored into 1-in. Lengths by Miniature Sheor. Clod uo2 
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UNCLASSIFIED 
ORNL-DWG 63-2869 

A n -LONG SECTIONS ( 2 3  5 g-moles uo2/hr)  

A 4-in-LONG SECTIONS ( 2 4  39-moles U 0 2 / h r )  

(1 /4  BATCH P E R %  H R )  
LL A-in-LONG SECTIONS ( 2 4  39-moles UO2/h r1  - ~ 

0 

; 50 
0 1vp-in-LONG SECTIONS ( 2 6  6 9-moles U O , / h r )  

0 

~~ --_- 4- 

0 I 

[L 

0 
Q w 

~ CONDITIONS 
ONE BATCH OF SHEARED 
SECTIONS ADDED PER HOUR 

y 2 0 - -  - 

10 I&-- - 

7 
0 2 

gmoles U O p  

DENSITY = 10 4 g /cc  

4 6 0 10 12 
DISSOLUTION T I M E  ( h r )  

F ig .  1.15. Uranium Inventory in Ratary Leacher  vs 

Dissolut ion T ime.  

cont inuously e x c e e d  the  input, and had t h e  runs been 
of longer duration t h e  c h o s e n  condi t ions would prob- 
ably have  resul ted i n  a long-term c y c l i c  operation of 
the leacher .  T h e s e  d a t a  ind ica te  tha t  d i sso lvent  
flow rate  and H N 0 3 / U 0 2  mole ra t io  a r e  important 
var iab les  i n  t h e  operation of the rotary drum 
leacher .  The la rges t  ac id  volumetric flow rate ,  
achieved with 7 M H N 0 3 ,  resul ted i n  the  smal les t  
total  uranium buildup (5.5 g-moles UO,) (F ig .  
1.16). 

In e a c h  of the 15 runs a negl igible  amount of 
s t a i n l e s s  steel f ines  were d isso lved .  Typica l  
d a t a  a r e  presented in  T a b l e  1.7. Almost no un- 
d isso lved  s t a i n l e s s  steel or U 0 2  par t ic les  were 
carr ied out of the  leacher;  af ter  e a c h  run, less than 
1 g of s o l i d s  w a s  observed i n  the  s e t t l e r  i n  the  
product l ine.  

Fol lowing the  s e r i e s  of 15 shear- leach runs,  
the conveyor-feeder and leacher  were  e a s i l y  decon- 
taminated from a lpha  act ivi ty  by flooding with hot 
ni t r ic  a c i d .  T h e  two equipment p i e c e s  were then 
removed from cell 1A-B. New sol ids- inlet  l i n e s ,  
6 in .  i n  diameter  and with a 60° s lope ,  were in- 
s t a l l e d  i n  e a c h  unit to el iminate  plugging of t h e  
in le t  l ines  with the sheared fuel .  

Hot-Cell Shearing Tests.  - Par t ic le -s ize  dis t r i -  
bution of uranium d i c a i d e  f ines  w a s  inves t iga ted  
i n  hot-cell equipment by means of a smal l  hydraulic 

s h e a r  to c u t  s ta inless-s teel-clad and Zircaloy-2- 
c lad  U 0 2  fuel  spec imens  i r radiated to  16,000 and 
17,000 Mwd/ton, respect ively.  ' Such highly 
i r radiated spec imens  a r e  known to undergo core  
f racture  due  to thermal cyc l ing  during irradiation. 
Unirradiated spec imens  were also sheared  with the 
s a m e  equipment for comparison. 

T h e  s a m e  quantity and size dis t r ibut ion of 
uranium dioxide par t ic les  were produced by shear -  
ing  unirradiated Zircaloy-2-clad UO ' and s imilar  
spec imens  i r radiated to 17,000 Mwd/ton. One- 
inch c u t s  o n  the  irradiated fuel  resul ted in  U 0 2  
par t ic les  of which 6% were smaller  than 2000 p, 
whereas ,  $'-in. c u t s  produced U 0 2  par t ic les  of 
which 14% were  less than th i s  par t ic le  size. 
T h e  production of UO, par t ic les  l e s s  than 149 p 
i n  diameter  w a s  threefold greater  with $-in. c u t s  
than with 1-in. c u t s .  

23R.  E. Blanco, Quarterly Progress Report for Chemi- 
cal Development Section B ,  ORNL TM-403 (Feb. 7,  
1963). 

UNCLASSIFIED 
ORNL-OWG 63-2870 

CONDITIONS 
A 2 2 . 7  g-moles U02/hr 

o 2 5 . 0 3  g-moles U 0 2  

2 4 . 5 9 - m o l e s  U02,,/hr 

ONE BATCH OF SHEARED 

ADDED PER HOUR 
RESIDENCE TIME'  4  hr 
uo2 PELLETS. 0 4 2 0 - , "  
OD x 0 . 6 2 5 - i n  LONG; 

7.5 M H N O ~ ;  MOLE RAT,O:% = 4 . 3  ORNL-MARK I SECTIONS 

Ihr HN03 
8 M  HN03; MOLE RATIO:- - 5 .9  

"02 

u02 

HNO DENSITY = 10.4 g/cc 
7 M HN03;  MOLE RATIO. 2 = 6.1 

40 42 14 0 2 4 6 8 
DISSOLUTION TIME (h r )  

Fig.  1.16. Uranium Inventory in Rotary Leacher  vs 

Dissolut ion Time. 
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Table  1.8. Par t ic le -Si re  Distr ibut ion of  U 0 2  from Shearing of Unirradiated and H igh ly  

Irradiated Zircaloy-2- and Stainless-Steel-Clad U 0 2  Fuel  Specimens 
...................... .................. . ...... ___ _ ___ __ ___ ~. .- 

Amount of UO, Retained by Sieves (%) 
..... ..... _. __ - Size of 

Opening in Sieve Unirradiated 16,000 Mwd/ton 17,000 MwJ/ton 17.000 Mwd/ton 
SS-Clad F U ~ I ~  SS-Clad Fuel Zr-2-Clad F u e l  Zr-2-Clad Fuel 

(I-in. cu ts )  (1-in. cu ts )  (1"h cuts )  ( 32-in. cuts) 
w 

. ..... .- ....... _I 

2000 92.5 95.9 93.9 85.9 

840 0.9 0.3 0.5 2.2 

590 1.1 0.6 0.8 2.4 

420 0.9 

297 0.G 0.9 2.2 2.3 

149 1.6 1.3 1.3 2. s 

149' 2.5 1.0 1.3 4.3 

a s h i l a  r e s u l t s  obtained with Zircaloy-2-clad foel. 
'Percentage of UO passed by th i s  s ieve size. 

2 

Par t i a l  removal of j acke t ing  by shear ing  to 
r e l ease  or expose  the sodium or NaK bond was  
inves t iga ted .  An orbital  shear ing  dev ice  with a 
rotary shear ing  motion was  des igned ,  buil t ,  t e s t e d ,  
and found promising. A two-stage progress ive  
shea r  d i e  s e t  for u s e  a s  an auxiliary on the 250-ton 
shear w a s  also des igned  and built  to test further 
the feasibi l i ty  of shear ing  and sp l i t t i ng  sodium- 
or NaK-bonded fuel r o d s  in sho r t  p i eces  to aid in  
:;odium OK NaK removal. A s u c c e s s f u l  experimental  
test run with th i s  s ing le  d i e  s e t  was  made. 

A s tudy  of swaging  as a method for de jacke t ing  
s ta in less -s tee l - jacke tad ,  sodium- and NaK-bonded 
meta l l ic  f u e l  is being made under a subcont rac t  
with the  Torrington Company. To sirnulate itradi- 
tliated f u e l ,  j a cke t s  were soft-soldered and hard- 
so ldered  to me ta l  rods  and furnished to the  subcon-  
tractor for t e s t ing  and evaluation. Preliminary 
test.:; were encouraging. 

Equipment was  also designed and built to 
eva lua te  the shear ing  of NaK-bonded fuel  in a 
s team atmosphere and the d i sposa l  of the ie- 
l ea sed  sodium or NaK by d ispers ion  in oi l ,  followed 
by spraying  the cfiapersion into a tank and con- 
tac t ing  i t  with water under a blanket of inert  gas. 

1.6 CHLORIDE VOLATILITY PROCESS 
DEVELOPMENT 

T h i s  sec t ion  is reported in OKNL-3452, suppl  1. 

1.7 ROVER FUEL PROCESSING 
DEVELOPMENT 

T h i s  s ec t ion  is reported in QRNL-34.52, suppl. 2 
(c lassi f ied) .  
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Volatility processes  a r e  being developed a t  sev-  
e r a l  Commission laborator ies  in  order to  provide 
an al ternat ive t o  conventional aqueous p r o c e s s e s  
for recovering uranium from spent  nuclear  fue ls .  
l'he b a s i c  concept  of all volatility techniques in- 
vo lves  t h e  conversion of uranium to a vola t i le  com- 
pound s u c h  as  uranium hexafluoride as the  pr incipal  
method of separa t ing  i t  from f iss ion products. T h e  
process ing  of zirconium-uranium fue ls  is currently 
of primary in te res t  a t  OKNL, although the  enriched 
uranium w a s  recovered from t h e  homogeneous 
molten-sal t  reactor fuel, NaF-ZrF -UF4,  in  1957- 
58. In the current ORNL zirconium-uranium proc- 
e s s ,  fuel  e lements  a r e  d isso lved  in  37.5-37.5-25.0 
m o l e  % N a F - L i F - Z r F 4  a t  650-SQO°C, and t h e  U F 4  
is converted t o  volat i le  IJF6 with elemental  fluo- 
r ine a t  500°C. An N a F  sorption-desorption c y c l e  
provides further separat ion of volat i le  f iss ion prod- 
uct  f luorides  from the  UF,. P a s s i n g  t h e  U F ,  
through a bed of MgFz and col lect ion by cold trap- 
ping a re  the  f inal  s t e p s  in  the process .  

T h e  molten-salt fluoride-volatility process  h a s  
severa l  inherent advantages  over convent ional  
aqueous p r o c e s s e s ,  including the  following: (1) 
Solid, highly concentrated was te  i s  produced with- 
out further treatment. (2) Fewer  process  s t e p s  a r e  
required. ( 3 )  It may have  the  ability to cope  with 
cer ta in  refractory fue ls  not amenable to  aqueous 
processes .  

T h e  molten-salt p rocess  for zirconium-uranium 
fue ls  h a s  been s tudied here  on both long- and short- 
decayed  fuel  on a laboratory scale and in  t h e  
Volatility P i lo t  P l a n t  in  a s e r i e s  of 11 non-uranium- 
bear ing runs, in  12 runs with nonirradiated fuel 
e lements  containing enriched uranium, and in 6 
runs in which the  enriched uranium w a s  recovered 
from fully irradiated fuel e lements  decayed  5.4 t o  
6.5 yr. T h e  pilot plant  w a s  s h u t  down 30 weeks  
for decontamination and modifications t o  the equip- 
ment. S ince  then, it h a s  been tes ted with three 
nonradioact ive mns .  One run each  was  then made 
with fully irradiated zirconium-uranium alloy fuel 
decayed  13 and 6 months, respect ively.  P l a n s  for 
future operation of the  pilot plant c a l l  for m o r e  
runs with zirconium-uranium alloy fuel  decayed  less 
than one year  and the processing of longer-decayed 
fuel  as required for extended operability s tud ies .  
Then  enriched uranium from t h e  residue from t h e  
EBR-1, Core 2 meltdown will b e  recovered as a 
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demonstration that  uranium can b e  recovered from a 
mixture containing relat ively  OW percentages of 
s t a i n l e s s  s t e e l .  Further  pilot-plant effor ts  will 
then b e  devoted to demonstrat ing a molten-sal t  
fluoride-volatility f lowsheet  for recovering uranium 
from aluminum-uranium a l loys  and from refractory 
oxide fue ls  such  as those  containing BeO, T h o 2 ,  
and ZrO2. Progress  on development of a process 
for aluminum-uranium alloy fuels  is reported i n  
Sec 2.6, ORNL.-3452, suppl  1. 

'The process ing  of low-enrichment fue ls  appears  
t o  b e  amenable  to t h e  molten-salt fluoride-volatility 
process  if su i tab le  methods c a n  be  developed for 
separa t ing  the  plutonium, presumably as PuF ,. 
Laboratory s t u d i e s  indicate  that  pliitonium c a n  b e  
fluorinated from the molten s a l t  after most of the  
UF,  h a s  been evolved. T h e  method favored here  
for separa t ing  UF6 and P u F ,  is by a sorption- 
desorption s t e p ,  us ing  b e d s  of C a F 2  and N a F  i n  
ser ies .  T h e  P u F ,  is sorbed on hke C a F 2 ,  while  
only U F 6  is sorbed on the  N a F  bed. T h e  pr incipal  
improvement needed in t h i s  a r e a  i s  reduction i n  t h e  
time required to remove the PuF6 from t h e  molten 
sa l t .  

Other p r o c e s s  development and refinement act ivi-  
t i e s  in  progress  are: (1) the  development of s p e -  
c i f ic  chemical  process  f lowsheets  for t h e  afore- 
mentioned reactor fuels ;  (2) determination on an 
engineer ing scale of the  feasibi l i ty  of us ing  a 
s i n g l e  v e s s e l  for both the  hydrofluorination (disso-  
lution) s t e p  and the fluorination s t e p ;  (3) invest i -  
gation of t h e  k ine t ics  of sorption and desorption of 
UF, ,  P u F 6 ,  and other volat i le  f luorides  on sol id  
sorbents  s u c h  a s  N a F ,  C a F  and MgF2; (4) bet ter  
understanding t h e  oxidation and reduction reac t ions  
in  fused s a l t  sys tems;  (5)  a study of the k ine t ics  
of U F 6  and PuF6 volat i l izat ion;  (6) the  formulation 
of a molten-sal t  system having a higher so lvent  
capac i ty  than the  present  sys tem for common 
structural  mater ia ls  of fue l  e lements  (jointly with 
the Reactor  Chemistry Division); (7) t h e  cosponsor-  
ing of t h e  development of instruments  for contin- 
uously measuring hydrogen i n  t h e  presence  of H F  
and for measuring U F  in the presence  of fluorine; 
and (8) methods of decontamination of equipment. 
In addition t o  Chemical  Technology Division lab- 
oratory- and engineer ing-scale  s t u d i e s  of the  cor- 
rosion problems inherent in  the process ,  Bat te l le  
Memor ia l  Inst i tute ,  under subcontract ,  determines 

2' 

6 

. 
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t h e  re la t ive  corrosivity of the  cons t i tuents  s p e c i -  All t h e  s p e c -  
fied in  new f lowsheets  and modifications, s t u d i e s  imens  had  a radiation leve l  of about 100 t o  200 
the  corrosion that  h a s  occurred in experimental  mr/hr at 8 in. d i s t a n c e ,  with the source  of the  
volat i l i ty  equipment a t  OFWI,, a n d e v a l u a t e s  and/or ac t iv i ty  be ing  about 75% Ru '06  and 25% Sb 1 2 5 .  

develops  new mater ia ls  of construct ion for the  Small amounts of Nb" and Zrg5 were a l s o  present .  
p rocess .  T h e  Metals and Ceramics  Divis ion h a s  Presumably t h e  large amount of ruthenium was due  
a s s i s t e d  i n  corrosion s tudies .  to i t s  diffusion into t h e  b a s e  m e t a l  at the e leva ted  

p r o c e s s  temperatures  employed. 

laboratory process-evaluat ion t e s t s .  

2.1 PROCESSING OF URANIUM-ZIRCONIUM 
ALLOY FUEL 

Laboratory Studies of the Decontamination 
of Equipment 

After t h e  s e r i e s  of runs i n  which long-decayed 
zirconium-uranium alloy fuel w a s  processed ,  t h e  
Volat i l i ty  P i l o t  P l a n t  w a s  s h u t  down for equipment 
decontaminat ion and revision. Laboratory s t u d i e s  
were the  b a s i s  for nickel  and INOR-8 equipment 
decontaminat ion procedures used  in t h e  Volatility 
P i lo t  P l a n t .  

Bas ica l ly ,  a degree  of controlled corrosion by 
aqueous decontaminat ing so lu t ions  w a s  found 
n e c e s s a r y  to decontaminate  n icke l  or n icke l  a l l o y s  
exposed  t o  radioact ive fused  s a l t s  a t  -.15000C: or 
higher. More corrosion is n e c e s s a r y  for nickel  than 
INOR-8 s i n c e  intergranular corrosion in the  first 
case a l l o w s  contamination of the  b a s e  metal  to a 
greater  depth. T h e  laboratory work generally con- 
firmed previously reported work ' showing tha t  a 
number of operat ional  s t e p s  a re  des i rab le  i n  decon- 
taminating fused-sal t  equipment, for example,  (1) 
flushing with nonradioact ive s a l t ,  (2) removing 
res idua l  s a l t  with boi l ing ammonium oxala te  solu-  
tion, (3)  u s i n g  a controlled corrodent solut ion,  and 
(4) us ing  3 complexing solut ion to remove back-  
adsorbed activity. Laboratory resu l t s  ind ica te  tha t  
u s e  o f  t h e  fourth s t e p  coultl b e  avoided if a spray  
operation i s  carr ied out for the third s t e p ,  that is, 
where  the act ivi ty  l iberated from t h e  metal i s  
carr ied o f f  by the  corrodent solut ion i n s t e a d  of 
being allowed t o  back-adsorb on the  surface.  

T h e  laboratory work w a s  conducted on metal  
spec imens  d i s s e c t e d  from the INOFZ-8 d i s s o l v e r  
v e s s e l  and t h e  nickel  fluorination v e s s e l  used  in 

T h e  high suscept ib i l i ty  of nickel  t o  corrosion i n  
aqueous  media at a pH of less than 3 is markedly 
different from INOK-8, an al loy relat ively res i s tan t  
t o  aqueous  a c i d i c  solut ions.  However, numerous 
t e s t s  demonstrated that  t h e  u s e  of corrodent so lu-  
t ions  on  TNOR-8 w a s  n e c e s s a r y  to obtain signifi- 
c a n t  decontamination. Alkali so lu t ions  containing 
organic  a c i d s  (tartaric, oxal ic)  and W 0 removed 
some act ivi ty  s i n c e  t h e s e  so lu t ions  a r e  mildly cor-  
rosive,  but the i r  e f fec t iveness  was  much greater 
when used  af ter  an ac id  corrodent solution. F o r  
example,  a decontamination factor (DF) of 30 w a s  
obtained for nickel  when u s i n g  s i x  c y c l e s  of al ter-  
na t ing  treatment with a corrodent solut ion c0.03 1w 
hl(N03")31 and a complexing solut ion (2% KQII-2% 
potassium tartrate-2% H 2 0  2). 

Corrosion t e s t s ,  carried out  in conjunct ion with 
act ivi ty  measurements ,  es tab l i shed  that su i tab ly  
control led corrosion of nickel  is achieved m o s t  
e a s i l y  us ing  0 .01  to 0.1 ilf Al(M03)3 solut ions.  
Nickel  corrosion r a t e s  of 0.05 to 0.5 mil/hr were 
obtained in ba tch  t e s t s  at reflux. However, t h e s e  
a r e  ins tan taneous  rates;  in prac t ice  the  r a t e s  a r e  
generally lower due to consumption of ac id  in t h e  
d isso lu t ion  process .  T h e  addition of ni t r ic  a c i d  to 
t h e  or iginal  solut ion was recommended as a cor- 
rection for ac id  consumption in  pilot-plant usage .  

2 2. 

Steam spray  t e s t s  with corrodent solutions on 
both nickel  and INQR-8 spec imens  gave  t h e  most 
c o n s i s t e n t  r e s u l t s  (Fig. 2.1). Such treatment 
avoids  t h e  u s e  of complexing so lu t ions  s i n c e  the 
uncovered act ivi ty  is immediately washed away 
i n s t e a d  of be ing  back-adsorbed on the metal sur-  
face. T h e  da ta  presented  show a decontamination 
factor of about 100 for both metals ,  with a total  
corrosion of 0.15 and 6.6 mils  for t h e  INOR-8 and 
n icke l ,  respect ively.  T h e  spray corrosion r a t e s  
shown in Fig. 2.1 a r e  higher  than t h o s e  given 
above. A high A1(N03)3 concentration of 0.9 iM 

w a s  required for INOR-8; an al ternat ive solut ion i s  

'R. I,. Jolley et al., Equipment Decontamination 
Methods for the F?rssd SaIt-.Fluoride Vola t i l i t y  Proc- 
ess, ORNL,-2550 (Aug. 19, 1958). 

'G. I. Cathers, R. L. Jolley,  and E. C.  Moncrief, 
Laboratory-Scale Dernoristratiori o f  the Fused S e f t  Vot3- 
t i l i t y  Process,  ORNL TM-80 (Dec. 6 ,  19Gl). 
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Fig .  2.1. Deeontarninatian of INOR-8 and N i c k e l  

Specimens from Process Equipment with Steam-Sprayed 

Solutions. 

Number 
of 

C y c l e s  

simply 0.1 M HNO, with some Ai3’ present  to com- 
plex any E‘- tha t  may b e  present .  

Decontamination o f  Pi lot-Plant  Equipment 

Decontamination of Volatility P i l o t  P l a n t  c e l l  
equipment w a s  carried out  following a six-run 
s e r i e s  on 5- to  6.5-yr-decayed zirconium-uranium 
al loy,  T h e  decontamination so lu t ions  (Table  2.1) 
were pumped through the equipment in s e v e r a l  dif- 
ferent pa ths  so that both s t a t i c  and circulat ing 
condi t ions exis ted.  On occas ion ,  the top  half of 
t h e  fluorinator (FV-100, F ig .  2.2) or hydrofluarina- 
tor (FV-1000, Fig.  2.2) was empty; however, the  
bottom of t h e s e  v e s s e l s  a lways  contained solut ion 
during e a c h  c y c l e  of the  decontamination. 

Four  principal solut ion c y c l e s  were used  during 
the  decontamination: (1) 2 molten-fluoride-salt 
f lush,  (2) an ammonium oxala te  wash ,  (3 )  an alu-  
minum nitrate-nitric ac id  dissolut ion,  and (4) a 
caustic-peroxide-tartrate treatment. T h e  s a l t  flush 
reduced equipment act ivi ty  by dilution, while  the 

T a b l e  2.1. Decontamination Program for V o l a t i l i t y  P i l o t  P l a n t  Equipment 

... 

Solu t ion  

Sa l t  from qimulated 
fue l  d i sso lu t ion  
(run ’r-i 1 J 

Waste s a l t  froni 
run TU-12 

Ammonium o x a l a t e  

Al(NO,),-HNO, 

N a O H - H 2 0 2 p o d i u m  
ta r t ra te  

Waterb 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _ _ ~  

Timea  
(hours  

,. 
Remarks 1 empr ra tu re  Concen t r a t ion  

( O C )  per  c y c l e )  
. . . . . . . . . ...... . . .. . . . . _- ....... 

37.5-37.5-2 5.0 t o  Normal operat ing q. 1 0 0  Normal opz ra t ing  
27.5-27.5-15.0 mole Yo (h50-500) cond i t ions  p lus  s a l t  
NaE-LiF-ZrF4  melt-down from 

d i s s o l v e r  w a l l s  

27.5-27.5-45.0 mole Yc 650-500 

N a F  -L iF-ZrF  

0.35 M 

2 5 - 3 0  Normal ope ra t ing  
temperature  p lus  
melt-down 

50-95 40--120 So lu t ions  both c i rcu-  

l a t i n g  a n d  s t a t i c ;  
f luoborate  added  t o  
f i r s t  c y c l e  a s  nu- 
c l e a r  po i son  

0.03-0.10 to  50--9 5 50-80 Solu t ions  bo th  c i rcu-  
0.10-0.01 M l a t i n g  a n d  s t a t i c  

5-1-1 to 5-2-2 wt ”r, Ambient 10.- 2 0  Solu t ions  c i rcu la t ing  

Ambient and 4-55 Solu t ions  c i rcu la t ing  
5 0 4 5  and  s t a t i c  

%y a rough es t imate ,  the upper h a l f  of the f luorinator  w a s  empty 50% of the t ime;  s o l u t i o n s  wcrc  probably c i rcu-  
la t ing  only 75% of the  time in the f luorinator  bottom and abou t  85% of the t ime in  the hydrofluorinator  lower sec t ion .  

bWater r i n s e s  norma l ly  followed each “soak” with the three s o l u t i o n s  l i s t e d  immediately above thc l a s t  one i n  
the  colurnn under “Solution.” 
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Fig. 2.2. Results of D e c o n t a m i n a t i o n  of Volot i l i ty  Pilot P l a n t  Cell 1 Equipment .  
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oxala te  wash removed residual  s a l t  d e p o s i t s ,  par- 
t icular ly  %r.F4. During the ini t ia l  oxa la te  treat- 
ment> 8 l i te rs  of NH4BF4 solut ion,  20 g/liter, w a s  
added to  the  hydrofluoririator and fluoririator as  a 
nuclear  poison. T h i s  amount v~ould  b e  adequate  for 
at l e a s t  1500 g of U 2 3 5 .  ‘The aluminum nitrate- 
nitric acid d isso lvent  removed metal l ic  depos i t s  
and corrosion f i l m s  by corroding t h e  internal  su r -  
faces of t h e  v e s s e l .  T h e  caus t ic -peroxide tar t ia te  
treatmeah removed plated act ivi ty  (mainly Ru l Q 6 )  

from v e s s e l  wal l s .  
Activity measurements were made in  c e l l  1 befoie  

and af ter  decontamination (Fig.  2.2). T h e  internal  
hydrofluorinator readings were made by inser t ing 
an ion chamber ( inside an aluminum pipe) into the 
v e s s e l .  Observat ions outs ide  the d isso lver  in the 
upper par t  of the  c e l l  were made by inser t ing the  
ion chamber through the absorber fill-line s l e e v e ,  
while t h o s e  in t h e  lower part of t h e  cell were made 
through the  open cel l - -1  door. Fol lowii-~g decontam- 
inat ion,  gerieral ce!l-1 act ivi ty  l e v e l s  were 30 to 
60 millirems/hr. 

Res idua l  act ivi ty  on the equipment w a s  suffi- 
c ient ly  low af ter  t h e  decontamination program to 
permit direct  maintenance on a l l  ce l l -1  equipment. 
During subsequent  equipment modification and re- 
pair, the  average ce l l -1  personnel  exposure rate  
w a s  about 30 millirems per man -hour. 

Corrosion During Decontamination of Mcltsn- 
Solt-Harrdl;ng EqaPipmacnt in thsVoIa t i I i ty  P i l o t  $ton:  

Following decontamination of t h e  molten-salt- 
handling equipment, the lower half of t h e  fluorinator 
vias radiographed and visual ly  iiispected wit.h a 
borescope.  Since thin a r e a s  and some p i t s  were 
iiidicated in the  welds, two 4-in.-diam samples  were 
cut  from the fluorinator. T h e  weld joining t h e  bot- 
tom cone  to the she l l  of the  v e s s e l  w a s  roughened 
and concave  with respec t  to the  b a s e  metal. T h e  
weld joining the  upper dished head of the  lower 
half of t h e  v e s s e l  to the  s h e l l  showed s e v e r e  under- 
cn t t ing  a t  the l ine  of fusion between the  weld metal 
and the b a s e  metal. T h i s  s e v e r e  a t tack  of the 
INCO-61 weld iiictal w a s  not typical  of any p a s t  
experience with welded nickel  Corrosion rods ex- 
posed t o  molten fluorides and fluorine. 

T h e  spec imens  were examined metallographically, 
and t h e  aqueous decontamination procedure w a s  
s imulated in a laboratory experiment a t  Bat te l le  
Menlorial Inst i tute ,  under subcontract .  During th i s  

experiment :.-nickel spec imens  corroded in boi l ing 
0 . 1  M A1(N03)3--0.01 M H N 0 3  (ANN) a t  ra tes  rang- 
i n g  from 250 to  16 rnils/month.3 Solutions of 5-2-2 
wt % NaOB-sodium tartrate--H 0 (CTP) a t  room 
temperature gave  r a t e s  for L-nickel  ranging froin 
1 . 2  t o  8 mils/month. T h i s  INCO-61 weld-rod speci- 
mens corroded a t  ra tes  less than half  those  of L- 
nickel ,  but the  INCO-61 weld in  L-nickel  s p e c i -  
mens cu t  f rom t h e  Volatility P i lo t  P lan t  fluorinator 
showed a definitely higher sate  of at tack than the 
b a s e  metal ( s e e  Fig. 2.3). Coupons vreldkd with 
INCO-61 a l s o  showed a region of acce lera ted  
at tack a t  the junction of the weld and the  b a s e  
metal. Specimens of INOW-8, the metal from which 
t h e  hydrofluorinator is fabricated, mere a t tacked  
only veiy s l ight ly  by 4 N N  and C’l’P. 

2. 2 

3P. D. Miller et a l . .  Corrosion of the ORNL-VPP- 
Mark 3 Fluorinator and’Group V Rods ,  RMI-X-218 (Feb.. 
15, 1963). 

Fig.  2.3. Corrosion of INCO-61 Weid Metal in  h- 
Nickel Vo la t i l i ty  P i l o t  P l a n t  Firlorinator Specimen Dus- 
ing Simulnted A~MIBUS Decontamination. Veit iKal  
faces  were f l a t  before exposure t o  solutions. 
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By metallography of the  trepanned spec imens ,  
intergranular a t tack  of the L-nickel b a s e  metal in- 
s i d e  the  lower portion of the  fluorinator (in con- 
tact  with molten s a l t  during u s e )  w a s  2.0 m i l s  as- 
polished and 6 m i l s  after etching, and the  exterior 

0 and 11 m i l s ,  respectively.  B a s e d  
on the  sound metal remaining, as indicated by 
etching, and the  th ickness  of the original stock, 
corrosion r a t e s  were 8.3 mils/month, based  on 
1920 hr of molten-salt exposure,  and 0.38 mil/hr 
based  on 57.7 hr of fluorine exposure  t ime .  If the  
metal  loss of 7 m i l s  obtained in  the  simulated 
aqueous  decontamin regime is subt rac ted  
from the  maximum at of 22 m i l s ,  t he  ad jus ted  
overall  corrosion r a t e  excluding aqueous  decontam- 
ination for the b a s e  metal i n  the lower part of t h e  
fluorinator is 7.8 mils/month of salt exposure t ime  
and 0.26 mil/hr of f luorine exposure t ime.  How- 
ever,  t h e s e  va lues  should  not n e c e s s  
as t h e  maximum corrosion r a t e  for t h e  fluorinator 
s i n c e  ea r l i e r  measurements4 ind ica ted  tha t  t h e  
maximum corrosion rate w a s  in  t h e  neck of the  ves- 
sel, presumably b e c a u s e  of contac t  with g a s  and 
sp la shed  salt. 

A HyMu 80 corrosion rod that w a s  in the  fluori- 
nator during the  l a s t  20.8 hr and 625  hr of fluorine 
and molten-salt  time, respectively,  as  well  as  
during the  aqueous  decontamination, w a s  corroded 

erely,  in cont ras t  to the  1 exce l len t  
performance of HyMu 80 in the presence  of molten 
salt and fluorine. The  simulated aqueous  decon- 
tamination regime was  found to b e  very corrosive 
to  HyMu 80. Thus ,  t he  particular s e t  of conditions 
under which ANN w a s  used  i n  the pilot  plant 
appea r s  t o  b e  sa t i s fac tory  for INOR-8, but not 
sa t i s fac tory  for e i ther  the L-nickel-INCO-61-weld- 
metal combination or HyMu 80  b a s e  metal. 

Cracks in P i lo t -P lant  Hydrofluorinator 

During examination of equipment in cell 1 follow- 
ing  aqueous  decontamination, a c rus t  of s a l t ,  
ind ica t ing  a leak,  w a s  found on the  outs ide  and 
near the bottom of the  hydrofluorinator. T h e  s a l t  
contained both process  s a l t  and aluminum ni t ra te  
from t h e  decontamination so lu t ions .  Thermocauple- 
failure da t a  indicated tha t  t he  leak  probably devel-  
oped during the  f i rs t  run made in the series of s i x  

in  which irradiated zirconium-uranium alloy fuel 
was  used .  T h e  interior of the  v e s s e l  w a s  examined 
with the  Ques ta r  te lescope ,  and the  site of the  
fai lure  w a s  plainly visible.  F igure  2.4 s h o w s  the  
failure a r e a  a f t e r  the lower sec t ion  w a s  removed 
for metallurgical examination; F i g  2.5a is a magni- 
f ied view showing it in  more detail .  T h e  l eakage  
was  through two in te rsec t ing  c racks  - one  hori- 
zonta l  and about 1% in. long between the lowest 
girth weld and the  welds  a t tach ing  two s t a in l e s s -  
s tee l - shea thed  thermocouples  to the v e s s e l  ex- 
terior and t h e  other a ver t ica l  c rack  about y8 in. 
l ong  between the thermocouple welds.  Figure 2.56 
is an x-ray picture of t he  crack, showing t h e  ex- 
ternal weld beads. Examination of the interior of 
t he  v e s s e l  with the t e l e scope  a l s o  showed seve ra l  
a r e a s  of shor t  sur face  c racks  or s c r a t c h e s  below 
the girth weld loca ted  about 18 in. from t h e  bottom, 

T h e  bottom of the  hydrofluorinator w a s  severed  
j u s t  above the  lower girth weld and submitted for 
remote metallurgical examination. A replacement 

4A. P. Litman, Corrosion of Volatil i ty Pilot  Plant 
Mark I INOR-8 Hydrofluorinator and Mark III L-Nickel 
Fluorinator Af ter  Fourteen Dissolution Runs, QRNL- 
3253 (Feb. 9, 1962). 

~ i ~ .  2.4. L~~~~ saction of Hydrofluorinator ~ f + ~ ~  

Failure by Cracking. 
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sec t ion  w a s  made and ins ta l led  during the equip- 
ment modifications. Typical s e c t i o n s  of the hori- 
zonta l  c rack  and a thermocouple attachment bead 
and the  main ver t ical  crack and the  other bead  were 
prepared as two l O O X  composi te  photomicrographs. 
Significant fea tures  of both c racks  were: (1) the 
much grea te r  width of the c racks  at the  v e s s e l  ex- 
terior, compared with t h o s e  on the  interior; and 
(2) the  rounded edges  of t h e  grain boundaries of t he  
outer three-fourths of t h e  length of t he  cracks.  
Another ex terna l  su r f ace  crack w a s  noted im- 
mediately below the  girth weld a t tach ing  the 
bottom block to  t h e  5-in. sec t ion  and s l ight ly  
to the  right of t he  thermocouple b e a d s  and fai lure  
c racks .  T h i s  crack w a s  about 40 m i l s  deep  and 
about 10 m i l s  from the  edge  of t he  weld metal .  A 
series of horizontal c r acks  w a s  noted on the inter- 
nal  su r f ace  of the  lower sec t ion .  T h e s e  c racks  
were  fairly uniformly spaced ,  and those  photo- 
graphed varied from about 15 to 30 m i l s  in depth. 
T h e  o n e s  examined in de t a i l  were about 1 in.  to  the  
lef t  of the  failure area,  but s imi la r  c r acks  were 
s e e n  in other areas of the  lower sec t ion .  Micro- 
f i ssur ing  at the  junction of t h e  weld and b a s e  metal 
w a s  noted, and i t  w a s  similar t o  that observed in 
cer ta in  INOR-8 h e a t s  in  1961.' Samples of metal 
from both t h e  lower sec t ion  and from the  ring above 
t h e  upper girth weld of the  failed sec t ion  were 

analyzed to determine t h e h e a t  number of the metal. 
T h e  hea t  from which the hydrofluorinator w a s  ap- 
parently fabricated ( a s  revealed by the  chemical 
ana lyses)  was  involved i n  the microfissuring dif- 
f icul t ies ,  which were l a t e r  traced to the  melting 
prac t ices  of a particular vendor. 

T e n s i l e  tests were made on two spec imens  re- 
moved from the  failure area. Resu l t s  were within 
the  l imi t s  of the  original spec i f ica t ion  and were 
comparable  to  those  obtained on the original hea t  
of INOR-8, indicating no s igni f icant  embrittlement 
or strength loss. 

Tentatively,  the major c racks  that resu l ted  i n  t he  
s a l t  l e a k s  were concluded t o  b e  of external origin 
and related to the attachment of the  thermocouples 
t o  the  ves se l .  There  w a s  no indication that in- 
terior corrosion by fused salt w a s  a factor in 
ini t ia t ing the  cracks.  On the  other hand, exterior 
corrosion w a s  extremely seve re ,  as is normal with 
molten f luor ides  in air .  Fabrication of the v e s s e l  
from one  af the  substandard hea t s  which were s u s -  
cept ib le  to  microfissuring and to damage by high 
temperatures w a s  thought to be a factor in  the 
c rack  formation. T h e  internal c racks  may have  

'Molten-Salt Reactor Program Progr. Rept.  Mar. 1 to 
At&. 31, 1961, ORNL-3215, pp 106-7. 
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been present  in  incipient  form before t h e  v e s s e l  
w a s  built.  

Modif icat ions to the P i l o t  P l a n t  

After t h e  s i x  long-decayed zirconium-uranium 
alloy runs and the  equipment decontamination, 
severa l  modifications were made t o  the Volat i l i ty  
Pilot P lan t .  Brief ly ,  these c o n s i s t e d  of (1) effor ts  
t o  improve purity by  t h e  addition of a magnesium 
fluoride bed between t h e  sodium fluoride movable- 
bed adsorber  and t h e  cold t raps  for removal of  
technetium and neptunium, t h e  instal la t ion of 
s o l i d s  f i l t e rs  i n  the  product s t ream, and relocat ion 
of the  desorpt ion fluorine in le t  l ine  t o  permit de-  
sorption of U F ,  from the  movable-bed adsorber  
without desorb ing  t h e  f i ss ion  products  in  t h e  hot  
trap zone;  (2) piping c h a n g e s  and equipment re- 
arrangement to al low recyc le  of off-specification 
product through t h e  movable-bed adsorber  and 
more convenient  desorpt ion of the  main sodium 
fluoride chemica l  t rap;  (3) elimination of future 
potent ia l  fa i lure  a r e a s  by t h e  instal la t ion of a 
s o l i d s  rod-out d e v i c e  i n  the hydrofluorinator off-gas 
l i n e  and el iminat ion of f langes  in  t h e  head-end of 
t h e  plant; and (4) t h e  addition of the  n e c e s s a r y  
sh ie ld ing  for future  higher  radiation leve ls .  

T h e  Cr i t ica l  P a t h  Method (CPM) of planning w a s  
used  and w a s  of s ignif icant  value. Modifications 
were completed in 30 w e e k s  - two w e e k s  beyond 
t h e  original scheduled  completion d a t e  because  of 
the  replacement  of t h e  leak ing  hydrofluorinator 
bottom s e c t i o n ,  t h e  removal and replacement of 
fluorinator corrosion rods, and severa l  minor i tems.  
Comments on s o m e  of the modifications a r e  l i s ted  
below. 

Hydrof luorinator Off -Gas Rod-Out System. - T h e  
rod-out sys tem ins ta l led  to prevent o r  remove plugs 
i n  the  2-in. hydrofluorinator off-gas l ine c o n s i s t s  
of a tightly-wound s t e e l  spr ing  inser ted  through a 
>-in.  l i n e  from t h e  penthouse t o  the  2-in. pipe. 
When t h e  spr ing  is not in  u s e ,  it is part ia l ly  re- 
t racted in to  a flanged, nitrogen-purged c a s i n g  i n  
t h e  penthouse.  A sh ie lded  c a s k  for d i spos ing  of 
contaminated spr ing  w a s  built.  

Gas-Solids Separators. - T h e  f i l ters  ins ta l led  in  
t h e  U F ,  sys tem between t h e  magnesium fluoride 
bed and t h e  co ld  t rap u s e  nickel  wire-mesh pack- 
ing  and c o a r s e  n icke l  d i s k s  as f i l ter  elements. A 
nickel  wire-mesh filter w a s  also ins ta l led  i n  the 
hydrofluorinator exhaus t  l i n e  1 to localize a radia- 
tion hazard by reducing the quant i t ies  of radioact ive 
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par t ic les  p a s s i n g  through a l ine  i n  the penthouse 
a r e a  t o  the ventilation-air scrubber. A se t t l ing  
chamber w a s  ins ta l led  in  the w a s t e  s a l t  off-gas 
vent  l i n e  from cell la  to reduce the amount of en-  
trained so l ids .  

Pi lo t -P lant  Runs 

F i v e  process ing  runs were completed i n  the 
Fluoride Volat i l i ty  Pilot P l a n t  on zirconium- 
uranium al loy fuel  following a 30-week shutdown 
for equipment decontamination and modification. 
Three of t h e  runs,  TU-13 to  TU-15, were performed 
t o  check  plant  equipment performance and also 
to s tudy s e l e c t i v e  desorpt ion as  a method of im- 
proving product quality (by separa t ing  MoF, 
from t h e  UF,). Two runs,  R-7 and R-8, were made 
to s tudy f i ss ion  product behavior and uranium de- 
contamination from f iss ion products while  proc- 
e s s i n g  13-month- and 6-month-decayed alloy, re- 
spect ively.  

In t h e  f lowsheet  u s e d  (Fig.  2.6), t h e  fuel  e le -  
ments  were d isso lved  by H F  a t  650 to 500°C in 
molten equimolar N a F - L i F  containing 25  t o  4 5  
mole % ZrF,. During d isso lu t ion ,  the zirconium- 
uranium al loy w a s  converted t o  ZrF,  and UF,, both 
so luble  in  t h e  fluoride salt. Submicron-size s o l i d s  
generated during t h e  d isso lu t ion  operation were 
scrubbed from t h e  hydrofluorinator off-gas by l iquid 
HF. After t ransfer  t o  a s e p a r a t e  v e s s e l ,  t h e  UF,  
w a s  converted t o  vola t i le  UF,  by fluorination at  
500°C with elemental  fluorine. The fluorination 
s t e p  separa ted  the  uranium from t h e  bulk of t h e  
nonvolat i le  f i ss ion  products. Further decontamina- 
of t h e  U F 6  from t race  amounts of volat i le  and 
entrained f i ss ion  products w a s  accomplished by 
adsorption on and desorption from a n  N a F  bed at 
100°C and 4OO0C, respect ively.  To improve prod- 
uct  qual i ty ,  MoF6 w a s  removed from the  sorbed 
U F ,  by desorption a t  150°C. Technetium and 
neptunium, which followed the  UF,  during desorp-  
tion, were removed from the  U F ,  during runs on 
irradiated al loy by sorpt ion on MgFz at 100°C. T h e  
product UF,  from a l l  runs w a s  col lected in  cold 
traps. 

Dissolut ion o f  Alloy. - Of t h e  five dissolut ion 
runs, three were made on fully enr iched,  nonirradi- 
a ted alloy. Dissolut ion rates (based  on 90% c o m -  
pletion) ranged from 2.0 t o  2.9 kg/hr  with H F  
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ut i l izat ion e f f ic ienc ies  per p a s s  through t h e  dis- 
so lver  of 2 1  to 31% ('rable 2.2). Previous  experi- 
e n c e  had shown that  dissolut ion-rate  correlat ion 
w a s  improved by b a s i n g  t h e  experimental  r a t e s  on 
90% completion, thereby minimizing tail-out e f fec ts .  
The d isso lu t ion  r a t e s  obtained during the three 
cold runs,  although acceptab le ,  were below t h e  
previous average ra te  for t h e  T U  s e r i e s  (2.9 
kg/hr). 

Two disso lu t ions  (R-7 and K-8) were made with 
13-month- and 6-month-decayed al loy (burriup 
greater  than IS%). Preliminary resu l t s  from the  
6-month-decayed al loy run showed a dissolut ion 
rate  of 3.4 kg/hr. T h e  d isso lu t ion  ra te  for t h e  
13-month-decayed alloy was  also higher  (3.7 kg/hr) 
than i n  cold runs, but the  higher  ra tes  may not b e  
a resul t  of fuel burnup. Previous  runs on 5- to 
6.5-yr-decayed al loy showed n o  apparent e f fec t  of 
burnup on the  d isso lu t ion  rate. 

Uranium Recovery. - Uranium w a s  separa ted  as  
UF,  from t h e  mol ie r i  fluoridk melt in a l l  runs by 
react ion with fluorine. T h e  average  fluorine 
ut i l izat ion eff ic iency w a s  about 5% during co ld  
runs  and 14% during the  run with 13-month-decayed 
alloy (Table  2.3). A preliminary resul t  for t h e  
6-month-decayed run R-8 gave  a fluorination effi- 
c iency  of 7%. T h e  13-month va lue  was t h e  hi$est  

6Chem. Technol,  Div. Ann. Progr. Hept. May 31, 
1962, ORNL-3314, pp 39-45. 

eff ic iency obtained in the pilot plant  during t h e  
al loy program. Nonrecoverable uraniuiii l o s s e s ,  
mainly i n  t h e  w a s t e  s a l t ,  during a l l  fluorinations 
were l e s s  than 0.46%. Sal t  recycle  would icduce  
t h i s  loss to  less than 0.2%. T h e  conpla t ion  of 
fluorination eff ic iency wi th  condi t ions i n  the s y s -  
tem h a s  cons is ten t ly  been poor for t h e  low uranium 
concentrat ions p r o c r s w d  during t h e  al loy program. 
T h e  spread in the fluorine ut i l izat ion e f f ic ienc ies  
for t h e  co ld  and hot runs was  attributed t o  low 
uranium concentrat ion in  the  s a l t .  

Separation of Molybdenum rand Uranium Hexa- 
fluorides. - Molybdenum hexafluoride h a s  been 
shown to behave l i k e  U F ,  during the  sotption- 
desorption c y c l e  on N a F  and to follow the  ura- 
nium to the product t rap.7 Temperatures  t o  pro- 
duce  vapor p r e s s u r e s  of 1 atm over t h e  MoF',-NaF 
and UF,-NaF complexes are 22S°C and 360°C, 
respect ively.  T h i s  difference in vola t i l i t i es  w a s  
used during recent  runs to improve product quality 
by separa t ing  MoF, from the UF,. During desorp- 
tion operat ions,  t h e  uranium-rich region of the  
absorber  (12-in. sec t ion  of bed below t h e  lower 
side outlet) was hea ted  from 100 to 150OC: i n  the 
presence  of a fluorine s w e e p  t o  desorb MoF, 

7G. I. Cathers,  R. L. Jolley, and E. C. Moncrief, Lab- 
oratory-Scale Demonstration of  the F u s e d  Salt Vola- 
t i l i t y  Process ,  ORNL TM-SO (Dec. 6 ,  1961). 

Toble 2.2. Surnmory of Dissolution Runs in the Volati l i ty Pilot Plont" 

Average HF Utilization 
Efficiency per P a s s  
Through Dissolver' 

Temperature Average Dissolution Average H F  Flow 

Rate  
(hr) 

Run  NO.^ (OC) Rate' 

(%I Maximum Minimum (kg/hr) (d ra in )  

TU-13 690 495 2.15 18.3 75-150 

TU-14 660 500 2.06 19.7 100-150 

TU-15 645 500 2.89 13.1 75-140 

R-7 680 495 3.67 11.4 75-125 

R-8 660 500 3.36 10.2 75-120 

25.5 

24.1 

33.7 

49.0 

40.6 

Chem. Z'echnol. Div. Ann. Progr. R e p t .  May 31, 1962, ORNL-3314, p 41, for da ta  on previous r u m  
bRuns TU-13 through TU-15: noniwadiatcd fully enriched ziiconium-uranium alloy fuel, - 1% uranium, - 40 kg of 

fuel per run. Run R-7: enriched zirconium-uranium alloy fuel,  decayed for about 13 months; -40 kg of fuel; burnup 
greater than 15%. Run R-8: enriched zirconium-uranium alloy fuel,  decayed for about 6 months; -40 kg of fuel; burnup 
greater than 15%. 

'Based on 90% completion of dissolution (complete dissolution would take about 30% longer). 
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Table 2.3. Summary of Fluorination Studies in the Vo la t i l i ty  Pi lo t  Planta 

Uranium Concentration Fluorination T i m e  Tota l  
i n  Salt Fluorine Flow Fluorination Fluorine to Obtain ppm Nonrecoverable 

Uranium in Sa l t  Uranium L o s s e s  (standard Time Utilization 
l i t e rs  per min) (min) Efficiencyd 

Run No. (PPm) 

(g)  (wt X) (min) Init ialb Final‘ 

TU-13 3987 13 6 

13 

TU-I4 2207 4 6 

13 

TU-I5 2383 11 6 

13 

R-7 4485 I 6 

13 

R-8 4337 1 6 

13 

101 5 .3  2.1 0.32  

39 

104 0.8 0.20 101 5.8 

19  

101 5.3 2.2 0.46 

19 

101 13.7 105 0.9 0.09 

19  

113 7.0 104 0.2  0.02 

30 

aSee Cheni. Technol. UIV. Ann. Pro@. Rept. May 31, 1962, ORNL-3314, p 43, for data on previous runs. 
bMay include uranium hee l  from previous runs. 
‘Final concentration prior to hot trap dump; concentration normally lower after NaF discharge to was te  sa l t .  
dBased on time required to obtain 10 ppni in was te  s a l t  (or f inal  uranium concentration i f  greater than 10 ppm). 

through the  s i d e  out le t  to the  chemical  t rap (FV- 
121A, Fig.  2.6). After molybdenum removal, ura- 
nium desorption w a s  accomplished by hea t ing  the 
en t i re  bed to 40OoC, t h e  U F ,  leaving t h e  absorber 
through the  top out le t .  

During run TU-13, approximately 90% of the 
molybdenum ini t ia l ly  on the  NaF i n  the  absorber  
w a s  desorbed to  t h e  chemical  trap with 2 s t d  
liters/min of sweep g a s  (1-1 F2-N2)  at 160°C for 
60 min. Under t h e s e  condi t ions and assuming equi- 
librium, a 12-min desorption would theoretically 
have  been adequate. Uranium appeared to b e  re- 
moved at about 90% of t h e  equilibrium transpira- 
tional rate. T h e  to ta l  (recoverable) uranium l o s s  

Product Quality. -.- Metallic ca t ion  impurities in  
the  product from cold runs TU-13 through TU-15 
totaled about 3200 ppiii (Table  2.4). AEC buy- 
back spec i f ica t ions  for IJF, call for l e s s  than 300 
ppm total  ca t ion  impurities. Iiowever, t h e  total  
cat ion concentrat ion of less than 171 ppm achieved 
in  run KZ-7 us ing  13-month-decayed alloy w a s  well 

w a s  0.2 g. 

within the  al lowable value. A higher to ta l  ca t ion  
content  (<712 ppm) w a s  obtained in  run R-8 on 
6-month-decayed alloy. 

During previous pilot-plant runs,  high metal l ic  
cat ion impurity l e v e l s  were pract ical ly  a lways  
assoc ia ted  with high HI’ Contamination of the U F ,  
product. Runs TU-13 through TU-15 further sub- 
s tan t ia ted  t h i s  observation. Up to 30 wt ’% H F  w a s  
found i n  t h e  la t ter  runs. 

T h e  source  of the H F  dilution w a s  probably m o i s -  
ture inleakage into t h e  product-recovery sys tem 
during movable-bed-absorber operat ions (pel le t  
addition and bed measurement operations). T h e  
moisture, ini t ia l ly  adsorbed on the  N a F  pe l le t s ,  
reacted with elemental  fluorine during fluorination 
and desorption operat ions to form t h e  HF. Product  
quality w a s  exce l len t  in run R-7 when t h e  H F  w a s  
removed by pretreat ing (prior t o  fluorination) the  
top z o n e  of the absorber  bed in  situ by hea t ing  t o  
300 to 4OO0C in  a f luorine atmosphere. IIowever, 
s o m e  I F  contamination (0.5%) of the  product 
occurrcd during run R-8 indicat ing inadequate  bed 
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Table 2.4. Catian Impurities in the Uranium Hexafluoride Product from the Volatility Process 

Average Product Impurity Level (ppm of U) 

Cr Cu Fe Li Mo Na N i  Sn Zr Np T c  Total  
____ . ............... ............ ............ Run No. 

TU-13a 1 4  487 122 < 2  2040 365 11 155 (22 <3208 

TIJ-l,lavb 

TU-15 137 890 357 16 665 1070 44 <20  <20  <3219 

R-7 1 2  3 3 <1 9 129 15  <3  <1 4 1 1  1 1 7 1  

R-8 1 1  150 100 <1 43 327 30 <7 < 1  48 4 (712 

AEC specificationC (200 <10 <200 (300 
....... ... ........ _. ..... ..... - 

aYorkmesh and micrometallic filter in product l ine  inadvertently bypassed  during run, allowing N a F  dust to trans- 

bProduct cylinder was  water washed to recover uranium for sampling (cylinder va lves  plugged by N a F  particles). 

'Federal Register 25, 2817 (1960). 

fer to product cold trap. 

io ta1  uranium recovered in  wash solution was  <1 g. * .  

pretreatment. Moisture w a s  also limited by avoid- 
ing  a i r  Inleakage,  whenever  poss ib le ,  throughout 
t h e  en t i re  p r o c e s s  sys tem.  

Molybdenum hexafluoride removal from t h e  WF, 
by desorption at 15OoC w a s  not quant i ta t ive during 
cold runs, probably b e c a u s e  of the high H F  oon- 
taiiiination of t h e  product. Howevcr, during run 
R-7, when n o  H F  dilution occurred, t h e  molybdenum 
content  of t h e  product w a s  only 9 ppm, t h e  lowest  
va lue  obtained during the  en t i re  zirconium-uranium 
al loy program. T h e  product molybdenum leve l  w a s  
43 ppm in run R-8 when 0.5% H F  contamination 
occurred. T h e  var iable  quant i t ies  of copper, chro- 
mium, iron, and tin found in  the  cold-run products 
may also have  been due  to contaminat ion by HF. 

Sodium contaminat ion of the  product occurred 
when N a F  f ines  were entrained from t h e  absorbcr  
during desorption operat ions.  A filter sys tem w a s  
ins ta l led  for N a F  removal prior to the runs, but it 
w a s  inadvertently bypassed  during runs TU-13 and 
TU-14. Although the  f i l ter  was in s e r v i c e  in  run 
TU-15, sodium contamination of the  product w a s  
s t i l l  1070 ppm (probably from residual  f ines  in  the 
sys tem be ing  s w e p t  to  the product trap). Improve- 
ment in the  sodium leve l  w a s  obtained in  run R-7 
(sodium, 129 ppm), but t h e  level increased  in  R-8 
to 327 ppm, indicat ing ineffect ive filtration. 

F i n a l  removal of 'rcg9 from the  t J F 6  (to less than 
1 and 4 ppm in t h e  product) w a s  accomplished in  

runs R-7 and R-8 by cornplexing with MgFz a t  
100OC. The to ta l  Tc" found on the MgFz w a s  
subs tan t ia l ly  below the  fue l  content ;  therefore, t h e  
N a F  bed may also have  been effect ive in Tc re- 
moval. Substant ia l  quant i t ies  of uranium (at l e a s t  
200 g )  were also retained on the MgFz bed during 
run R-7 by physical  adsorption and possibly dep- 
osi t ion ( a s  UOzFz) in  the  presence of moisture. 
T h e  MgFz bed s i z e  was reduced from 10 k g  t o  1 k g  
between runs R-7 and R-8. T h e  uranium retention 
was  reduced somewhat more than proportionately -.. 
to 1 4  g. T h e  MgFz also w a s  e f fec t ive  for neptu. 
nium removal (4 and 48 ppm, respect ively,  in  runs  
K-7 and R-8). 
Fission Product 5ehcnvior, -.. ' rhe separa t ion  of 

uranium from f i ss ion  products in  the Fused-Sal t  
Fluoride Volatility P r o c e s s  is accomplished by 
making use of the vapor pressure differences of 
uranium and the f i ss ion  product fluorides or com- 
p lexes .  Several nuc l ides  - Ru, Nb, I, T e ,  Mo, and 
Sb - form highly volat i le  fluorides, while  others  --. 
Zr ,  Sr, and Cs - form relat ively nonvolatile flrio- 
rides. T h e  f iss ion product, Tcgg,  is principally a 
chemical  contaminant. 

Overal l -process  D F ' s  ranged from greater than 
lo8 t o  nearly 10" for volat i le  f iss ion products  
(Sb '25,  T e ,  Ru'06, and Nbg5),  and from greater  
than 10' t o  gteatee than lo1' for nonvolat i le  fis- 
s ion  products (Zrg5 ,  Srg0, and c ~ ' ~ ~ )  during run 
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K-8 on 6-month-decayed alloy. Generally lower 
DF’s were obtained during run  R-7 on 13-month- 
decayed fuel. T h e  overal l  DF’s represent  t h e  
magnitude of the uranium decontamination from 
f iss ion products in both major s t e p s  of the  process ,  
dissolut ion and product recovery. ‘The d isso lu t ion  
DF’s wcrc determined by the ratio of thc  ca lcu la ted  
act ivi ty  of e a c h  nucl ide in  the  al loy to the measured 
act ivi ty  i n  the  fluorinator feed s a l t .  In e a c h  c a s e ,  
t h e  s p e c i f i c  a c t i v i t i e s  i n  t h e  al loy were evaluated’  
from reactor  operat ing d a t a  with the fuel burnup 
ca lcu la ted  by t h e  CRUNCH codeg on the IBM 7090 
computer. Without except ion,  t h e  dissolut ion DF’s  
were small  compared with the  product-recovery 
DF’s. 

For the  dissolut ion s t e p ,  decontamination factors  
for the vola t i le  f i ss ion  products ranged from a low 
of 5 for Sb ’ 2 5  to a high of 5 i: l o3  for Te (Table  

‘J. 0. Hlomeke and M. F. Todd. Uranium-235 Fiss ion-  
Product  Production as a Function of Tbemial Neutron 
Flux, Irradiation Time, a n d  D e c a y  Time, ORNL-2127 
(Aug. 19, 1957). 

’M. P. Lietzke and H. C. Claihorne, Crunch -- An I A M  
704 Code for Calculating N Success ive  First-Order 
React ions,  ORWL-2958 (1960). 

2.5). T h e  SrgO DF of 2 and t h e C ~ ’ ~ ~  13F of 1 to 3 
are  measures  of the precis ion of calculat ion of the  
feed act ivi ty  rather than “entrainment” decontamin- 
ation factors .  

Decontamination factors  for the product recoveiy 
step of t h e  p r o c e s s  during run R-8 were greater  
than lo9  for Z r g 5 ,  SrgO,  and CS’~’ ,  greater than 
10” for rare ear ths ,  and ranged from l o 5  to  greater  
than l o 9  for Sb125,  T e ,  R u l o 6 ,  and N b g 5  
(Table  2.5). Product-recovery DF’s were based  
on t h e  ra t io  of t h e  measured nucl ide activity in  t h e  
fluorinator to the  measured act ivi ty  i n  t h e  product 
receiver. When t h e  product act ivi ty  w a s  below t h e  
analyt ical  limit of de tec t ion ,  t h e  lower limit w a s  
used  as the product act ivi ty  for the DFcalculat ion.  

T h e  UF, product from runs K-7 and K-8 met AEC 
spec i f ica t ions  for gamma activity. T h e  product 
natural  be ta  act ivi ty  is being evaluated to deter-  
mine if AEC beta  spec i f ica t ions  were also met. 
All spec i f ic  f iss ion products  (with t h e  exception of 
Tcg9 i n  K-8) were at  or below t h e  ana ly t ica l  lower 
limit of detect ion i n  both run R-7 and R-8. 

Performance of the Pilot-Plont Equipment. - 
T h e  pilot-plant equipment performed generally 

Table 2.5. Approximate F iss ion  Product Decontamination Factors for Fused-Salt  

Vo la t i l i ty  Process During Processing 6-Month und 13-Month-Decayed Al loy 
.......... ......... ~ ....... ...... ~ ~ ~ ....... 

Uranium Decontamination Factors  

13-Month-Decayed Alloy (Run R-7) 6-Month-Decayed Alloy (Run R-8) 
...___.. ~_ ____.. ..... ___. Radionuclide 

For Alloy During Product Overall  For Alloy During Product Overall 
P rocess  b Dissolutiona Recovery P rocess  Dissolutiona Recovery b 

__ ~~ 

TRE p 

zrg5 

s r g O  

cs 1 3 7  

Te(as  1 3 2 )  

1131 

Sb‘25 

Ru1O6 

Nbg5 

50 

2 

3 

10 

300 

250 

750  

100 

> I  x l o 9  
> I  x IO’ 

> 5  x 10’ 

> I  x l o 9  
> 5  x lo4  
> I  x l o 5  
> I  x l o 5  

> I  x l o 7  

> s  x lo9 
> I  x l o 9  
> 3  x i o 9  
> 5  x l o 5  
> 3  x lo7  
> 2  x 10’ 

> I  x lo9  

8 -1 x 1 0  5 -1 x 10 

....... .... 

10 

2 

1 

5 x lo3  

1 x l o 3  
5 

50 
...... ______ 

-5 x 1o’O 

1 x lo9  

> I  x lo9  > 2  x lo9 
> 5  x l o 9  > 5  x lo9 
>1  x lo6  
>3 x lo5  > I  x lo9 
>1  x10’ > 5  x lo8 
-1 x l o 5  -1  x 108 

1.6 X lo9  

1 x 1 o ’ O  

8 x 1o’O 

aBased  on ratio of calculated nuclide activity in  alloy to measured activity in  fluorinator. 
b13ased on ratio of messured nuclide activity in  fluorinator to measured activity in  product receiver. When prnd- 

uct activity w a s  below analytical  limit of detection, the lowcr limit w a s  used a s  the  product activity for the  D F  ca l -  
c ulation. 



sa t i s fac tor i ly  during t h e  runs. All diff icul t ies  en - 
countered were relat ively minor, and in e a c h  case 
i t  w a s  p o s s i b l e  e i ther  to cont inue operat ions or to 
repair or modify the equipment. 

One source  of difficulty w a s  in molten-salt sam- 
pling, both from t h e  s tandpoint  of obtaining s a m p l e s  
and of moisture in leakage  into t h e  sys tem during 
sampling. T h e s e  diff icul t ies  were corrected by a 
combination of des ign  and procedure changes .  

Evidence  w a s  found tha t  cer ta in  i tems of t h e  
mechanical  equipment had deteriorated. F o r  ex- 
ample, s e v e r a l  va lves  were recent ly  replaced be-  
c a u s e  of ei ther  bel lows fai lure  or e x c e s s i v e  s e a t  
leakage ,  the  liquid H F  feed pump capac i ty  had 
gradually decreased ,  and the  maintenance fre- 
quency had increased  011 the  U F  refrigeration 
uni t s  (which were ins ta l led  about s e v e n  y e a r s  ago). 

T h e  sh ie ld ing  ins ta l led  on t h e  main p r o c e s s  l i n e s  
and t a n k s  in  preparation for short-cooled operation 
was  adequate .  However, additional sh ie ld ing  w a s  
required a t  cer ta in  points ,  s u c h  as va lves ,  where 
unexpected act ivi ty  deposi t ion occurred. 

Corrosion of V o l a t i l i t y  P i lo t -P lant  Fluorinator 
Corrosion Rods (Groups 1 to 5) 

During t h e  year ,  resu l t s  were reported covering 
t h e  metallography of t h e  f ive  groups of corrosion 
rods exposed  in t h e  Volatility P i l o t  P l a n t  fluorina- 
tor during t h e  zirconium-uranium run series. l o  - - I 3  

T a b l e  2.6 summarizes  t e s t  condi t ions and maximum 
corrosion r a t e s  for the  36 spec imens  reported. 
T h e s e  d a t a  supplement  s imilar  information gathered 
during t h e  AXE fuel  recovery program.13 T h e  
maximum corrosion r a t e s  of t h e  L-nickel spec i -  
mens exposed  i n  both t h e  ARE and t h e  ziiconium- 
uranium s e r i e s  a re  summarized in T a b l e  2.7. Some 
of t h e  more apparent  conclus ions  from t h e s e  t e s t s  
are as follows: 

'OT. M. K e g l e y ,  Jr., and A. P. Litman, Corrosion of 
Nicke l -Rose  Specimens Exposed i n  the Volat i l i ty  Pi lot  
Plant  Mark 111 Fluorinator, O R N L  'rM-411 ( J a n .  4, 1963). 

"P. D. Miller et al., Corrosion Ana lys i s  of ORNL 
Pilot  P f a n t  Components, BMI-X-201 (May  15, 1962). 

"E'. D. Miller et a!., Corrosion of the  ORNL V P P  
Mark III  Fluorinator and Group V Rods ,  BMI-X-218 (Feh. 
15, 1963). 

P. Litinan and A. E. Goldman, Corrosion Asso- 
ciated with Flriorination in Oak Ridge  National Labora- 
tory Fluoride Volat i l i ty  Processing,  ORNL-2832, sec  IV 
(.June 5,  1961). 

14See pp 30-31 of this  report. 

1. T h e  combination of operat ing temperatures of 
about 5QQ°C and lithium fluoride present  in  t h e  
s a l t  mel t s  general ly  produces about t h e  same bulk 
metal  losses on n icke l  and n icke l -base  a l loys  as  
w a s  found by operat ing a t  65Q°C without lithium 
fluoride but with much larger quant i t ies  of uranium. 

2. Bulk metal losses on L-nickel and the  n icke l  
binary a l loys  conta in ing  manganese,  iron, cobal t ,  
aluminum, or magnesium a r e  about the s a m e  during 
fluorination a t  50Q°C with lithium present  in  t h e  
fluoride s a l t  baths. However, t h e  presence  of t h e  
al loying elements ,  iron, aluminum, or magnesium 
i n  nickel ,  d ras t ica l ly  reduces  or e l iminates  t h e  
intergranular a t tack  pract ical ly  a lways  found in  
unalloyed nickel  exposed  t o  the fluorination en- 
vironment. Extra-high-purity nickel  is the most 
s u s c e p t i b l e  to  bulk metal  losses and intergranular 
a t tack i n  t h e  fluorination environment of all the 
nickel  a l loys  tes ted ,  including L-nickel. 

3. Although direct  comparisons are not p o s s i b l e  
because  of differ ing degrees  of corrosivity of t h e  
var ious run groups, t h e  following a l loys  showed 
s ignif icant ly  improved performance over L-nickel 
and thus  a re  p o s s i b l e  mater ia ls  of construct ion for 
a fluorination v e s s e l :  nickel  filler metal 61 (INCO- 
61), E-nickel, Ni-5 Fe, Ni-l AI, INOK-8, and 
HyMu 80. Some of the  resu l t s  foc Ni-l AI, Ni-5 
Mo, INOK-1, and HyMu 80 are clouded by having  
been obtained during the  group 5 s e r i e s  of corrosion 
t e s t s ,  which w a s  concluded by the u s e  of 0.1 M 
Al(N0,)3-Q.l 1l.I IlNO, as a par t  of t h e  decon- 
tamination procedure. A s imulated laboratory 
t e s t  l 4  showed this reagent  to  be highly corrosive 
t o  HyMu 80. 

T h e  differences between t h e  corrosivity to L- 
nickel  of t h e  var ious r u n s  making up the  exposure 
condi t ions for t h e  l a s t  f ive exposures  a r e  of inter- 
es t .  T a b l e  2.7 indica tes  tha t  groups 3 and 4 runs 
were particularly corrosive and that the corrosion 
of L-nickel  during t h e  group 5 runs,  even consider-  
ing the  aqueous decontamination, w a s  very mild. 
In fact ,  i f  aqueous  decontamination losses found in 
the s imulat ion experiment were subtracted from t h e  
f inal  l o s s e s ,  the  a t tack  d u e  to molten salt  and 
fluorine exposure would b e  almost  zero. Variat ions 
in H F  content  of the  salt  in  t h e  fluorinator, tern- 
peratuie  excursions,  and var ia t ions in  sulfur con-  
tent  of t h e  salt  have  all been postulated as explana- 
t ions  for t h e  differences i n  corrosion between t h e s e  
melts .  Insufficient information is ava i lab le  on  
ei ther  sulfur  or H F  content  of the  fluorinator mel ts  
to  assess their  e f f e c t s  on L-nickel. Although 
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Toble 2.6. Comparison o f  Maximum Coirasian Rates fns Groups  1 to 5 VPP Flvarinntar Corrosion Rods 

Nominal s a l t  composition - 27.5-27.5-4s mole % NaF-LiF-%rF4 + 0.3 wt % U (no U during group 1) 

Group 1 2 3 4 Sa 

Runs 
T- 

TU- 
R- 

1-7 (plus F, 8-10 11 
spar  ge tn s ts ) 

1-5 6-7 8-10 11-12 
1-6 

Molten-salt exposure 
Time, hr 367 205.5 99 601 625 
Temperature, OC 185-605 490-575 550-580 500-750' 

Fluorine exposure 

Time, hr 12.0 10.5 3.1 5.8 20.8 
Temperature, O C  535-570 500-515 500-510 505-535 490-520 

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

Corrosion Rate  (mils per hr 
Group 

No. 
Metal Notari on 1 -  

Specimen 
NTn 

c of F-  exposure) 
*.". 

Metal Lossd IGe rrotalf 
- ............ ............. 

1 L-nickel, conditionedg 51 L 0.09 0.96 1.1 

INCO-6 1, conditionedgsh 51 L 0.10 0.17 0.27 

Nickel HPVM' 

E-nickelh 

39 L 0.06 10.4 10.5 

32 1, 0.07 0.29 0.36 

Ni-5 Fe 24R L 0.09 0.06' 0.15 

Ni--10 Fe 

Ni-20 Fe 

27 V 0.08 0.83 0.91 

29 S 0.08 0.42 0.50 

2 L-nickel, conditionedk 52 L 0.34 0.67 1.0 

INCO-61 

L-nickel 

INCO-6 1 

Ni-5 Co 

Ni-10 Co 

Ni-1 A1 

52 L 0.64 0 0.64 

55 L 0.34 0.67 1.0 

55 IF 0.65 0 0.65 

17 L 0.57 3.71 4.28 

21 IF 0.78 0.33 1.11 

1R IF 0.55 0 0.55 

Ni-3 A I  5 IF 0.82 1.18 2.29 

3 L-nickel, conditionedk 53 L 2.0 0.9 2.9 

INCO-61, conditionedk 53 IF 3.7 0 3.7 

L-nickel 54 IF 2.5 1.6 4.1 

INCO-61 54 IF 3.2 0.8 4.0 

Ni-1 Mg 

Ni-0.1 M g  

Ni-0.05 Mg 

8R IF 2.8 0 2.8 

34R IF 3 .3  0 3.3 

37R IF 2.9 0 2.9 

HyMu 80h 47 IF 1.3 0 1.3 
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Table 2.6 (continued) 

....... I ........ ~ I ........ .. 
Corrosion Ra te  (mils per hr 

of F exposure) 

Metal ~ o s s ~  IG' Tota l f  

Specimen  notation^ 2 _~ ___-.- Metal 
No. No. 

Group 

4 L-nickel 44 L 0.9 5.3 6.2 

INCO-61 44 L 0.3 0.4 0.7 

L-nickel 

l N C 0 4 1 h  

45 IF 0.4 2.1 2.5 

45 T, 0.6 0.9 1.5 

Ni-IO Fe 27 L 1.3 0.7 2.0 

WyMu 80 

IN OR-^^ 
47A 1" 1.2 0.4 1.6 

48 1, 1.0  0 1.0 

5a 1,-nickel 60 L 0.18 0.14 0.32 

Ni-1 A1 1R L 1.83 0 1.83 

Ni-5 NO 70 L 0.99 0 0.95 

INOR-1" 65 L 1.31 0 1.31 

INOR-8 48 V 0.53 0 0.53 

Wyblu 80 47 L 2.62 0 2.62 
......... ._ ~ ....... 

a6roup-5 rods were subjected to an  aqueous decontamination procedure (sec 2.1). 
b'l-emperatures of 750 and 715OC were reached during runs. T-8 and T-5 in presence  of s a l t  only. 

'V = vapor; L = liquid; 1F = vapor-liquid interface. 
d13y micrometer readings. 

%tergranular a t tack  a s  indicated by etching. 

fBased  on sound metal remaining, assuming that intergranularly attacked and leached portion is unsound. 
'E'  

" A I I ~ ~  compositions (nominal percentages): 

No F during 2 runs T-8, 'r-9, and T-10. 

Corresponds to  OKNL Metals and Ceramics Division "Grain- 
Boundary Modifications" designation. 

conditioned for 5.3 hr a t  6OO0C prior to exposure. 2 

INCO-61 (Ni fi l ler  metal) - Ni, 93  min; Cu, 0.25; Mn, 0.60; Fe, 1.0; Si, 0.75; Al ,  1.5 max; Ti, 2-3.5 
V.=nicknl - Ni--2 Mn - ................. 
HyMu 80 - Ni, 79.0; Mo, 4.0; Mn, 0.50; Si, 0.15; Fe, ba l  
INCO-41 (Ni filler metal) - Ni, 97  min; Cii, 0.25; Mn, 0.35; Fe, 0.4; Si, 1.0; Ti, 0.5 max 
INOR-1 - Ni, 78; Mo, 20; Fe, 0.3; Mn, 0.5; Si, 0.5. 

'HPVM - = h i g h  purity vacuum melted, 
'Surface attack included ( see  ORNL TM-411, p 17). 
kF2 conditioned for 3.2 h r  a t  600 to 645OC. 

there  were temperature excurs ions  during runs T-8 
and T-9 during t h e  group 4 s e r i e s ,  they both 
occurred when n o  fluorine or UF, was present  and 
consequent ly  would not have  been  expec ted  to 
h a v e  been s ignif icant .  T h e  exponent ia l  form of the  
curve of La-nickel fluorination exposure time v s  cor- 
rosion ra te  seems to b e  t h e  most l ikely explanat ion 
of corrosivi ty  var ia t ions in t h e  last five exposures .  

Specimens currently being exposed in  t h e  fluori- 
nator are: INOR-8, L-nickel ,  MyMu 80, and an 
alloy, Ni-0.1% Mg. The  corrosion charac te r i s t ics  
of as-welded metal  a r e  also being s tudied  in  two 
t e s t  b a r s  made up of var ious combinat ions of L- 
nickel  and INOR-5 welded with Inconel weld f i l ler  
metal  82, TNOR-8, nickel  filler metal  61, and L- 
nickel. 
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Table 2.7. Maximum Corrosion Rates of L - N i c k e l  Specimens 

Intergranular Approximate 

Temperature F 2  Penetration (mils) Corrosion Rate 
Composition (mole Yo) Exposure -~ -~ (mils  per hr of 

(hr) F exposure) 

Initial Bath Specimen 
Run 

Range ~ - -  Section Section 
As Polished Etched 

Type 
(oc) NaF LiF ZrF4 U F 4  

Rods M-21-M-48 

Rods C-9-C-15 

Rods E-3-E-6 

Rods L-1 --L-4 

Rods L-5-L-9 

505-700 

500-650 

540-660 

560-710 

540-700 

50 50 10  

48 48 4 37 

48 49.5 2.5 16.5 

54 41 5 34 

52 45.5 2.5 18 

> 27 

10 

8 

3 

5 

> 4.0 

1.2 

0.8 

1.5 

0.7 

Group 1 T-1-T-7 
rods 

Group 2 TU-1-TU-5 
rods 

Group 3 TU-6-TU-7 
rods 

Group 4 T-8-T-10; 
rods TU-8-TU-IO 

Group 5 TU-11-T-11 
rods 

48.5-GO5 43  30 43 12.0 4.5 11.5 1.1 

490-575 29 29 42 0.2 10.5 6 7 1.0 

5 00-51 0 32 29 39 0.2 3.1 6 4.1 

500-750 28 32 40 0.2 5.8 31 6.2 

490-5 10 2 8  32 40 0.2 20.8 2.5 3 0.3 

2.2 VOLATILIZATIBPI AND RECOVERY OF 
PLUTONIUM HEXAFLUORIDE 

Some preliminary work h a s  also been conducted in  
examining what  the  rate-controlling s t e p  is in the 
volat i l izat ion s t e p  and whether process  condi t ions 
could be  adjusted to achieve  reasonable  volat i l i -  
zatjon rates .  

T h e  recoveiy of plutonium i n  the fused-sal t  
volat i l i ty  p r o c e s s  is essent ia l .  if t h e  method is to 
be  adapted  to the  process ing  of low-enrichrnent 
uranium fue ls .  In previously reported work with 
molten salts containing about 2 ppm of pluto- 
nium, t h e  volat i l izat ion of P u F ,  by fluorination 
w a s  demonstrated a long  with recovery of t h e  PuF 
on fluoride salt beds.  Extension of t h i s  work 
w a s  carr ied out at higher  concentrat ions,  tha t  is, 
at about 1000 p p n  of plutonium in the  sa l t ,  for the  
purpose of examining whether the  volat i l izat ion 
rate  is s ignif icant ly  different at t h e  higher concen-  
tration and whether the same sorption e f f e c t s  are 
obseived with the  larger  quantity of plutonium. 

6 

T h e  resu l t s  of fluorination t e s t s  with 31-24-45 
mole 70 LiF-NaF-ZrF mixture containing about 
1000 ppm of plutonium gave ra tes  s imilar  t o  those 
obtained at t h e  concentration leve l  of 2 ppm. The 
P u F 6  volat i l izat ion ra te  h a s  a first-order depend- 
e n c e  on the concentrat ion,  with t h e  half time of t h e  
reaction being about  5.3 hr a t  500°C and about  
3.0 hr a t  600°C (Fig. 2.7). T h e s e  resu l t s  were  
obtained in  10- and 17-hr t e s t s ,  respect ively,  a t  
t h e  two temperatures, with 55 g of s a l t  in  a 1-in.- 
diarn reactoi with a fluorine flow rate of 100 ml/min 
a t  a tmospheric  pressure,  In a recent t e s t ,  pre- 
lirniiiary r e s u l t s  indicated a reduction i n  reaction 

"G. I. Cathers and R. L. Jolley, Recovery of PuF6 b y  

Fluorination of Fused Plrinride Salts,  ORNL-3298 (Sept. 
24, 1962). 
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half time t o  1.5 hr  by t h e  u s e  of fluorine a t  40 psig,  
which is a n  a c c e p t a b l e  ra te  for p r o c e s s  u s e  pro- 
vided t h e  use  of pressur ized  fluorine d o c s  not 
markedly i n c r e a s e  corrosion r a t e s  i n  the  fluorinator. 

A number of diffusional  rate-controlling mecha- 
n i sms  c a n  be  pos tu la ted  as the  reason for t h e  
relat ively s low volat i l izat ion r a t e s  obtained with 
plutonium in fused  salt. However, the  r e s u l t s  of 
two s t i r red  reactor experiments  showed that t h e  
PuF, volat i l izat ion r a t e  w a s  not  increased  by 
violent agi ta t ion (Fig. 2.7). Another hypothes is  to 
account  for the s low r a t e  i s  that t h e  fluorinating 
agent  (fluorine) h a s  too  low a solubi l i ty .  A t e s t  run 
made with intermittent addi t ions  of UF4 w a s  there- 
fore  carr ied out with t h e  i d e a  that  t h e  fluorinating 

UNCLASSIFIED 
ORNL-DWG 63-2, 

T ~ .  . . . . . ..,..... . 

0 3 6 9 12 15 18 
T l M f  ( h r )  

Fig. 2.7. Volat i l i za t ion  of PuF6 from 31-24-45 m o l e  

% b i F - N u F - 2 r F 4  Containing 1000 ppm of Plutonium: 

Camparison of Stirred and Unstirred Melts,  

potent ia l  of t h e  s a l t  would be  enhanced at inter- 
v a l s  by t h e  p r e s e n c e  of t h e  higher intermediate  
va len t  states of uranium. T h i s  run,  however, h a d a  
ha l f - t ine  react ion value of 4.0 hr, indicat ing that  
there  w a s  l i t t l e  effect. While more t e s t s  with agi- 
ta t ion and us ing  other  fluorinating a g e n t s  a r c  
planned,  i t  i s  present ly  bel ieved that  t h e  b e s t  
poss ib i l i ty  of volat i l iz ing P u F b  without e x c e s s i v e  
corrosion due t o  t h e  long t imes required lies i n  t h e  
u s e  of sa l t - spray  fluorination in  order to minimize 
contac t  with metal reactor  wal ls .  

In all of the  above fluorination t e s t s  conducted 
with about  1000 ppm of plutonium in fused LiF- 
NaF-ZrF4, t h a t  i s ,  with about  55 m g  of plutonium, 
material b a l a n c e s  of 95 to 100% werc obtained. 
T h i s  corresponds q u i t e  well with t h e  behavior ex- 
hibi ted in  volat i l iz ing UF, from fused s a l t s  in  
laboratory work, and i t  ind ica tes  that  a PuF6- 
volat i l izat ion p r o c e s s  would be  f e a s i b l e  on a n  
engineer ing s c a l e  i f  means  c a n  b e  found t o  control 
corrosion. 

T h e  volat i l ized Pup, in t h e  above fused-sal t  
tests w a s  sorbed i n  var ious sol id  fluoride b e d s  t o  
examine further some sorpt ion e f f e c t s  reported pre- 
viously. An absorpt ion process  us ing  C a F  or  
LiF may b e  f e a s i b l e  as a means  of s e p a r a t i n g P u F 6  
from UF,. In general  the absorption e f fec ts  ob- 
se rved  in  t h e  present  work were s imilar  t o  those  
found in  tests with less plutonium. Absorption 
beds  of C a F 2 ,  MgF',, LiF, and N a F  exhibi ted a 
def ini te  s e l e c t i v e  t rapping effect  for PuF A 
yellow color  observed i n  t e s t s  made with C a F 2  and 
N a F  indicated that  complexes or cornpounds were 
formed. 

2 

6' 

T h e  absorpt ion r e s u l t s  given in T a b l e  2.8 were 
used  in  achiev ing  t h e  95 to 100% material ba lance  
reported in S e c  2.2. T h e  lithium fluoride used  
w a s  prepared by fus ing  and fluorinating Li lCO 
and had a high area.  T h e  N a F  (regenerated from 
NaHF *), the  CaF (prepared by fluorinating CaS04) ,  
and t h e  MgF2 (prepared from slurried and dr ied 
powder) had sur face  a r e a s ,  respect ively,  of 1.7, 14, 
and 60 m2/g. Chemisorption thus  appears  qui te  
probable  in account ing for t h e  quantity of PuFb 
sorbed  on the  mater ia ls  of lower sur face  areas. 
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T a b l e  2.8, Effects Observed in Plutonium Hexaf luor ide Altogether, seven  runs were made in attempting 
Absorption T e s t s  by Using T w o  Consecutive Beds t o  make and volat i l ize  TeFr by us ing  elemental  

8-g beds of 12-20 or 20-40 mesh material in %-in.-diam 
tubes held a t  100°C 

Bed 1 Bed 2 Aiiiount Pu ..__ .-.... 
Volatilized % % 

(me) Material Pu Found Material P u  Found 
__ 

45.5 CaF2a  91.4 NaE‘ 8.6 

9.7 MgF2 97.7 N a F  0.3 

28.8 LiF >9gb  N a F  0.01 

aYellow color observed, which is indicative of com- 

bSpecific surface area of LiF w a s  42 m2g.  
pound formation. 

2.3 PREPARATION AND ABSORPTION OF 
TELLURIUM HEXAFLUORIDE 

Reduction of Tellurium Hexafluoride 
in the Fluorinator 

Tellurium as a f i ss ion  product h a s  to b e  consid-  
ered in the process ing  of short-decayed fuel  (less 
than. 200 days)  s i n c e  severa l  volat i le  f luorides  
( T e F 4 ,  T e 2 F 1 0 ,  and TeF6) may be  formed. T h e  re- 
s u l t s  of severa l  “dry” at tempts  to prepare TeF, 
and absorb i t  in c a u s t i c  indicated that  t h e  tellu- 
rium f luorides  a r e  probably qui te  e a s i l y  reduced by 
nickel  metal a t  intermediate  process  tempera- 
tu res  (up to  300’C). T h i s  l e a d s  to t h e  conclu- 
s ion  that  in  the  fused-sal t  fluorination p r o c e s s  at 
500°C, TEE’, (bp, 39OC) would. probably be  formed 
and volat i l ized,  but that  i t  would subsequent ly  b e  
reduced again upon contac t  of the g a s  with the  
cooler  nickel  wall  a t  the top of the  reactor or in t h e  
M Q ~  U F  -gas p r o c e s s  l i n e s  held at about looo(:. 
A study 66made of t h e  process ing  of irradiated UO 
with a 15- to 30-day decay  period appears  to con- 
firm t h i s  s i n c e  the material ba lance  for tellurium 
w a s  low. P o s s i b l y  tellurium a c t s  l ike  sulfur in  
the  presence  of n icke l  or of some nickel  a l loys  a t  
moderate temperatures. 

16G. I. Cathers ,  K. L. Jolley, and 1%. F. Soard, Use of 
Fused Sal t---Fluoride Volatility Process  wi!h Zrradiated 
Uranra Decayed 15-30 Days ,  ORNL-3280 (Sept. 6, 
1962). 
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tellurium and fluorine. A nicke l  reactor and boat  
were used  a t  30O’C. In al l  runs,  us ing  a def ini te  
e x c e s s  of fluorine, t h e  1 g of elemental  tellurium 
employed w a s  total ly  reacted and volat i l ized;  how- 
ever ,  a maximum of 10.5% w a s  found absorbed in a 
10% KOH trap. In most of t h e  runs, recovery in t h e  
c a u s t i c  w a s  l e s s  than 2.5%, with t h i s  minimum 
figure due  mainly to an ana ly t ica l  limit. A re- 
covery of less than 2.5% w a s  found when u s i n g  a 
packed column for the  potassium hydroxide solu-  
tion, operating a t  75OC. 

Absorption of Tel lur ium Hexafluoride in 10% 
Aqueous Potassium Hydroxide 

T h e  absorption of TeF, in 10% KOH solut ion 
proceeded fairly rapidly in absorption t e s t s  a t  50 
to  7OoC. This ,  together with the reduction effect  
d i s c u s s e d  above,  probably ind ica tes  tha t  t h e  
c a u s t i c  spray  tower used  for fluorine d i s p o s a l  in 
t h e  ORNL Volatility P i l o t  P lan t  wil l  b e  sa t i s fac-  
tory in prevent ing t h e  r e l e a s e  of radioact ive tellu- 
rium to the  atmospheric environment. However, 
TeF, is more difficult t o  absorb i n  c a u s t i c  than 
fluorine; s o  t r a c e s  of tellurium may b e  de tec ted  in  
the plant  ventilation exhaus t .  

A g a s  mixture of about 12% TeF, i n  fluorine w a s  
used  t o  s tudy the  absorpt ion or hydrolytic effect ive-  
n e s s  of aqueous KOH solut ion.  T h e  absorption 
sys tem cons is ted  of a column (20 in. long and 1 
in. in diameter) packed with t - i n .  Alundum Uerl 
s a d d l e s  and mounted over a hea t ing  f lask.  A 
finger pump w a s  used  to  c i rcu la te  the  10% aqueous  
KOH solut ion a t  a rate  of about 250 ml/min. T h e  
countercurrent g a s  flow ra te  w a s  about 100 ml/min. 
T h e  TeF -F mixtures were  made by us ing  flow 
measurements  . 

Preliminary t r ia l s  e s t a b l i s h e d  that TeF, (from 
General Chemical) w a s  readily absorbed i n  a s i n g l e  
packed column but that  the  u s e  of consecut ively 
coupled columns would be advisable  i n  order to 
s tudy the  relat ive e f fec t iveness  for TeF, and F2.  
Data from three t e s t s  a t  temperatures of 25, 50, and 
70°C showed that  t h e  higher temperatures art: much 
more effect ive (Table  2.9). Almost all the fluorine 
w a s  absorbed in  the  f i rs t  of two columns in all of 
the  t e s t s ,  but t h e  TeF6 w a s  only partly trapped, 
leaving an appreciable  fraction to  p a s s  into the  
second column. T h e  reliability of t h e  tellurium 

6 2  
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T a b l e  2.9. T e F 6 - F 2  C o s  Absorption Tests in  10% 
Aqueous KOH Using T w o  Consecutive Packed Columns 

T e s t  1 T e s t  2 T e s t  3 

Column temperature, OC 25 50 70 

Weight tellurium input, g 3.20 4.47 3.16 

1 eilurium recovery, % I 5  

1st column 35.6 54.7 51.1 
2d column 6.7 13.3 16.0 
2d column, reviseda 10.4 29.4 32.8 

Tellurium material balance,  % 46.0 68.0 67.1 

F recovery, "/ub 2 
1s t  column 
2d column 

104 166 115 
0 0 0.1 

KO13 neutralized, 70 43  73 50 
- 

aRecovery recalculated on basis of 100% entering 

bRased OD a fluorine f low ra te  of 100 ml/inin. 
2d column. 

d a t a  i s  high b e c a u s e  t h e  recoveries  were calcu-  
la ted  from analyt ical  d a t a  and the  ac tua l  input 
determined by weighing t h e  TeF, supply tank. T h e  
fluorine recovery ca lcu la t ions  a r e  l e s s  re l iable  
s i n c e  they were b a s e d  in part on difference ca lcu-  
la t ions  and flow-rate control. 

2.4 PROCESS ENGlNEERlNG STUDIES 

Recycle  and Single-Vessel Process Test ing 

In order  t o  improve t h c  present  F u s e d  Sal t  Vola- 
t i l i ty  P r o c e s s ,  t h e  c o n c e p t s  of s ingle-vesse l  dis-  
solut ion by hydrofluorination followed by fluorina- 
tion, and of s a l t  recyc le ,  a r e  being evaluated on a 
unit-operations scale with p r o c e s s  mater ia ls .  Dis-  
solut ion experiments  with Zircaloy-2 and  zirconium- 
uranium al loy e lements  indicated that  s a l t  recyc le  
h a s  no s ignif icant  e f fec t  on rate  and also showed 
tha t  filtration and/or s e t t l i n g  s t e p s  for s a l t  purifi- 
ca t ion  a r e  not required. Corrosion r a t e s  measured 
during a s e r i e s  of s ing le-vesse l  d i sso lu t ions  and 
fluorinations were not s ignif icant ly  different from 
the  s u m  of t h e  r a t e s  noted when t h e  two process  
s t eps  a r e  carr ied out i n  s e p a r a t e  v e s s e l s .  

' Salt  Recycle Studies. - Various lengths  (2 to 
12 in.) of Zircaloy-2 siniulated e lements  and 6-in.- 

long s e c t i o n s  of zirconium-uranium alloy prototype 
e lements  were d isso lved  with anhydrous H F  in a 
w a s t e  ZrF 4-NaF-LiF  mixture from preceding disso- 
lu t ions ,  with enough N a F - E i F  added as  di luent  to  
obtain the  des i red  ini t ia l  charge  composition. Con- 
trol d i sso lu t ions  of e a c h  type of e lement  i n  f resh 
s a l t  were made for comparisons. 

Specific d i sso lu t ion  ra tes  i n  recycled s a l t  for t h e  
Zircaloy-2 e lements  varied between 1.3 m g  c ~ i i - ~  
min-' for 12-in.-long e lements  and 5.2 tng cmP2 
mine.- ' for 2-in.-long elements .  Specific dissolut ion 
ra tes  in  recycled s a l t  for t h e  6-in.-long zirconium- 
uranium al loy e lements  during t h e  s ing le-vesse l  
s t u d i e s  were about 1.1 mg c m - *  min--' .  In a l l  
cases, t h e  r a t e s  obtained in recycled s a l t  compared 
favorably with t h o s e  obtained when fresh s a l t  w a s  
used .  

'The iron, nickel ,  and chromium content  of the 
s a l t  af ter  e a c h  d isso lu t ion  showed no signif icant  
buildup of t h e s e  corrosion products. T h e  la rges t  
increase  w a s  in  nickel  content  after s i x  recycles:  
i t  w a s  about three t imes  the  average i n  unrecycled 
product s a l t .  T h e  concentrat ion of iron and chrom- 
ium in all recycled product s a l t s ,  and that  of nickel  
in  all recycled product salt (except that  recycled 
s i x  times), w a s  l e s s  than twice  t h o s e  of unrecycled 
product salt. 

Determination of t h e  iron, nickel ,  and chromium 
content  of t h e  d ischarge  s a l t  af ter  e a c h  d isso lu t ion  
and each  fluorination of t h e  s i n g l e - v e s s e l  series 
indicated s o m e  buildup of nickel  i n  t h e  fluorination 
d ischarge  s a l t  near the end of t h e  ser ies .  After t h e  
fifth fluorination, t h e  nickel  content  was  about twice  
that  af ter  the  f i rs t ,  and af ter  t h e  seventh  it was 
about  s i x  t imes tha t  after t h e  first. T h e  iron had 
increased  by a factor of 2 and the  chromium by a 
factor  of 3.  T h e  n icke l  content  of the  product s a l t  
from e a c h  d isso lu t ion  w a s  less than its feed  s a l t .  
T h i s  i s  b e s t  explained by the  reduction of N i F 2  by 
zirconium and the  deposi t ion of t h i s  metal l ic  nickel  
on the  s u r f a c e s  of t h e  vesse l .  T h i s  metal l ic  nickel  
is subsequent ly  oxidized t o  N i F  during fluorina- 
tion and returns to  solution. 

Single-Vessel Carrosion Studies. - Each dissolu-  
tion of the zirconium-uranium al loy e lements  w a s  
followed by fluorination with elemental  fluorine in 
the  s a m e  INOR-8 v e s s e l .  During t h e  dissolut ion-  
fluorinations, one  INOR-8 and two Allay 79-4 cor- 
rosion spec imens  were  suspended  through t h e  
vapor-salt interface. After t h e  dissolution-fluorina- 
t ion s e r i e s ,  only t h e  v e s s e l  w a s  subjec ted  to  a 
decontamination procedure us ing  0.1 M A1(N03)3-- 
0.01 M H N 0 3  solution. 

2 

, 
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During the  s ing le-vesse l  dissolution-fluorina- 
t ions ,  the corrosion b a r s  were in contac t  with 
molten s a l t  (550 t o  585°C) for 550 hr. Of that  
time, 64 hr w a s  d isso lu t ion  time with anhydrous 
I-IF present ,  and 3 2  hr w a s  fluorination time with 
elemental  F present .  T h e  INOX-8 v e s s e l  acquired 
an addi t ional  50 hr of contact  with molten salt, 19 
hr with HF ,  and 4 hr  of F contac t  tirne. Maximum 
metal penetration of the  bars ,  as determined by 
micrometer measurements, w a s  11 ids  for INOR-8 
and 6 mils for Alloy 79---4; metallographic examina- 
tion of the  lower t ip  of e a c h  bar showed no inter- 
granular a t tack.  A s  determined by Vidigage (ultra- 
sonic)  th ickness  measurements, t h e  maximum 
vessel-wal l  penetrat ion during t h e  s ing le-vesse l  
s e r i e s  w a s  25  mils; including t h e  corrosion due  to 
t h e  aqueous decontamination procedure, the  maxi- 
mum penetration w a s  3 0  m i l s .  Corrosion r a t e s  a r e  
summarized in Table  2.10. 

2 

2 

Tabla 2.10. Corrosion Rates During INOW-8 Single- 

Vessel Bissolut ion-Fluorinat icn (Engineering Scale) 

Molten Salt 
F, Time 
(mils/hr) 

Penetration Rates  T i m e  
(mils  /month) 

T e s t  bars (by microm- 
eter)  
INQR-8 
79-4 

14.4 0.3 
7.9 0.2 

INOR-8 vesse l  (by 
Vidigage) 
No decontamjnation 30 0.7 
After decontamination 43.2 0.8 

A more de ta i led  s tudy  of the  s ing le-vesse l  cor- 
rosion of n icke l -base  a l loys  w a s  made on a labora-  
tory scale. T h i s  work was done a t  the Bat ie l le  
Memorial Inst i tute  under subcontract. T h e  primary 
corrosion specimen was the t e s t  v e s s e l ,  a length 
of ?-in. NPS, sched-40 INOR-8 pipe. T h e  experi- 
ment cons is ted  of ten c y c l e s  of al ternat ing expo- 
s u r e  to €IF and F z  in 37.5-37.5-25 m o l e  % N a F - L i F -  
%rF4, with helium purges during transition periods. 

At the  beginning of e a c h  hydrofluorination phase ,  
Zircaloy-2 and Zircaloy-2---3% uranium alloy were 
added to the salt melt. During e a c h  hydrofluorina- 
tion cycle ,  H F  w a s  added for 20 hr a t  9.2 g/hr a t  
65OOC followed by a 1-hr helium purge as  the  tem- 
perature w a s  lowered t o  5 0 0 ° C  Each  fluorination 
p h a s e  cons is ted  in adding fluorine a t  200 ml/min 
(room temperature) for 2 hr a t  500OC. T h e  tL Dm p era-  
ture was then returned to 650OC while  t h e  melt was 
again purged with helium for 1 hr. 
In a l l  c a s e s ,  maximum penetration of t h e  spec i -  

mens contained in t h e  v e s s e l  occurred a t  the  inter-- 
face. T h e  usua l  intergranular a t tack occurred in  
t h e  I,-nickel spec imens ,  with none present  for 
Ni-5 Fe and Ni.--1 Al, and only a t race  for HyMu 
80. Grain boundary modifications were noted in 
the  INOR-8 spec imens  but not i n  t h e  INOR-S ves- 
s e l  wall. 'The TNOK-8 grain boundary modifications 
were loss s e v e r e  than the L-nickel  intergranular 
a t tack  in  that  grains  separa ted  when the  L-nickel 
spec imens  were bent but did not in  the  case of 
the  INOR-8 spec imens .  A summary  of  penetration 
ra tes  obtained from micrometer readings and metal.- 
lography (appreciable  differences a r e  indicat ive of 
intergranular a t tack  or  grain boundary modifica- 
t ions)  a re  shown i n  T a b l e  2.11. 

Tenta t ive  conclus ions  of this study thus far  a r e  
that ,  based  on 12 completely successfu l  dissolu-  
t ions  of Zircaloy-2 or zirconium-uranium alloy 
s imulated e lements  in  recycled s a l t ,  s a l t  recycle  
i s  a feas ib le  and des i rab le  method of operat ing t h e  
F u s e d  Sal t  Volatility P r o c e s s ;  corrosion of INOR-8 
based  on fluorine exposure a lone  during s i x  engi- 
neer ing-scale  s ing le-vesse l  runs is apparent ly  com- 
parable  t o  that  of 1,-nickel in  the  pilot-plant fluori- 
nator. HyMy 80 (Alloy 79-4), Ni.--5 F e ,  and Ni-l 
Al,  ei ther  in  laboratory- or engineer ing-scale  t e s t s ,  
show some poss ib i l i ty  of providing corrosion r a t e s  
lower than those  for ZNOR-8 i n  s ingle-vessel  se r -  
vice.  (Another s e r i e s  of engineer ing-scale  s ingle-  
v e s s e l  t e s t s  will be  made with an Alloy 79-4 ves-  
sel p lus  t e s t  b a r s  i n  order to obtain more corrosion 
data . )  Thus ,  the s ingle-vesse l  concept  using 
INOR-8 i s  a l s o  regarded as  f e a s i b l e ,  assuming tha.t 
t h e  s ing le  v e s s e l  is approximately 1 in. thick and is 
replaced once  i n  600 operat ing d a y s  or  400 batches.  
TWQ approaches to  t h e  appl icat ion i n  the pilot 
plant  of t h e  combined recyc le  and s ingle-vesse l  
concepts  a re  shown in Fig. 2.8. 

. 
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Table 2.11. Corrosion of Nickel-Buse A l loys  During Alternating Hydrofluorination of 

4 Zirconium-Uranium Al loy and Fluorinat ion in 37.5-37.5-25 Mole % N o F - L i F - Z r F  

Maximum Penetration Rate  According to: 

Micrometry Metallography 
......... ................ .- ... ~ .................... ...... 

F Contact T i m e  
2 Tota l  Cycle F 2  Contact Time 'I'otal Cycle 

(mils/month) (mils/hr) (mils/month) (mi l s /h r )  
......... ................... ................... ........... .. .......... ~ .......... ~ 

INOR-8 7.5 0.13 2oa 0.33 

HyMu 80 9.0 0.15 11 0.18 

Ni-5 Fe 5.3 0.09 

Ni--l AI 9.8 0.16 

I--nickel 11.5 0.19 24 0.4 

aSee text for d i scuss ion  of significance. 

UN~ILCSI IF IFD 
07NI  -D#G 03-2673 

WEIGHT (kgj 
~~ ~ 

( I )  CHARGE WITH ZYU ALLOY FUEL ELEMENTS 44.3 

(2) TRANSFER 37.5-37.5-25.0 mol? % NoF-LiF-ZrF4 100. 

(3) DISSOL.VE El-EMENTS WITH HF 

(4) REMOVE U BY FLUORINATION TO UF6 

(5 )  TRANSFER TO MAKE UP VESSEL 27.5-27.545.0 77.5 

4 
mole 9: NoF-LiF-ZrF 

~ ~- ~ - 

(0) BEGIN WITH INITIAL CHARGE OF 
37.5-37.5-25.0 mole Yo NaF-LiF-ZrF4 

( I )  CHARGE WITH Zr-U ALLOY FUEL ELEMENTS 

(2) DISSOLVE ELEMENTS W1iI-l HF 

(3) RFMOVE U BY FLUORINATION TO UF6 

(4) TRANSFER TO WASTE 
27.5-27.5-45.0 mol e % NoF-LiF - 7rF4 
REMAINING 

(6) TRANSFER TO WASTE 27.5-27.5-45.0 mole % 103.9 (5) ADD 50.0-50.0 inole % NaF-LiF 
Nu F-Li F- ZrF4 REPEAT FROM 5TEP ( I )  

(7) ADD 50.0-50.0 mole % NaF-LiF 
REPEAT FROM S T E P  (1) 

22'5 I 

WClGHT (kg) 
~~ 

100. 

44.3 

103.9 
77.5 

22.5 

Fig. 2.8. Examples of  the Appl icat ion o f  the Single-Vessel  and Salt -Recycle Concepts to Processing Zr-U 
Al loy  F u e l s  in  the Vo la t i l i ty  Pilot Plant .  
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Mathematical Model for Sarption of Uranium 
Hexaf luar ide on Sodium Fluoride 

T h e  d a t a  on t h e  sorption of U F ,  from a flowing 
s t ream of IJF,-N2 by differential b e d s  of \-in. 
N a F  pe l le t s  in t h e  temperature range 29 to l0OoC 
and U F ,  concentrat ion range 0.57 to 8.5 mole % 
U F ,  were correlated by use  of a mathematical 
model which took into account  the  e f f e c t s  of 
temperature, U F ,  concentrat ion,  g a s  flow rate ,  and 
pel le t  charac te r i s t ics .  T h e  assumptions necessary  
for construct ing the mathematical model include 
the  following: 

1. U F 6  t ransfer  in to  t h e  pel le t  occurs  by molec- 
ular diffusion of UF, t h o u g h  a n  inert g a s  in the  
pore s p a c e  of t h e  pel le t .  

2. T h e  point ra te  of reaction of gaseous  U F ,  
with unreacted N a F  is: 

where 

q = quantity of UF,  reacted a t  a point, 

t = timc, 

E = energy of act ivat ion for chemisorption, 

R - gas cons tan t ,  

T : absolu te  temperature, 

a, b cons tan ts ,  

C - concentrat ion of unreacted U F ,  i n  t h e  pore 

3. Variation of void fraction a t  a point in t h e  
s p a c e  of the pel le t .  

pe l le t  with U V 6  loading is of t h e  form: 

where 

E = void fraction, 

q,,, = maximum capac i ty  of pe l le t  mater ia l  for 
sorption of UF,, 

a = constant .  

4. Negligible  radial  temperature variation occurs  
in  the pel le t .  

Calculat ional  methods based  OA t h i s  model were 
developed for predict ing s imultaneous adsorption 
of volat i le  f luorides  s u c h  as  UF,, MoF6, etc . ,  by 
fixed beds  of NaF.  '4 computer program based  on 
the  model and t h e  differential bed d a t a  w a s  written 
for t h e  IHM 7090 digi ta l  computer and is s u i t a b l e  

for design ca lcu la t ions  on fixed-bed N a F  adsorbers  
for U F  removal from a flowing gas s t ream below 
about  !2OoC. Equipment was designed and in- 
s t a l l e d  for obtaining rate  and capac i ty  d a t a  in  the  
temperature range 75 to 300'C on the  other volat i le  
fluorides of in te res t ;  t h e s e  d a t a  a re  necessary  for 
the  determination of c o n s t a n t s  within t h e  mathemat- 
i c a l  model. 

2.5 OTHER CORROSQON STUDIES 

Corrosion Resistance of Experimental Nickel- 
Bass A I l ~ y s  Under Hydrofluorinator Condit ions 

T h e  s e a r c h  w a s  cont inued for a m w e  corrosion- 
res i s tan t  metal for the  hydrofluorinator or a com- 
bination v e s s e l  ( laboratory-scale  s t u d i e s  made a t  
Bat te l le  Memorial Ins t i tu te  under subcontract). 
B a s e d  on t h e  promising resu l t s  reported l a s t  year  l 7  

for Alloy 79-4 (79 Ni, 4 Mo, balance  Fe - similar  
t o  HyMu 80), an attempt was iinade to determine 
whether its composition w a s  optimum for a t  least 
t h e  hydrofluorination condi t ions.  Small h e a t s  of 
experimental a l loys  were prepared t o  check  ot-her 
Ni-Mo-Fe combinations and tu explore  the e f f e c t s  
of vanadium and aluminum. To achieve acce lera ted  
t e s t  condi t ions,  the a l loys  were f i rs t  exposed to 
H F  in t h e  highly corrosive 50.5-37-12.5 mole % 
NaF-LiF-BeF2 niixture a t  G5Q°C, with no zirconi i~m 
dissolut ion.  T h e  most favorable a l loys  were then 
tes ted  in  37.5-37.5-25 mole % NaF-LiF-ZrF4 a t  
650°C again with no zirconium dissolut ion for a 

Alloy composi t ions,  t e s t  condi t ions,  and corro- 
s ion  r e s u l t s  for th i s  s e r i e s  of experiments  a r e  sum-  
marized i n  Fig.  2.9. Figure 2.10 shows the  rela- 
t ionship of the  composition of Alloy 79-1 (HyMu 80) 
to the  experimental Ni-PKo-Fe al loys.  T e s t  condi- 
t ions  apparent ly  were not  adequately s tandardized,  
as severa l  incons is tenc ies  resulted. Run 34, for 
unknown reasons,  w a s  except ional ly  corrosive,  and 
HyMu 80 fared very poorly in  that  run; otherwise 
HyMu 80 and i t s  BMI experimental version, Alloy 

somewhat l e s s e r  degree  of acce lera ted  corro.,' rlon. 

___. .. . . . _. . .- 
17Chem. Technol.  Div. Ann. Progr. R e p t .  June  30, 

1952, ORNL-3314, pP 53-54. 
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UNCLASSIFIED 
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NO. 3 8  
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Br,I i -x -  184 

12/1/61 

BMI-X-198 
4/22/62 

..... 

DMI-X-198 
4 /?0 /62  

...... .- 

BMI-X-2(3 
12/5/62 

BMI-X-213 
1 2 / 5  / 6  2 

OTHESE RFFERENCES BY P.D.'vllI.I.ER A"10 CO-WOSKERS OF BATi ELLE NEWOTllAL INSTITUTE. 
'CHEMICAL TECHNOLOGY DIVISION 9NNUAL PROGRESS REPORT, JUNF 30,1062, CRNL-33'4. p 5 4 .  
CP.D.MII.I.ER et d., DEVELOPMEN r OF CONTAINER MATERIAL COR THE FclSED CHLORIDE-ELECTROLYTIC FCEL-RECOVERY PROCESS, BMI-1539, AUG 28,1361. 
~ S I M I I . . A R  TO t i y m  80 A ~ D  ALLOY 711-4. 

Fig .  29. Camparative Carrosion Resisturlce af INOR-3, HyMu 80, and Experimental  Alloys to HF in Fluoride 

Melts. R u n s  made in 4-in.-ID Vessel  at 650OC. 

37, gave resu l t s  comparable to, or s l igh t ly  bet ter  
than,  INOR-8, a s  did Alloys 1 (Ni-lQ Mo) and Alloy 
2 (Ni-10 Mo-5 Fe). Alloy 15 (Ni-14 Al) and A l l ~ y  
25 (Ni-13 A1-3 Si) suffered ca tas t rophic  corrosion 
even  though they gave  favorable resu l t s  in a high- 
temperature chlor ide system. ' T h e  addition of 
vanadium, as i l lus t ra ted  by Alloy 3 (Ni-5 Mo-4 
Fe-5 V) and Alloy 4 (Ni-8 Fe-lQ V), did not  in- 
c r e a s e  corrosion res i s tance .  

........... _- 
18p. D. Miller et  a / . ,  Deve/opnent  of Container Mate-  

rial for the Fused Chloride---Electrolytic Fuel-Recovery 
Process ,  RMI-1539 (Aug. 28, 1961). 

Comparative Corrosivity of NaF-LiF-BeF, a t  
650°C and NaF-LiF-BeF,-ZrF, at 500°C 

Du ring H y d rof l u o ri no ti on 

As previously reported l 9  50.5-37.0-12.5 mole '% 
N a F - L i F - B e F  was  considered a s  a p o s s i b l e  melt 
for hydrofluorination of zirconium-base f u e l s  a t  
65QOC. However, t h i s  proved to be  an except ion-  
a l ly  corrosive composition. A s tudy was then 

2 

........ -. ....... 
l9p. D. Mi l l e r  et al., Corrosion of the O R N L  V P P  

Mark 1Xi Fluorinator and Grorip V Rods ,  BMI-X-218 (Feb. 
15, 1963). 
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appreciable  intergranular a t tack.  INCO-41 weld 
metal in nickel  spec imens  showed s l igh t  inter- 
granular a t tack,  with virtually none apparent for 
INCO-61 weld metal in  nickel. Ini t ia l  Zircaloy-2 
dissolut ion r a t e s  were s ignif icant ly  lower than for 
t h e  NaF-LiF-UeF m e l t .  Operational problems pre- 
vented an accura te  measurement of the total  H 
evolved and recovery of any undissolved metal as 
required for confirmation of overal l  dissolut ion 
ra tes .  T a b l e  2.12 summarizes  differences in INOR- 
8 corrosion and ini t ia l  Zircaloy-2 dissolut ion ra tes  
for the  appl icable  RMI experiments. 

P r e s e n t  p lans  are to repeat  t h i s  experiment t o  
confirm t h e  low corrosion r a t e s  and obtain more 
meaningful Zircaloy-2 dissolut ion-rate  data .  

2 

PERCENT Mo 
T a b l e  2.12. Corrosion a n d  Zirca loy-2  Dissolution 

F ig .  2.10. Relationship of HyMu 80 (Al loy  79-4) Com- 
posit ion to  Experimental Al loys Prepared for Hydro- 

f luorination Corrosion Study.  

Rates for N a F - L i F - B e F g  at 550°C and far 
NaF-LiF-BeFqZrF4 at ~ O O O C  

During Hydrofi  wori notion 

undertaken t o  determine t h e  corrosivity and zir- 
conium dissolut ion r a t e s  for the s a m e  m e l t  p l u s  
suff ic ient  Z r F 4  to  allow i t s  u s e  a t  500OC (labora- 
tory-scale  s tudy performed a t  Bat te l le  Memorial 
Inst i tute  under subcontract) .  Specimens of INOR-8, 
HyMu 80,  L-Nickel ,  BMI Alloy 2 (Ni-10 Mo-5 F e )  
and Ni-5 Fe were exposed  to  36.9-27.0-27.0-9.1 
mole % NaF-Id iF-ZrF4-BeFz for 200 hr a t  50OoC. 
An HF  sparge  of about 10 g/hr was  used  in the  
4-in.-ID BMI hydrofluorination t e s t  vesse l .  Zir- 
caloy-2 w a s  added periodically, and t h e  spec imens  
were raised t o  maintain a cons tan t  interface posi- 
tion. 

T h e  melt w a s  only s l ight ly  corrosive,  with al l  
weight- loss  corrosion va lues  being less than 0.6 
rnil/month. 2o Only I.,-nickel and Ni-5 Fe showed 

2oP. D. Miller et ar., Corrosion Res i s t ance  of Nickel- 
Base Alloys in a NaF-LiF-BeF -ZrF Salt Mixture Under 
Hydrofluorinator Conditions with Zircaloy-2 Dissolving 
at 50OoC, BMI-X-227 (Apr. 25, 19G3). 

2 4  

RMI run  NO.^ 31 32 34 37 

Salt composition, nominal, 
mole 70 b b b c  

Temperature, OC 650 650 650 500 

Maximum INOR-8 corrosion 110 107 115 0.2 
rate, m i l s  /month 

Initial Zircaloy-2 dissolu- 24 
tion rate, mg cmV2 hr-' 

7 

aZircaloy-2 w a s  only dissolved during iuns 31 and 37. 
b50.5-37.0-12.5 mole "lo NaF-LiF-BeF2. 
'36.9-27.0-27.0-9.1 mole % NaF-LiF-ZrF4-E3eF2. 

This section is reported in  OKNL,-3452, suppl  1. 



t and  Dispos 

This program i s  concerned with the development 
and demonstration (on a pilot-plant s c a l e )  of proc- 
esses for t h e  treatment and f inal  d i sposa l  of both 
high- and low-level radioact ive wastes resu l t ing  
from power reactor  operat ions and fuel processing.  
T h e  effect ive,  economic management of  radio- 
ac t ive  eff luents  is a prerequis i te  to the  natural  
growth of a nuclear  power industry.  

Emphas i s  continued to be  placed on high- and 
low-activity l iquid was te s .  Engineer ing s t u d i e s  of 
the pot-calcination p rocess  for converting high- 
act ivi ty  w a s t e s  to s o l i d s  were devoted to gather- 
ing d a t a  and operat ing experience needed in t h e  
design of a pi lot  plant  to be constructed a t  Han- 
ford. Improvements were made i n  the  controI 
system and de-entrainment dev ices  for a cont inuous 
evaporator c lose ly  coupled to  the  pot. A rack was  
bui l t  for s imultaneous tes t ing  (under p rocess  con- 
di t ions)  of pumps for feeding the calciner .  S tud ie s  
of the  effect of f i ss ion  product hea t  in  the  ca lc iner  
showed tha t  carefully programmed operat ions will  
b e  required,  and l ia i son  w a s  maintained with Han- 
ford on the pilot-plant des ign  being carried out 
there.  A program for tes t ing  the mechanical  cquip- 
ment and t h e  manipulations required for t h e  p r o c e s s  
w a s  s u c c e s s f u l l y  completed. To take advantage 
of the  versat i l i ty  inherent  in  th i s  p r o c e s s ,  work 
included (1) the  development of mixes and pro- 
cedures  for f ixing t h e  was te  f i ss ion  products  in  
low-solubili ty g l a s sy  so l ids ,  ( 2 )  corrosion s t u d i e s ,  
(3) measurement of thermal conduct ivi t ies  of solid- 
if ied was te  products,  and (4) preparation of equip- 
ment to  b e  ins ta l led  in a hot c e l l  for t e s t s  on 
ac tua l  was t e s .  

In the  a rea  of low-activity w a s t e  treatment,  proc- 
esses based  on scavenging,  ion exchange,  and 
foam sepa ra t ion  are under study for decontaminat- 
ing  very d i lu te  s a l t  so lu t ions  such  as cool ing water 
and cana l  water.  A process  ut i l iz ing scaveng ing  
precipi ta t ion and ion exchange was  tes ted  i n  a 
600-gph pilot  plant and shown to be  capab le  of 

decontaminating 750,000 gal/day of ORNL process  
w a s t e  to  an act ivi ty  level  less than 3% of the 
maximum permissible  concentration (MPC) for 
water (for continuous occupat ional  exposure)  for a 
c o s t  of 75 to 8 0 ~  per 10069 gal of waste .  Lahora- 
tory s t u d i e s  werc devoted t o  t h e  problem of phos- 
pha te  interference with the precipitation-scaveng- 
i n g  s tep .  T h e  pi lot  plant  was modified by the  
ins ta l la t ion  of a new clarifier, an alumina column, 
and a continuous ion exchange column for advanced 
s tudies .  Foam separat ion s t u d i e s  in the labora- 
tory and in engineer ing=scale  equipment yielded 
encouraging resu l t s  and will  b e  extended to  t e s t s  
in  the pilot  plant  with ORNL waste during the 
ensu ing  y e a r .  

An economic and safe ty  evaluat ion of a l ternat ive 
methods of w a s t e  management was  undertaken 
jointly with the  Heal th  P h y s i c s  Division. During 
the  p a s t  year ,  s t u d i e s  of the effect of f i ss ion  
product removal on the  c o s t s  of w a s t e  management 
and the  c o s t  of the  interim storage of sol idif ied 
high-activity w a s t e s  were completed ~ 

3 , l  I POT CAlClNATsOW OF HIGH-LEVEL WASTE 

T h e  pot-calcination p rocess  (Fig.  3.1) involves  
introducing the was te  into an evaporator,  where 
it is concentrated and where ni t r ic  ac id  is s t eam 
str ipped by the  addition of water, and then feeding 
t h i s  concentrated solut ion in to  a calcii ier pot (with 
a constant  l iquid leve l  and heated by a furnace), 
wherc the was te  is denitrated,  brought to a sol id  
cake ,  and ca l c ined  i n  p l a c e . '  T h e  pot of s o l i d s  
is then disconnected from the  system, s e a l e d ,  and 
used  as the container  for the waste during final 
s to rage  a t  a su i tab le  s i t e .  Studies  so far ind ica te  
that  s p e c i a l  s a l t  mines may be  most su i tab le .  

'Chern. Technol. Diu. Ann. Progr. K e p t .  Sept. 24, 
1962, ORNE-3314, pp 78-85. 
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Fig. 3.1. Flowsheet for Converting High-Level Wastes to Solids. 

An important condition placed on t h e  evaporator 
is that the acidi ty  (nitric acid)  not exceed  a given 
value (depending on the  type of was te)  to  avoid 
the oxidation of ruthenium t o  a volat i le  form. F o r  
th i s  reason water  is added. T h e  evaporation is 
t h e  primary decontamination s t e p  in  the  process ;  
t h e  1.6 M HNO, vapors  from i t  a r e  s e n t  to a dis- 
t i l la t ion tower, where water is separa ted  from 
entrained radioactivity and the nitric a c i d .  T h e  
water  that  is not  recycled for process  u s e  can  be 
re leased  after, perhaps,  ion exchange treatment, 
and t h e  ni t r ic  a c i d  product can  b e  reused in  the  
fuel  reprocessing plant. 

L a r g e  amounts of g a s e s  a r e  neither introduced 
or produced, and t h e  off-gas volume from the  proc- 
ess is very low, 1 or 2 f t 3  per  l i t e r  of feed ,  pri- 
marily from in leakage  and instrument probes. 

Experimental work h a s  been carr ied out with 
synthe t ic  TBP-25, Ilarex, and Purex  w a s t e s  (Table  
3.1). Since the  process  pi lot  plant  a t  Manford will 
u s e  w a s t e  produced there  a s  feed material, a sec- 
ond Purex was te ,  expected to be  produced there  
i n  1965, h a s  been included i n  experimental s tud ies .  

T h i s  w a s t e  (FTW-65) is different from current 
Purex  1WW i n  tha t  it will have  been t reated with 
formaldehyde to reduce t h e  nitric ac id  concentra- 
tion, will b e  more d i lu te  in  d isso lved  s a l t s ,  and 
wil l  contain l e s s e r  amounts of s u c h  major con- 
s t i t u e n t s  as iron, su l fa te ,  and aluminum. Important 
minor cons t i tuents  ( s i l i ca te ,  fluoride, chloride, and 
phosphate)  may b e  present .  

During calcinat ion,  the  s o l i d s  a r e  brought t o  
900°C, c a u s i n g  t h e  n i t ra te  w a s t e s  t o  revert to  
refractory oxides  containing only t races  of nitrate. 
When mercury s a l t s  a r e  present ,  the mercury vola- 
t i l i zes ,  but s u l f a t e  is retained i n  t h e  c a k e  by t h e  
addition of calcium ni t ra te  t o  the pot  in  proportion 
with the  feed tu form calcium su l fa te ,  which s t a y s  
i n  the  c a k e  almost  quant i ta t ively.  I t  is intended 
t o  retain all the  f i ss ion  products i n  t h e  c a k e ,  but 
there  is some entrainment and some volat i l izat ion 
of ruthenium, which is caught  in  t h e  evaporator. 
The  s teady-s ta te  concentration of ruthenium i n  the  
evaporator is therefore s l igh t ly  higher than that  i n  
the  feed. T h e  rnaxirnutn calcinat ion temperature, 
900°C, was s e l e c t e d  b e c a u s e  of t h e  propert ies  of 
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Table 3.1. Compositions ond Characteristics 
of Simulated High- level  Wastes 

Waste Compositions (moles/liter) 
.... 

Purex  Pures Constituent TUP-25 Darex 
1WW F T W d S  

 AI^+ 
~ e ~ +  

Cr3 

N i 2 +  

HgZf 

Mt12+ 

Na' 

NM,+ 

S0,z- 

sio32- 

H t  

Ru 

~ 0 , ~ -  

- 
F 

Cl  - 

No 3 

- 

Density (g/ml) 

Gallons/ton U 

1.72 

0.02 

0.1 

0.05 

1.26 

0.002 

Bal  

1.32 

106 ' 

1.2s 

0.38 

0.18 

0.04 

2.0 

0.002 

0.001 

Bal 

1.33 

24' 
.__ 

aPreviously listed as 0.02 M. 

.... 

0.1 

0.5 

0.01 

0.0 1 

0.6 

5.6 

0.002 

1.0 

rial 

1.30 

40 

bGallons of waste per kg of UZ3' processed. 

0.05 

0.10 

O " O 2  

0.01 

O--O.O03S 

0.3 

0.5 

0.002 

0.15 

0.00s 

0.01 

0.0005a 

B a1 

82  

s t a i n l e s s  s t e e l  and b e c a u s e  adequate  ni t ra te  re- 
moval w a s  obtained. T h e  s a m e  temperature, there- 
fore, w a s  adopted as the  maximum al lowable in  the  
ca lc ined  c a k e  during s torage.  

Engineering Studies 

T h e  ca lc iner  p o t s  u s e d  for development work 
were  $-in.-IPS, generally 88 in.  from the  bottom to 
the neck ,  with t h e  lower 78 in. i n  a n  e lec t r ica l  
r e s i s t a n c e  furnace. The p o t s  operated with a 76-in. 
liquid leve l  (Fig. 3.2). T h e  pots  were made of  
type 304L s t a i n l e s s  s t e e l  and had wal l  t h i c k n e s s e s  
of 100 and 340 mils .  Various pot c l o s u r e s  were 

tes ted ,  and t h e  one  s e l e c t e d  for the pi lot  plant  is 
a modified Grayloc connector that  wil l  simultane- 
o u s l y  seal two feed l i n e s  and an off-gas l ine .  Two 
ver t ica l  thermocouple wel l s  a r e  provided i n  the 
pots ,  one along the a x i s  of t h e  v e s s e l  and the  
other posi t ioned 1 in. from the  wall. Thermo- 
couples  extend i n s i d e  the  wel l s  to  t h e  center  of 
e a c h  of the  s i x  furnace zones ,  and s i x  addi t ional  
thermocouples are tacked to the  outs ide  sur face  
of t h e  pots  a t  t h e  same e leva t ions .  

Studies of Continuous and Batch Evaporation. .--. 
Two a l te rna t ives  were t e s t e d  in  the  engineering 
development of t h e  pot-calcination process:  ba tch  
and cont inuous evaporation. In t h e  ba tch  operation 
(Fig. 3.3), t h e  tanks  and evaporator a r e  la rge  enough 
to accommodate enough waste to f i l l  one  pot. ?'he 
pot is fed from a tank of concentrated w a s t e  e i ther  
hy gravity or by pumping.  Concurrently, the  vapo:s 
from the  pot  a r e  returned to an evaporator f i l led 
with t h e  w a s t e  for the  next  hatch,  which is under- 
going concentrat ion and ac id  removal. T h e  con- 
t inuous p r o c e s s  u s e s  a smaller  evaporator and 
returns  the  condensed  pot vapors  to  t h e  evaporator, 
from which the  feed to the  pot is pumped. This 
evaporator  is fed with raw w a s t e  and cont inuously 
removes the n i t ra te  from t h e  system (Fig.  3.4). 
T h e  ba tch  f lowsheet  offers  the  advantage of siin- 
pl ic i ty  of control and operation but h a s  disadvan- 
t a g e s  due t o  larger  equipment and larger holdup. 
T h e  cont inuous p r o c e s s  h a s  the advantages  of 
smaller  holdup, smaller  equipinent, and more reason- 
a b l e  appl icat ion to a plant  with severa l  pot  l i n e s  
fed from t h e  s i n g l e  evaporator. T h e  control of t h e  
continuous evaporator is more complex, however, 
s i n c e  the  f lowsheet  is not truly cont inuous i n  that  
t h e  p o t s  a r e  f i l led batchwise,  and t h e  evaporator 
must follow t h e  t ransient  f i l l ing of t h e  pot . 

During a continuous evaporator  run, the  acidi ty  
of t h e  evaporator vapor (measured by an e lec t r ica l  
conduct ivi ty  probe i n  t h e  condensa te)  is controlled 
by t h e  addition of water; t h e  dens i ty ,  or s o l i d s  
concentrat ion,  is controlled by the  boilup rate; 
and t h e  liquid leve l  is controlled by t h e  w a s t e  
feed r a t e  under t h e  varying loads  of product with- 
drawal  and pot condensa te  return. T h e  l iquid 
leve l  i n  the  pot is maintained by u s e  of a tempera- 
ture  probe that  cor re la tes  the  high wall temperature 
and t h e  cool ing e f fec t  of the  l iquid (Fig.  3.5). A 
0 to 100% signal  is obtained over a liquid-level 
variation of 8 in. B e c a u s e  t h i s  controller worked 
over  a flow ra te  range in which t h e  h ighes t  ra te  
w a s  more than 10 t imes the  lowest ,  a logarithmic 
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valve  w a s  u s e d  with a 200% proportional band and 
a 5-hr r e s e t  time on the  controller. Intermittent 
foul ing of t h e  control valve with the concentrated 
solut ion caused  some fluctuation i n  control, but 
t h i s  w a s  el iminated by us ing  an electromagnet ic  
flowmeter i n  t h e  ca lc iner  feed l i n e  and c a s c a d i n g  
the  control. In t h i s  case, the  s igna l  from t h e  cal-  
c iner  sets t h e  feed rate, which is measured and 
met by another  controller operat ing the feed v a l v e  
i n  a short-response-time loop. T h e  pot b e h a v e s  
a s  though i t  a lways  h a s  foam at the  liquid level .  
Sudden c h a n g e s  i n  t h e  feed ra te  c a n  c a u s e  t h e  
buildup or  t h e  co l lapse  of foam to give a momentaiy 
s igna l  change  i n  t h e  wrong direction, resul t ing in  
an upse t ,  but  t h i s  c a n  be avoided by us ing  warm 
feed to t h e  pot  and a la rge  proportional band on 
the  controller. 

r 

earrelotions for Pot-Filling Time.2 - T h e  recog- 
nition of t h e  c o n s i s t e n t  occurience of circular 
s t ra t i f ica t ion  of t h e  calcined w a s t e  c a k e s  sug-  
ges ted  t h e  mathematical treatment of the rate  by a 
radial-deposition model. T h e  equat ions that  were 
der ived for var ious cases are a s  follows: 

C a s e  1: No internal  h e a t  generation, 

2M. E. Whatley, C. W. Honcher, and J. C .  Suddath, 
Engineering Developmerit of Nuclear Waste Pot Cal- 
cination, OKNL TM-549. 

UNCLASSIFI<O 
CRNL-LR-DIG 77413 

I 

I 
I 

I 
I 

--- 
I 
1 -  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

___ ....... 

........... 

~. ..... 

)E-EI\TRAINER 

I /  
SUBMERGED PIJMP 

'CALCINER 
DOT 

i.vlOO-psq 
STEAM 

................. €&- OFF-GAS 

CONDENSATE I-, 
CONDUCTIVITY , 
...... I ' I 

I 

I 
I 
I 

CONDFNSUE I 
CATCH TANK 
......... 

L - - _ - _ _ - - _ _ _ _ _ - - - _ - - - -  A 

Fig. 3.3. Flawsheet for Engineering Batch Evaporation Tests for Pot Calcination. 



C a s e  2: 
perature cons tan t ,  

M t - - I n  
Q 

With in te rna l  hea t  generation; wa l l  tern- 

.~~ - 

C a s e  3: With internal hea t  generation; cons tan t  
temperature T ,  a t  dT/dr  = 0, 

dr, Q rm2 - r 

-=%[ ro 0'1 de 

... 

11 ............. 

EVAPORATOR 
CONDENSER 

-- 

Since all nonradioactive engineering work must be  
done in  the absence  of internal h e a t  generation, 
only case 1 h a s  been validated experimentally. 
Fo r  mathematical convenience it e x p r e s s e s  time 
as a function of the  radius to the  liquid-solid 
in te r face  To. The parameters are: R (pot radius);  
X ( la tent  hea t  of vaporization per l i ter  of feed); 
p (ratio of the  feed volume to cake  volume); k 

CALCI N ER 
/CONDENSER 

fi (NOT COYTHOLLEDI 

GAS 

J-? 
C.J 

COVDUCTIVITY 

. . .. . . . . . 

I CONDENSATE 
I 
I 
I 
I 
I 
I 
I 
I 

TANK 

.+ 

Fig. 3.4. Flowsheet  for Engineering Carrtinuclus Evaporation Tests  for Pot Cairinntion. 



57 

UNCLASSIFIED 
ORNL-LR-DWG 79566A 

- CONNECTOR 

FEED I N L E T  

3/8-in STAINLESS STEEL lTUBt, 
COPPER F ILLED 

THtRMOCOUPLE LOCATION 

CAKE y 
i 

TO POT 
BOTTOM 

Fig. 3.5. Calcines Liquid-bevel Sensing S y s t e m .  

(effect ive thermal conduct ivi ty  of the  cake); and 
Tw and T ,  (wall temperature and boi l ing tempera- 
ture  respect ively) .  T h e  assumptions involved in  
this equat ion are: (1) t h a t  t h e  parameters  a r e  
e s s e n t i a l l y  cons tan t  during the  run, (2) that  t h e  
c a k e  d e p o s i t s  radial ly  and uniformly, and (3) t h a t  
the ra te  of change of the  liquid-solid boundary is 
smal l  compared with t h e  temperature t rans ien ts  
within the  cake .  S ince  t h e s e  assumpt ions  a r e  
also required for t h e  equat ions  for deposi t ion with 
internal  h e a t  generation, i t  w a s  fel t  that  val idat ion 
of the  equat ion would lcnd credence to the  equa- 
t ions  for the  internal-heat-generation cases. In 
t h e s e  s t u d i e s ,  t h c  group in  t h e  bracke ts ,  termed the  
“ F  factor ,”  w a s  plot ted a g a i n s t  time to e v a l u a t e  
t h e  filling-rate coeff ic ient ,  which embodies  a l l  
parameters .  

Internal  h e a t  generation i s  both an a s s e t  and a 
det i imrnt .  S ince  t h i s  kind of h e a t  s o u r c e  is close 
to t h e  liquid-solid interface (where i t  is needed) ,  
f i l l ing t i m e s  wil l  b e  decreased  by 10 to 20%, and 
ca lc ina t ion  t imes  will be  reduced to a matter  of 
2 or 3 hr. Internal  h e a t  d o c s  c r e a t e  t h e  problem of 
avoiding e x c e s s i v e  temperatures (> 900°C) during 
ca lc ina t ion  and s torage.  Consequent ly ,  a pot  

radius  must  b e  chosen  s n c h  tha t  during s torage  the 
center-line temperature will b e  t h e  maximum al- 
lowable (i.e.,  less than t h e  maximum ca lc ina t ion  
temperature), while  t h e  temperature of t h e  wall 
remains near  ambient. Obviously, if the  pots  were 
al lowed to c a l c i n e  with t h e  wal l  at 9QO°C, the  
center-line temperature would very much exceed  
this .  In most  cases i t  will b e  n e c e s s a r y  to  de- 
c r e a s e  t h e  wal l  temperature before t h e  end of the  
filling period. 

T h e  equat ion for case 2 is the  feeding-rate 
equat ion,  u s i n g  a cons tan t  wall temperature as a 
boundary condition. T h e  h e a t  generation ra te  per  
uni t  volume is 0. An al ternat ive boundary condi- 
tion w a s  imposed i n  case 3. At t h e  time that  t h e  
h e a t  flux at the  wall g o e s  to zero, tha t  i s ,  when 
t h e  temperature gradient at. t h e  wall becomes zero,  
the  wall temperature i s  programmed so t h a t  the  
maximum temperature i n  t h e  c a k e  is maintained a t  
a cons tan t  va lue  and the  locat ion of t h i s  maximum, 

moves toward the center  of t h e  pot. I t  w a s  
rnl ’ 
not p o s s i b l e  t o  get a n  ana ly t ica l  solut ion for t h i s  
case. T h e  different ia l  equat ion for r,, involves  
the  locat ion of the  mzxitnum temperature, rnl, which 
is given by the  implicit re la t ion of ro and r, in- 
volving the  two known temperatures, t h e  maximum 
temperature and t h e  boi l ing temperature. T h e  wall 
temperature, which must be  programmed, is given 
by the  l a s t  equat ion.  

F igure  3.6 is a plot of the F factor v s  time for 
run R-70. T h e  rat io  r,/K w a s  actual ly  computed 
from the feed,  us ing  t h e  ratio of s o l i d s  fed to the  
s o l i d s  n e c e s s a r y  to fill the  pot. T h e  adequacy 
of t h i s  correlation is the b a s i s  for confidence i n  
the  radial-deposition model. T h e  s l o p e  of t h i s  
l ine  i s  t h e  filling-rate coeff ic ient ,  which wil l  
l a te r  b e  presented as a charac te r i s t ic  index  t o  the 
overal l  ra te  for t h e  run. T h e  reciprocal of the  
f i l l ing rate  coeff ic ient  is the  theoret ical  time re- 
quired to completely fill t h e  pot but is not u s e f u l  
b e c a u s e  of the  low r a t e s  toward the  end  of t h e  run 
i n  t h e  a b s e n c e  of internal  hea t  generation. Further ,  
at half the theoret ical  filling time, when the  F 
factor e q u a l s  1/2,  t h e  pot is about  81% full. F igure  
3.7 s h o w s  ca lcu la ted  temperature prof i les  in  the  
c a k e  during filling, with and without internal  h e a t  
generation. T h e  s t e e p e r  temperature gradients  
toward the  e n d  of the run for t h e  internal-heat- 
generation case give rise to the  higher rates. T h e  
in te ina l  temperature i n  t h i s  case g e t s  higher  than 
the  maximum wall  temperature, a condition which 
is present ly  thought intolerable. 



58 

0.8 

,.---.1 
w, ... 0.7 

2, 

m 0.6 

N ,-. L? 0.5 

%. 
+ 

<+ o.4 
v 

I 
0.3 

K 
0 

0.2 

c 
cc 0.1 

0 

UNCLASSIFIED 
ORNL-LR-DWG 79631A 

-1 
i.~.~~-~ ~ - -  ,.... 

0 4 8 42 16 20 24 28 32 

TEST TlMF (hr) 
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Figure  3.8 shows  the  progression of t h e  tempera- 
ture profile i n  the case for an i d e a l  calcinat ion run 
with internal  hea t  generation. Early in the  run 
the  deposi t ion rate  is l imited by the hea t  output 
from the furnace,  and the  wall  temperature in- 
c r e a s e s  as the c a k e  deposi ts .  'Then t h e  wa l l  
temperature is held constant  as t h e  c a k e  con t inues  
to build. At the point where the  heat  flux a t  the 
wal l  goes t o  zero,  the  temperature of the wal l  is 
dec reased .  T h e  maximum temperature then moves 
away from t h e  wall .  At some predetermined 
degree of ful lness ,  probably dictated by vapor 
velocity i n  the dec reas ing  center  zone, t h e  feed is 
turned off and the  now dry inner boundary begins  
to hea t .  The  location of the  maximum temperature 
cont inues to move toward the center ,  while the 
wall  temperature must be  further decreased.  At 
the  end of t h e  run the  wall  temperature should be 
not much higher than the temperature intended for 
s torage,  and the center  temperature should be  a t  the 
maximum. 

Practical calcinat ion operating condi t ions will,  
of course,  require reasonably wide control l imits .  
By relaxing the  requirement of maximum tempera- 
ture, there  are methods of using this prediction to 
program wall temperature safely.  T h e  s imples t  
of these ,  which al lows only about a 200°F rise 
above the  intended maximum, u s e s  a l inear  approxi- 

mation for t h e  wall-temperature program (Fig.  3.9). 
T h i s  program involves  heat ing the pot  wal l  a t  
16S0°F for 0.8 hr and then cooling to the required 
equilibrium wall temperature i n  1.1 hr, a s suming  a 
thermal conductivity for the cake  of 0.2 Btu h r - l  

F-'  and a n  internal hea t  generation ra te  of f t - -  1 0 

4000 Btu hr- '  ft-3. T h e  program w a s  determined 
for the  s i tuat ion where the  calcinat ion pots a r e  
f i l led until  the  s lope  of the temperature gradient 
at the pot wal l  is zero,  indicat ing that  no h e a t  is 
be ing  added or removed a t  that  point. In Fig.  3.9, 
T o  is the  wall temperature, T ,  is that  a t  t h e  sur- 
face of an internal  cavi ty  1 in. i n  diameter a long 
t h e  a x i s ,  and the  other temperatures a re  a t  equal ly  
intermediate points  on the radius of an 8-in.-diam 
pot. 
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Fig.  3.9.  Calc inat ion Cool ing Program for 8-in.-diom 
Pot. 

Pot-Calcination Tests.  - During the p a s t  year ,  
11 t e s t s ,  numbers 65 through 75, were  carr ied out  
( T a b l e  3.2). F i v e  of the  t e s t s  were made with 
TBP-25 w a s t e  and six with P u r e x  (FTVV-65) wastes .  
Io some runs a s m a l l  amount of t h e  s o l v e n t  degrada- 
tion products ,  mono- and dibutylphosphate  (MSP 
and DHP), was  added t o  the  feed. In the  11 tests 
it w a s  shown that  feeding by ei ther  gravity or 
pump would b e  acceptab le  for plant  appl icat ion.  
'The organic  addi t ives  promoted foaming, but not  
to a detrimental extent .  

In  the  TBP-25 calcinat ion,  the  variation i n  feed 
volume to the pot is piimarily an  operat ional  vari- 
a b l e  and could have been made more cons is ten t .  
The water-to-feed volume ratio, the arnount of 
water  n e c e s s a r y  to  s t r i p  the  ni t r ic  a c i d  from t h e  
evaporator, should  b e  about 2.3. Higher va lues  
ind ica te  a n  unnecessar i ly  low se tpoin t  for t h e  
ac id  i n  t h e  evaporator  overhead. The feed to the  



'Table 3,2. Summary of EngineerirngaScale Tests  

Calciner Average 
Nitrate Solid 

Remaining Bulk 
Feed System Filling Rate Calcination Water Feed 

Run Volume to Feed A13+ of Fe" Feed Coefficient" Time 
in Solids Density 

'0. ripe (liters) Volume Concentration Hate (br- ') (hr) 
Ratio (g/liter) (liters/br) (wt %I (g /cm3) 

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

65 TBP-25 476 3.1 115.5 20.6 0.034 9 0.19 to 0.06 0.68 

66 TBP-25 449 6 .4  55.0 20. a 0.037 17 0.04 0.65 

67 TBP-25 391 2.8 45.1 17.0 0.003 20 0.007 0.50 

mb TRP-25 343 2.6 47.5 26.4 0.056 20 0.0 19 0.54 

6gb TDP-25 469 5.4 45.0 15.6 0.02s 17 0.111 0.64 

70 FT'K-65 1818 0.75 46.9 67.3 0.029 28 0.04 to 0.01 1.25 

0,028 36 0.02 to 0.01 1.30 7 1  F T W 6 S  1843 0.57 34.6 68.3 

72  FTW-65 1912 0.10 26.7 40.0 0.023 24 0.026 to 0.004 1.33 

73' FTW.65 1838 0.20 40.2 31.1 0.017 9 0.103 to 0.006 1.23 

0.016 to 0.015 1..30 

75' FTW-65 1793 0.72 33.8 2G.O 0.0 12 11 0.0 1 1.26 

74' F T W - 6 5  1968 0.34 49.2 53.0 0.022 23 

- 

aEqual to [4k(Tw - T b ) l / @ R 2 .  

bGravity feed. 
'1 ml of 50% MDP-50% DBP added per 200 liters of feed. 

pot  i s  only s l ight ly  more concentrated than t h e  
original w a s t e  feed to  the  evaporator. T h e  feed 
to  the evaporator conta ins  about  23 g of a!uminum 
per l i t e r  and the  feed to t h e  pot conta ins  45 to  55 g 
of aluminum per liter. A s u c c e s s f u l  run w a s  made 
i n  which the  ca lc iner  feed contained 115 g of 
aluminum per l i ter ,  but th i s  is assumed to b e  irn- 
p rac t ica l  s i n c e  t h e  solution will c rys ta l l ize  a t  
room temperature. T h e  average sys tem feed rate  
w a s  20 l i ters /hr ,  with a maximum of 26 and a 
minimum of 17. T h e  filling-rate coeff ic ients  were 
determined from plo ts  of t h e  F factor from the  
radial-deposition equat ions aga ins t  time. T h e  
only term i n  th i s  coeff ic ient  not coinputable through 
other  d a t a  is the effect ive thermal conductivity of 
the  cake .  The term /3, which is the  ratio of cal- 
ciner  feed volume to  c a k e  volume, i s  proportionally 
re la ted to the  aluminum concentration i n  the  cal- 
c iner  feed and w a s  near ly  constant .  

T h e  ni t ra te  concentration remaining i n  the  solids 
depends  on the calcinat ion time. At 20 hr of cal- 
ciriation t h e  residual  ni t ra te  w a s  reduced to ac- 
ceptably low leve ls .  In all cases the  low numbers 

a r e  charac te r i s t ic  of t h e  bulk of the  c a k e ,  and t h e  
high numbers represent  the center  top par t  of t h e  
ca lc iner  product. When f iss ion product h e a t  i s  
ava i lab le ,  there  should b e  no problem i n  removing 
ni t ra te  t o  any des i red  level .  

Bulk dens i t ies  of about  0.62 g/cm3 were  achieved 
with TBF-25 was te .  T h e  bulk densi ty  is defined 
as the rat io  of the  weight of s o l i d s  i n  t h e  pot to 
t h e  volume of the  pot up to  the  liquid-level point, 
including t h e  void tha t  occurs  i n  t h e  center .  

T h e  behavior  of mercury during t e s t s  with TBP-25 
w a s t e  w a s  of in te res t  s i n c e  mercury compounds 
a r c  uns tab le  a t  900°C, and volat i l ized mercury 
riiust b e  removed from the system. A trap for re- 
moving mercury compounds from the  ca lc iner  off- 
g a s  s t ream w a s  ins ta l led  but w a s  only par t ia l ly  
effect ive.  T h e  calcines  off-gas l ine  w a s  hea ted  
to  400 to 5OO0C, while  the trap w a s  maintained at 
about  150OC for condensat ion of mercury com- 
pounds. Subsequently, the  s o l i d s  deposi ted i n  
t h e  trap were  d isso lved  with ni t r ic  ac id  and re- 
moved from t h e  system. On the average the  trap 
contained 19% of t h e  mercury, t h e  evaporator about  



40%, and the s o l i d s  i n  the  ca lc iner  about  13%. 
T h e  remainder depos i ted  on t h e  p r o c e s s  piping and 
equipment throughout the  system. A m o r e  s a t i s -  
factory method of handling mercury i s  n e c e s s a r y ,  
but none h a s  been developed. 

In  the  t e s t s  with FTW-65 was te ,  the  la rge  feed 
volumes ref lect  the d i l u t e n e s s  of t h e  feed. T h e  
in i t ia l  iron concentrat ion w a s  about 12 g/ l i ter ,  
so  the evaporator  concentrated the  feed three- or 
fourfold, and t h e  water-to-feed volume rat io  w a s  
less than 1. T h e  filling-rate coef f ic ien ts  were 
uniform, showing two groups: t h o s e  without organic  
in  t h e  feed  and t h o s e  with it.  T h e  presence  of 
organic  halved the  filling-rate coeff ic ient .  T h e  
ni t ra te  i n  the residual  s o l i d s  was reduced to a n  
ins igni f icant  leve l  by adequate  ca lc ina t ion  time, 
and the  so l id  dens i ty  w a s  about  1.3 g/cm3. 

Mercury compounds i n  FTW-65 w a s t e  were aga in  
a problem, and t h e  mercury trap w a s  employed with 
little s u c c e s s .  In  three experiments ,  condensa te  
w a s  co l lec ted  i n  a s e p a r a t e  tank near  the  end of 
the  ca lc ina t ion  period, when the  temperature of the  
c a k e  reached about 600°C. Since  most of the  
mercury is volat i l ized during t h i s  f inal  s t a g e  of 
heat ing,  i t  w a s  expec ted  to condense  with t h e  
l a s t  10 to 30 l i t e r s  of condensate .  However, only 
8, 28, and 54% of the mercury w a s  recovered.  

In t e s t s  with FTW-65 w a s t e  containing 0.005 M 
F-, s e v e r e  corrosion of the  ca lc iner  pot wa, p en- 
countered even  in  t h e  presence  of calcium added 
(as t h e  nitrate) to  reduce su l fa te  volat i l izat ion.  
L i t t l e  corrosion w a s  observed i n  t h e  a b s e n c e  of 
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Table 3.3. Eff ic iency of De-entrainers 

fluoride. T h e  calcium-addition procedure w a s  
modified to ensure  p r e c i s e  continuous addition and 
hence  a uniform ac t ion  to  re ta in s u l f a t e  and reduce 
corrosion by fluoride. T h e  maximum fluoride con- 
centrat ion expec ted  is 0.005 M ( s e e  Table 3.1), 
and sa t i s fac tory  corrosion ra tes  a re  expected at  
th i s  concentration. 

Run 72 contained 0.087 g of natural  ruthenium per  
l i ter .  As predicted froin laboratory work, t h e  
ruthenium concentrat ion i n  the ca lc iner  condensa te  
increased  s teadi ly  to a rnaxiriiurn when t h e  l a s t  
water  and ni t ra te  were evolved. T h e  evaporator  
condensa te  generally contained l/SOOO of the  
evaporator  concentrat ion,  and the overal l  decon- 
tainination factor  was about  3000. 

Eva pcrator lmpi ngemant Sieve-P late De-entra insr, 
- A stainless S t E d  Yorkmesh de-entrainer i n  the  
10-in.-diam cont inuous evaporator  corroded rapidly 
i n  the  presence  of the IIN03-II ,S0,  vapors  from 
boi l ing Purex  was te .  Replacement  of the Yorkmesh 
with an impingement de-entrainer reduced entrain- 
ment from up t o  7 ppm to below 3 (Table  3.3) .  T h e  
impingement de-entrainer designed for the  con- 
t inuous evaporator w a s  based  on t h e  work of Schlen 
and Walsh.3 Of the  two impingement p l a t e s  pro- 
vided, t h e  f i r s t  removes the  bulk of the  entrained 
l iquid at impingement ve loc i t ies  up to 38 fps. T h e  
s e c o n d  p la te  i s  des igned  to remove par t ic les  of 

~ .......... ~~~~ 

3C.  S. Schlea and J. D. Walsh, De-entrainment in 
Evaporators ,  paper presented at  A.1.Cli.E. 42nd Na-  
tional Meeting, Feb. 21-24. 1960. 

Run 
N O .  

De-entrainer 

Maximiim 
Boilup 

Rate  

Iron Concentration Maximum Iron Concentration 
in Evaporator in Condensate 

(g/liter) 

~ ~ ~ ~ . .  ~~ ~ 

70 Yorkmesh 29-64 4 490 

7 1  Impingement 

plates  30-30 3 39 0 

72 Impingement 

plates  10---48 1.6 280 

73 Impingement and 

s ieve  plates  23-63 0.65 37 0 

74 Impingement and 

s ieve  plates 26-56 0.50 350 
_I_ ~ ..._. .. .. . .. . .... . .- 
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diameters  ranging from 3 to 10 p a t  impingement 
ve loc i t ies  up to 99 fps. At higher ve loc i t ies ,  re- 
entrainment wil l  occur. T h e  maximuin des ign  vapor 
ra te  w a s  500 lb/hr. 

T h e  minimum decontamination factor for the im- 
pingement p la tes ,  based  on 3 ppm Fe i n  the vapor, 
w a s  about 1 x lo4. To inc rease  the decontamina- 
tion factor tenfold, a s i e v e  p l a t e  was ins ta l led  
above the  impingement p la tes ,  s ta r t ing  with run 
73 (Fig.  3.10j. T h e  plate  h a s  504 h o l e s  (1/8 in. 
diam), giving a 4.65% free area based  on the  cross-  
sec t iona l  area of the vapor bonnet. Reflux is 
added to  the p la te  a t  a ra te  of 50 cm3/min and 
discharged over the  weir i n  the  center  of the  plate .  

REFLUX 
IN LET 

I t  drains to  the  evaporator liquid through a dip l e g  
and i s  vaporized along with the evaporator over- 
head. T h e  p la te  liquid leve l  is maintained a t  1 in. 
by the  weir. Table 3 .3  ind ica tes  that  the entrain- 
ment during runs 73 and 71 was  reduced to a maxi- 
mum of 0.65 ppm, which corresponds t o  a minimum 
decontamination factor of 7 x lo4 .  However, s i n c e  
the average entrainment w a s  about 0 .4  ppm for 
the two runs,  the average decontamination factor 
was about 1 x 10'. 

Pump-Test Loop. - Four pumps for the  pot- 
calcinat ion pi lot  plant are being tes ted  simul- 
taneously i n  a pump-test loop under s imulated 

t 
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p r o c e s s  condi t ions (Fig.  3.11). Purex  w a s t e  con- 
ta in ing  a s m a l l  quantity of calcined s o l i d s  is 
c i rcu la ted  in  the  loop a t  i t s  boiling point. Purge  
water  introduced a t  the  pumps is vaporized i n  t h e  
head  tank i n  order to  maintain a cons tan t  dens i ty  
and l iquid iriveritory i n  the system. T h e  following 
pumps a r e  currently ins ta l led  in the  loop: Byron- 
J a c k s o n  canned-rotor pump, des igned  by ORNL; 
Chempump, model GA-1-1/2K; Chempump, model 
CFTsl-1/2-3/4S; and Allis-Chalmers, model C- 
10BS. 

T h e  bear ings i n  a l l  the  pumps except  the  Hyron- 
Jackson  arc of carbon or graphite; a s p e c i a l  alumi- 
num oxide bear ing is used  in  th i s  pump. Hearing 
dimensions wil l  b e  checked  periodically. 

Mechanical Development 

A mechanical  development program w a s  s u c c e s s -  
fully conducted at Lockheed Nuclear P r o d u c t s  
Faci l i ty---Georgia  Nuclear Laboratory under sub -  
cont rac t  with ORNL. After completiori of t h i s  
program, t h e  demonstration equipment (F ig .  3.12) 
w a s  d i s a s s e m b l e d  and shipped t o  Wanford. Program 
objec t ives  were to (1) develop a permanent seal 
for ca lc iner  po ts ,  (2) demonstrate  functional relia- 
bi l i ty  of the  remote mechanical  equipmerit, (3) 
s tudy  thermal behavior of the pot with s imulated 
f i ss ion  product  hea t ,  (4) develop and demonstrate  
remote equipment replacement and repair, and (5) 
recommend des ign  c h a n g e s  for bet ter  equipment  
performance and e a s i e r  in-cell repair. 

Closure Tests. - Both a welded and a mechanical  
c losure  (Grayloc connector) were tes ted  as per- 
manent seals for t h e  calciner  pots .  Two b a s i c  
joint  des igns  were welded remotely: a threaded 
p lug  (ske tch  A, Fig .  3.13) and a shr ink fit ( ske tch  
B ,  F i g .  3.13). T h e  spec imens  were mounted on a 
rotatable  face p l a t e  a t tached  to a Boston gear 
reducer  and a Graham variable-speed drive. Pre-  
liminary welds  to determine optimal machine se t -  
t ings  were made on s t a i n l e s s  s t e e l  bar s t o c k  
machined to approximate the  joint  configuration 
being tes ted .  Specimens were pressure  purged 
with NO before welding, in  order to  s imula te  ac tua l  
p r o c e s s  conditions. 

After visual  and dye-penetrant inspec t ion ,  t h e  
spec imens  were  hea ted  to 300°C and leak  t e s t e d  
while  under 100-psi internal  pressure.  T h e  speci-  
mens were then cooled rapidly t o  induce  e x c e s s i v e  
s t r e s s .  After f ive hea t ing  c y c l e s ,  s t r e s s  c r a c k s  

were  de tec ted ,  and leak  ra tes  for all spec imens  
were  still below the re l iab le  detect ion limit of 
0.054 cm3/yr. L e a k  ra tes  of the  Grayloc connector  
under s imilar  condi t ions were 72 cm3/yr. 

Burs t  tests were made on a wel.ded specimen of 
e a c h  b a s i c  des ign .  T h e  shrink-fit des ign  sus ta ined  
a hydraul ic  pressure  of 20,000 p s i  without failure; 
t h e  threaded plug des ign  fai led a t  9000. T h e  t e s t s  
are summarized as follows: 

T h e  welded c losures  were a t  l e a s t  a factor  of 
100 lower, and the Grayloc c losures  were R factor  
of 2.5 higher than a n  assumed maximum permissible  
leak  rate  of 3 2  crn3/yr. The value of 32  cm3/yr 
is s u b j e c t  to change,  pending a hazards  evaluat ion 
of pot storage. 

2.  Sound, crack-free fusion welds  were made 
with both des igns ,  without the addition of filler 
metal. Radiography showed a l l  welds  to b e  free 
of internal  f laws,  and incomplete penetrat ion w a s  
verified visual ly .  

3 .  T h e  e lec t rode  must  be  accurately posi t ioned 
over the weld joint to obtain complete  fusion of t h e  
bottom e d g e s  of the  joint. 

4. ( (Arc blow” w a s  present  during the  welding 
of a l l  samples .  T h e  a rc  w a s  def lected in  a radial  
direct ion,  away from t h e  center  of rotation of t h e  
t e s t  p iece ,  

5. ‘The cover  for t h e  shrink-fit c losure  tended to  
cock  and j a m  during assembly  of the  cover  into 
the  preheated body. 

6. N o  detrimental pressure buildup occurred in  
t h e  c l o s e d  v e s s e l  a t tached  to  the  t e s t  p i e c e s .  

7 .  T h e  NO g a s  present  had no apparent  e f fec t  
on t h e  s tab i l i ty  of the  welding arc .  

8. T h e  threaded-plug design fai led at  9000 p s i ,  
but s i n c e  internal  pot pressure  should never  reach 
t h i s  value,  both weld d e s i g n s  a r e  sa t i s fac tory .  

Remote Equipment Reliability Tests. - Posi t ion-  
ing  t e s t s  were conducted with t h e  furnace dol ly  
fully loaded (about  10,000 lb) t o  determine t h e  aver- 
a g e  deviat ion from s tandard  horizontal and ver t ica l  
pos i t ions  of t h e  furnace a t  t h e  filling s ta t ion .  
Fif ty  t e s t s  were successfu l ly  cornplPted, with a 
high degree of posi t ioning accuracy and  rel iabi l i ty .  
An addi t ional  50 t e s t s  were conducted, with 2000 
l b  of lead  in  the  dolly, i n  which maximum la te ra l  
dolly pos i t ions  and extreme malposi t ionine i n  t h e  
direct ion para l le l  to the  t racks  were induced i n  
order to  permit evaluat ion of t h e  capabi l i ty  of t h e  
f i l l ing s ta t ion  to  a l ign,  accept ,  and clamp a pot 
that  might arr ive off-station. The h i t  s w i t c h e s  
proved rel iable  in  controlling the  dolly and furnace 

1. 
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Fig.  3.13. Cross Section of Weld Joint  Designs A and 8. Solid l ines show simulated weld test sample; broken 

** M a l e  dimension l ines show i ts  or ientat ion to the ca lc in ing pot neck. 

shown; female dimension 3.81 1 in.  for shrink fit.  
* Joint c learance for assembly i s  0.001 in. 

its frame and moving i t  to a t ab le  in  front of the  
cell window for remote d isassembly .  (2) Ei ther  
f lex l i n e s  or piping s e c t i o n s  with d i sconnec t s  on 
ei ther  end  should be used  for t he  s e r v i c e s  and 
vapor l i nes  to the  fi l l ing s ta t ion  to  permit c l ea r  
access at the top of the s t a t ion  for easy  removal 
of components. (3) T h e  pneumatic  ac tua tor  on the  
dust-cap s l i d e  mechanism should be eliminated. 
Simple operation of the  s l i d e  by a manipulator is 
cons idered  t o  be more reliable.  (4) T h e  s c r e w s  on 
the  Grayloc clamp for permanent s e a l i n g  should be  
lengthened to facilitate instal la t ion of the  clamp 
and realignment of the  clamp jaws .  (5) A pot ther- 
mocouple  connector fabricated from Cannon con- 
nec tors  with ceramic insu la t ion  should be  used. 
(6) A l i m i t  swi tch  on the fi l l ing-station clamp 
assembly  should be  used  to prevent acc identa l  
lowering of the  furnace while the pot is clamped t o  
the  f i l l ing s ta t ion.  

Remote Maintenance Times. - Remote d isassem-  
bly, repair, and reassembly of the  fi l l ing s t a t ion  
will  require seve ra l  man-days of effort when per- 
formed in  a rad ioac t ive  hot cell. Exper ience  

obtained in  cold t e s t s  is summarized in  Tab le  3.5.  
Remote assembly  of the  fi l l ing-station par t s  will 
require about the  same t i m e  as d isassembly .  Nor- 
m a l  opera t ions  such  as the instal la t ion and removal 
of the  pot thermocouple connector or  the pot screw- 
cap  ins ta l la t ion  require about a minute. 

Pi lo t -P lant  Design 

A pilot  p lan t  will  be  loca ted  at Hanford in  the  
new F u e l s  Recyc le  P i l o t  P l a n t  building4 to  demon- 
s t r a t e  the  pot- and spray-calcination p r o c e s s e s  on 
radioactive was te s .  T h e  cell will have  a 22 x 25 
f t  floor and a height of 27 ft to  the  bottom of the  
c rane  hook. A pipe trench is provided outs ide  the 
e a s t  wall of the  cell for connecting se rv ice  piping 
to v e s s e l s  in  the  cell and for connec t ing  v e s s e l s  

4Design Criteria for Fuels Recycle Pi lo t  Plant, 
Project  CHH-916 ,  HW-69666 (June  28, 1961). 
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RCPOSS the  east-west axis of the cell, t h u s  keep- 
i n g  the floor Cree of piping. Four fee t  of high- 
dci is i ty  (280 Ib/ft 3, concre te  sh ie ld ing  w i l l  b e  
provided on one  wall and at the windows; t h e  re- 
maining exter ior  w a l l s  wil l  have  a t  l e a s t  5.33 ft 
of normal-density concrete. Shielding ca lcu la t ions ,  
for a n  array of 39 pots (8 in. diam) containing 
Purex  w a s t e  cooled 180 days and s tored  at l e a s t  

24 in. f rom the  Clft wall, gave a maximum d o s e  
rate  of about 1 mrem/hr. Results for other  cooling 
t i m e s  and fur Consol idated Edison  Darex or APPR 
Darex w a s t e s  a r e  shown i n  Fig. 3.24. 

A high-activity-level vaul t  outs ide the  c e l l  wil l  
be  u s e d  to contain the  w a s t e  feed and t h e  a lka l ine  
and ac id  wastcs from the  process .  A low-activity- 
level vaul t  wil l  conta in  the sample and condensa te  

Tahle 34 .  Connect-Disconnect l e a k a g e  Tests"  

'Test Conditions 

T e s t  No. Type of Closure Cold: Ambient to 300°C Hot: 900°C 
-.-_I - 

1 Blue a s b e s t o s  gaske ts  

2 

Vent line (in. Hg/min) vacuuin 
Fill l ine (ps ig /min)  pressure 

Stainless-slecI-fHued gaske ts  

Vent line (in. tlg/min) vacuum 
Fill l i n e  (psig/ 'min) piess?ii<: 

3 Grayloc seal ring 

Vent line (in. Hg/min) vacuum 
Fill l ine  (psig/niin) pressure 

Q -4.44 
0-0. I 

0-0.04 
0-0.03 

0-0.03 
0.054.13 

0-0.38 

0-0. 27 

0-0.08 

0 4 . 0 3  

0-Q. 17 
0.0P--O. 10 

~~ . 

aSystem was leak-tightened between t e s t s  I and 2 

Table 35, Summary of Operations i r i  t h e  Remote Maintenirnce of the PobCoic iner  Mockup 

Operation Tirrie Required To 01s Required 
-... ... . . ...-.. .. . .. ... . ..I___.. - 

Pot  thetmocouple connector: 15 sec Connector and two model 8 
connec t-disconnect mnnipulatwrs 

Dust-cap instal la t ion 2 sec One model 8 manipulator 

Pot screw-cap installation 

Filling-st at ion disassembly : 
Disconnect I-in. vacuum line, 
two 1/2-.in. fill lines, two 1/4-in. 
water l ines ,  capheater lines, and 
remove limit switch 

1 .  Disconnect two 1 /2-ina vent 
l ines  and filling-station air-supply 
"'tee'' and remove cap and cap deck 

1.3 tnin 

4.6 hr 

Special wrench and t w o  
n~ode l  8 manipulators 

Standard hot-cell tools 

1.5 hr Standard hot-cell tools  

Remove clamp assembly, screw, 
b e s h g s ,  and springs; remove slide 
assembly and cnp-loader actuator 1.7 hr Standard hot-nell tools 

........- 
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s torage  vesse ls .  F e e d  far the  process will b e  
brought in  by shielded cask from the  Purex and 
Redox p lan ts .  

T h e  p r o c e s s  f lowsheet  for the  pot-calcination 
portion of t h e  pilot plant is showti i n  Fig. 3.15. 
I t  wil l  inc lude  ar. induction furnace for hea t ing  
pots  of up to  12  in. i n  diameter arid G ft long. T h e  
evaporator can  be operated batchwise or continil- 
ously.  For ba tch  operation the ca lc iner  feed tank 
wil l  b e  the  pot feed source,  while  cont inuous 
operation wil l  require that  t h e  evaporator b e  di- 
rectly connected to the  pot. Provision is also 
made to  c a t c h  the pot condensa te  separa te ly  or t o  
feed i t  continuously by gravity to the evaporator. 
T h e  overhead vapors from the  evaporator will be  
condensed and then fractionated to produce water  
and nitric acid.  The noneondensable  g a s e s  will 

be  f i l tered,  p a s s e d  through a s i l ica-gel  trap for 
ruthenium, scrubbed in  a packed tower, and  re- 
filtered before d ischarge  into the  cel l -exhaust  
sys tem,  

A spray ca lc iner  will b e  operated u s i n g  the  same 
off-gas sys tem as t h e  pot calciner  and also t h e  
batch ra lc iner  feed tank and pump for feeding. 
Provis ions  wil l  be  made to USE t h e  same external. 
induction-heating equipment for both processes .  

A layout of t h c  major equipment i t ems  is shown 
i n  Fig. 3.16. A unique sys tem tha t  combines 
remote and direct  maintanence is used.  The ves-  
se!s will  be mounted on racks,  with remote dis-  
c o n n e c t s  on the  piping b e t w e n  racks  so that  an  
en t i re  rack c a n  be removed remotely, decontamina- 
ted, and maintained directly i n  an  air-lock cell 
loca ted  jus t  ou ts ide  the  calcinat ion ce l l .  Service 
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connect ions to  e a c h  rack wil l  be iilade a t  t h e  
sh ie lded  cubic les .  T h i s  will permit the  direct  
connect ion of t h e  l i n e s  f rom the operating area 
af ter  a plug (containing the  p i p e s  and fas tened  
t o  the  rack) h a s  been inser ted i n  the  cubic le  from 
t h e  cell s ide.  A door on the operating-area s i d e  
will sh ie ld  t h e s e  l ines ,  so it will be  necessary  t o  
par t ia l ly  decontaminate  them hefore the  connect ions 
c a n  be broken after hot operation. 

Laboratory work included character izat ion of 
liquid-vapor equi l ibr ia ,  determination of waste boil- 
down charac te r i s t ics ,  g l a s s  formation, and s u l f a t r  
loss during glass formation f r o m  Pure:: F'rkV-65 

simulated w a s t e s .  Further  work was  also done on 
the  leaching  charac te r i s t ics  of Ilarex g l a s s e s ,  on 
glass formation and su l fa te  loss from high-sulfate 
Purex  was te ,  on the  x-ray s t ructure  of t h e  g l a s s y  
products ,  on the  removal of mercury s a l t s  from t h e  
w a s t e  prior t o  g l a s s  formation, on t h e  thermal 
conductivity o f  powders and so l id  mater ia ls ,  and 
on t h e  corrosion of types  304L and 347 s t a i n l e s s  
s t e e l  utnder condi t ions expected for glasslnaking 
both for the  p o t s  and the  off-gas system. Semi- 
cont inuous,  semiengineer ing-scale  glass-fixation 
experiments  were carr ied out with TBP-25, D ~ E X ,  
and FTW-65 w a s t e  types.  Synthet ic  nonradioact ive 
wastes were  used i n  all experimental work. 

Fixat ion in  Glassy  Solids, ..- The objec t ives  of 
t h i s  program a r e  (1) to fix the f i ss ion  products  i n  a 
mechanically s t rong,  insoluble  so l id  s u i t a b l e  for 
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s to rage  for a n  indefinitely long time with minimum 
or no survei l lance;  (2) to achieve a large reduction 
in  the volume of the was te  i n  order t o  d e c r e a s e  the  
s to rage  s p a c e ;  (3 )  t o  form a d e n s e  product to allow 
t h e  maximum transfer rate of fission product hea t  
t o  the surroundings and t o  permit the u s e  of large 
s to rage  containers  (pots); (4) to incorporate  a l l  
f i s s ion  products  in to  the sol id  i n  order t o  e l iminate  
the  r ecyc le  of intermediate- and low-level s ide 
s t i eams ;  and (5) t o  hold the  maximum temperature 
as low as poss ib l e  (-~900”C and <1050°C as a n  
upper limit) i n  order to  allow the  u s e  of s t a i n l e s s  
s t e e l  containers .  

T h e  s u c c e s s f u l  incorporation of TBP-25 w a s t e s  
in  phosphate  g l a s s e s  that sof ten at temperatures 
as low as 800’C w a s  reported previously.  Several  
semicontinuous,  semiengineer ing-scale  (4-in.-diam 
x 24-in.ehigh pot) experiments were performed to 
study the fixation of t iacer  ruthenium and prorne- 
thium in order to dis t inguish between vola t i le  and 
entrained ruthenium. About 0 1% entrainment oc- 
curred from the  pot a long with the volat i l izat ion of 
12 to 25% of the iuthcnium. In previous small-  
scale hatch and semicontinuous expmirncnts oper- 
a ted  at a fixed l iquid leve l ,  the  p re sence  of hy- 
pophosphite or phosphate  i n  t h e  f ixa t ion  po t  
reduced the  volati l i ty of ruthenium to about 0.1%. 
Operation with a slowly r i s ing  liquid l e v e l  (which 
i s  t h e  preferred method for g l a s s  formation) did 
not reproduce t h e s e  resu l t s .  Apparently,  ruthenium 
is vol ta l ized from thP material  tha t  s p a t t e r s  on the  
hot wa l l s  of t h e  pot during the  thermal decomposi- 
tion of the  ni t ra tes .  In engineering tests, pas -  
s a g e  of the  off-gas from the pot through a continu- 
o u s  evaporator gave a ruthenium decontamination 
factor  (DF) of about 1000. T h e  volati l i ty of 
ruthenium from the  evaporator c a n  be  dec reased  
further, if necessa ry ,  by the  p re sence  QE 0.1 to 
0.2 M phosphite in  the  evaporator.6 

Darex products spiked with Csl 3 7  and sub jec t ed  
to leaching t e s t s  i n  c i rculat ing d is t i l l ed  water 
showed tha t  a ceramic containing about 25% was te  
ox ides  l eached  about 1000 t imes fas te r  than a 
glass containing about 15% w a s t e  ox ides  (melts 
2 and 3, Tab le  3.6). This is cons i s t en t  with 
previously reported resu l t s  on TRP-25 and Purex  

5Chem. Technol. D i v .  Ann. Progr. Rept .  May 31,  
1961, ORNE-3153, p 46. 

‘€1. W. Godbee and W. E. Clark, “The U s e  O f  Phos- 
phite and Hypophosphite to Fix Ruthenium from High- 
Activity Wastes in Solid Media,*’ Ind. En& Chem., 
P K O ~ .  Res. Develop.,  June 1963 (in press). 

products (Fig.  3.17). A I-in,-diam s t a i n l e s s  
s t e e l  f ixation pot, 24 in. long and ahout two-thirds 
f i l led with a l ead  phosphate  g l a s s  containing 25 
wt % TBP w a s t e  oxides ,  developed ia vacuum that  
s lowly increased to about 30 in. of water when 
hea ted  t o  900°C for 24 days ,  T h e  internal  pres- 
s u r e  never  exceeded atmospheric.  Subsequent 
s ec t ion ing  of t h e  pot and comparison with a pot 
sub jec t ed  only t o  the  fixation p rocess  revealed 
tha t  n o  s ignif icant  corrosion had taken p l ace  dur- 
ing t h e  ex t ra  heat ing period. T h e  so l id  remained 
g lassy .  

Semicontinuous,  semiengineer ing-scale  fixation 
of Darex w a s t e  in  an aluminophosphate ceramic 
(No. I ,  T a b l e  3.6) produced a n  extremely hard 
and s t rong  so l id  representing a volume reduction 
of S.l.  This so l id  w a s  unsat isfactory b e c a u s e  
i t  expanded s l ight ly  on cooling, c a u s i n g  the  fixa- 
t ion pot t o  s t ick  in the  furnace liner. 

Melts in  which barium and lead ox ides  were 
added to s imulated Purex  1 W W  was te  (plus t h e  
s tandard addi t ives  calcium, sodium, magnesium, 

U M C L A S S t i  I EO 

&REX CEF i i rM I  

Fig. 3.17. L e a c h  Rate of Glasses Made with Purex, 

Darex, and TBP-25 Waste Solutions in Woter a t  25°C. 



Table 3.6. tornposi:ions of TBP-25, Dorex, cnd Burex G l a s s y  Produc:s Produced in Scouting Experiments 

Meit Designation and Type  
~~ ~ ~ ~ ~~~~ ~ _ _ _ _ ~  

No. 1, TBP-25; No. 2, 
No, 5, purex No- 6,  FTW-65; No. 4, Darex; Semiengineering-Scale Darex; No. 3 ,  Darex; 

Fixation Leach  T e s t  Leach  Leach Tes*; Semiengineering-Scale 1ww; Semiengineering-Scale 
F ixa t ion  Leach  T e s t  Fixation and Prolonged Healing Test 

Additive ( g a a l e s  per lite; 
G f  W s s T e )  

H3P0 ,  
N a H z P Q 4 * H 2 0  
S aH ,PO,*H,O 
Rla,B,O,* 10E23 
B,Z, 
.41(N03) ,.9H 2O 
Ca(OH), 
XgcI 
PbO 

NaOH 

Composition of the solid (wt 
% of oxides, ::leoreiical) 

A 1 2 0 3  
CaO 
Na 2O 

vgo 
F e p 3  

C r 2 3 3  
xi0 
MnO 
P bO 

RUO , 
?2O5 
so , 
I3 2 0 3  
S i 0  
F- 

0.4 1.52 
2.0 3.0 

2.0 
3.32 

2.8 
1.14 
1.0 

2.4 0.34 
0.172 

I.! 
1.5 4 .3  0.08 

0.07 
0.80 

1.57 
0.250 

0.4 G.38 

25.0 

18.6 

'3.05 

22.9 12.3 

15.4 

13.2 

13.2 

1.4 7.9 
5 . G  

27.2 19.7 2L.8 
8.7 

10.7 
0.2 
0.2 

10.5 
3.9 

1.4 

0.4 

10.0 
1.9 
0.5 

15.9 
0.01 

43.5 
0.003 

37.3 
0.1 

29.0 
21.5 

6.4 

0.4 
30.9 
15.7 

35.3 

12.0 

35.3 

13.2 4.8 

0.1 

0.5 

Tota l  100.0 400.0 100.1 



Table 3.6. (continued) 

Melt Designation and Type 

NO. 1, TBP-25; No. 2, 
Semiengineering-Scale Darex; No. 3 ,  Darex; No. 4, Darex; Eo. 5, purex No. 6, FTW-65 

Semiengineering-Scale 
Fixation 

1ww; 
Leach  T e s t  

Leach Tes Semiengineering-Scale Fixation Leach T e s t  Leach  
Fixation and Prolonged Heating T e s t  

Waste oxides (wt 70) 

Softening temperature, (OC)  

Bulk density 
Volume reduction from 

liquid waste 
Leach rate" 

b so, lost  (70) 

Appearance 

26.0 
900 
2.84 

8.1 
4.3 x IO-' 

Greenish-white 
g l a s s  

15.3 25.0 
800 900 
2.61 2.86 

25.0 
8 50 
2.65 

2.5 4.9 5.1 
1.4 X 4.0 X 

Brown-black Black ceramic; Black rock; very 
g l a s s  glassy i f  hard 

quenched 

39.1 

a40 
2.70 

45.0 
8 50 

U 
k, 

7.5 30.3 

1.03 

51.2 2-9' 
Green ceramic; Dark-brown crystal-  

glassy if line rock; hard 
quenched 

aGrams cm-2 day-' after 30 days in contact with circulating disti l led water a t  -25OC; 
bBased on weight los t  when held 100°C above the softening temperature. 
'The higher figure was obtained frcm thermcgravimetric measurements; the lower was  obtained from analys is  of the off-gas from the fixation experi- 

rate is based on removal of CsI3' from the solid. 

ment. 



phosphate ,  and borate) showed l i t t l e  improvement 
over previously reported composi t ions,  e i ther  in 
phys ica l  properties or in  t h e  retention of su l fa te .  
Waste o x i d e s  varied from 19 t o  40 wt 75 in  t h e s e  
tests. Variation of s tandard addi t ives  produced 
a few melts ,  containing 39 to 12 wt % w a s t e  
oxides ,  which retained up t o  97% of the  SO, wlieri 
hea ted  a t  100°C above their  sof tening temperatures 
for 100 min (Table  3.7). Melts that  contained a 
s toichiometr ic  e x c e s s  of a lka l i  and alkaline-earth 
metals  over  the anions P O , " ,  SO,'-, and 130,- 
general ly  re ta ined more su l fa te ;  mel t s  with an 
anion e x c e s s  l o s t  more su l fa te  and were iiiore 
l ikely t o  produce a g l a s s y  product. N o  s imple 
correlat ion w a s  possible .  

Solubility and vapor-liquid equilibrium d a t a  were 
obtained for s imulated FTW-65 was te .  T h e  w a s t e  
c a n  be  concentrated foiirfold without inducing t h e  
precipi ta t ion of so l ids .  Ruthenium volatility dnr- 
ing  equilibrium dis t i l la t ion of FTW-65 w a s  a s  
predicted froin t h e  plot of the  logarithm of [Ru 
(vapor)J/[Ru (soln)] v s  HNO,, published pre- 
viously. Solid fixation products containing 45% 
w a s t e  oxides  were made by t h e  addition of phos- 
phi te ,  sodium, calcium, magnesium, and aluriiinuin 
( T a b l e  3.8). Several had  excel lent  phys ica l  prop- 
e r t i e s ,  and a few l o s t  less than 10% of t h e  sulfate .  
One of t h e s e  (No. A-1, T a b l e  3.8; No. 6, 'Table 
3.6) w a s  also tes ted  i n  a semicont inuous run in  a 
pot 4 in. in diameter and 24 in. long. Less than 
2% of t h e  s u l f a t e  w a s  foilrid in t h e  condensa te  and 
off-gas, and t h e  volume reduction factor  from the  
unconcentrated FTW-65 solut ion to t h e  melt was 
> 30. 

Removal of Mercury. - Mercury compounds in 
w a s t e  so lu t ions  present  a piohlem during calcina-  
tion-fixation. T h e  compounds are uns tab le  at 700 
t o  1000°C, and mercury is volat i l ized with the  
last of t h e  water  vapor, nitric ac id ,  and oxides  of 
nitrogen. Attempts t o  se lec t ive ly  condense  mer- 
cury resu l ted  in  the  col lect ion of about 50% of i t  
i n  both laboratory- and engineering-scale experi- 
ments. The remainder was dis t r ibuted throughout 
the off-gas system. 

P a s s a g e  of t h e  w a s t e  solut ion through a column 
packed with copper s h o t  and turnings removed 
m o r e  than 99.9% of t h e  mercury from FTW-65 
w a s t e ,  but added two to three t imes  as  much cop- 
per to the  w a s t e  as would b e  predicted f r o m  t h e  
s imple displacement  of mercury by copper. 

Therma I Conductivity. Effect ive thermal con- 
duc t iv i t ies  were measured for magnesia ,  alumina, 

and zirconia  powdms in  ai r  a t  a tmospheric  pres- 
s u r e  a t  temperatures  from 200 t o  1500°C. 'The 
volume fraction of t h e  so l id  in  the  heterogeneous 
s y s t e m s  varied from 0.49 to 0.70. Measurements 
were made by a s teady-state  method based  on 
radial  h e a t  flow i n  a hollow cylinder. 4. few meas- 
urements were made by an unsteady-state  method 
in  order t o  corroborate t h e  s teady-s ta te  m e a s i i r e -  
ments. 'The unsteady-state  method is b a s e d  on 
t h e  hea t ing  of a cylinder of a perfect conductor 
surrounded by a n  infinite amount of t h e  material 
whose conductivity i s  being m e a s u r e d  

T h e  powders had mean par t ic les  sizes ranging 
from about  255 to 895 p, a s  determined by screen-  
ing. l 'he par t ic les  had l i t t l e  or no porosity, a s  
would h e  expected for powders prepared from fused 
and crushed  oxides .  T h e  sur face  a r e a  (determined 
by the  BET nitrogen-adsorption inethodj of t h e  
powders ranged from 0.03 to 0.12 m2/g.  

T h e  ef fec t ive  thermal conductivity of all t h e  
powders increased  with increasing temperature 
(Fig. 3.18). T h e  variation of effect ive thermal. 
conduct ivi ty  was approximately quadrat ic  with 
temperature. Since t h e  thermal conductivity of 
both theoret ical ly  d e n s e  zirconia  and a i r  i n c r e a s e s  
with temperature, the  effect ive thermal conductiv- 
i ty  of a zirconia  powder would b e  expec ted  to 
i n c r e a s e  with increasing temperature. However, 
t h e  thermal conduct ivi t ies  of theoret ical ly  d e n s e  
magnesia  and alumina both d e c r e a s e  with increas-  
ing  temperature  (over  t h e  range of temperature 
s tudied);  therefore, a priori argument would not 
necessar i ly  predict t h a t  t h e  e f fec t ive  thermal 
conduct ivi t ies  of t h e s e  three  powders would in- 
crease with increas ing  temperature. T h e  i n c r e a s e  
i n  conduct iv i t ies  with increasing temperature 
means that  t h e  gas conductivity h a s  more inf luence 
on t h e  conductivity of t h e  composi te  body than 
d o e s  t h e  so l id  conductivity. FOP a spec i f ic  powder 
t h e  effect ive thermal conductivity i n c r e a s e s  with 
increas ing  volume fraction of t h e  so l id  (F ig .  3.19). 

Corrosion. - T h e  limiting factor in  t h e  des ign  
of t h e  fixation pot is bel ieved to b e  t h e  corrosion 
of t h e  t o p  of the  pot when filled with glass  and 
subjec ted  to a high temperature (up  t o  335e3"C) 
j u s t  before its removal from t h e  furnace. Since 
t h e  pot is suspended  from top f langes ,  t h e  en t i re  
weight of t h e  pot and i t s  charge must b e  he ld  by 
t h e  pot wall. Corrosion work w a s  done by members 
of the  Reactor  Chemistry Division. 

Experiments  were performed in which s imulated 
high-sulfate  Purex w a s t e  mixed with glassmaking 

- 



Table 3.7. Sulfate Volatility from Experimental Melts Containing 39 i o  43% Simulated High-Sulfate Purex Waste Oxides 

(Purex xTraste composition, M: 6.1 NOj-, 5.6 H', 1.0 Soq'-, 0.5 Fe3', 0.1 AI3*, 0.01 Cr3', 0.01 Xi", 0.02 Ru) 

:rlcit U m b e r  

1 2 3 4 5 6 

Additives (g-moles pet liter 0:' waste) 

Ca:OH)2 
MgO 
Na,B,O,. 10H ,O 

Con;position of melt  
( w t  %of oxides, theoretical) 

A i  2O 
Fa,03  

Na,O 

C * P ,  
NiO 

Wt ',5 of waste oxides, theore:icala 
Excess cacion equrvalen ts 
Excess amon equivalents 

Ratio ' 
Approximete softening temp (^C} 
SO, lust during IOU mi:! 

ai ?Oll'c' abovc softening temp (w: %j 

/ gcquiv. Ns + CnZt  h4g2+ - \ gequiv .  SO,'- + i'0,- + 

1.26 

1.36 
0.41 

11.8 
1.5 

29.4 
0.2 
0.2 
0.1 

23.6 
26.2 
6.9 

~ 

99 .Y 

42.7 
0.79 

1.24 

8 50 

5.3 

I. 26 

0.61 
0.41 

0.125 

11.5 
1.5 

24.2 
0.2 
e. 2 
0.1 

22.9 
25.8 

S.X 

5.0 

100.2 
41.6 

__ 

0.21 

0.944 

850 

22.0 

1.25 

D.76 
0.41 
0.33 

11.7 
1.5 

23.9 
0.2 
0.2 
5,. 1 

23.5 
26.4 
9.0 
3.6 

__ 
1c.o. 1 
42.6 
D.79 

1.24 

880 

?. 1 

1.3 

0.66 
0.41 

0.50 

10.9 
1.4 

2.3.0 
0.2 
0.2 
0.1 

21.9 
34.2 
5.4 

100.2 

3Y.5 

0.21 

0.944 

803 

Excessive 

1.46 

0.42 
0.92 

:1 1 
1.5 

21.7 
3.2 
3.2 
0.1 

21.0 
29.5 
14.8 

- 
100.1 
39.1 
0.86 

1.25 

875 

19.3 

1.56 

0.98 
0.40 

11.2 
i.5 

27.6 
0.2 
0.2 
0.1 

21.2 
31.7 

6.3 

100.0 

39.4 
0.35 

1.11 

6 00 

12.5 

7 8 

1.46 

1.08 
0.53 

11.2 
1.5 

27.5 
0.2 
0.2 
0.1 

22.1 
29.6 

5.5 

- 
99.9 
39.4 
0.74 

1.21 

a 50 

95 5 

I. 26 
0.51 

0.9'2 

11.0 
i. 5 

16.0 
0 . 2  
D. 2 
0.1 

20.9 
35.5 
14.7 

~ 

100.1 
38.8 

0.07 

0.982 

9 50 

14.3 
Appearance Gray-while; crystal- Light-taa; weak; glassv Dark-brown; strong; c::is- Gray; cristdi- Lighi-green; crys- Lrgh:-gr.y; crys- Light greenish-gray; Shiny; gray; 

line; strong on:y if qucnched taliine; some voiis Line; mdsh tailinc railinr crqstailine metallic 
- ~~ 

aAssumes all Iig to he vohtLired. 
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IJN C L ASS I F IE D 

TEMP CFi A T  U 3 C [ 'F 1 

Fig. 3.18. Voriot ion of Thermal Conductivi ty  w i th  

Temperature for MgO, A1203, and ZrOZ Powders i n  Air 

at Atmospheric Pressure. 

Fig.  3.19, Vor iat ion of Thermal Conductivity with 
Temperature, w i th  Volwme Froction Solid Q S  Q PQ- 
rameter, for an MgO Powder i n  Air  ut Atmospheric 

Pressure. 

ingredients  w a s  evaporated i n  a t y p e  304L s ta in-  
less s t e e l  pot that  was heated  t o  1050°G for 96 
hr under a tens ion  of 315 psi. Maximum elotiga- 
tion w a s  1.49 x in./in. At  150 p s i  elonga- 
t ions of 9.4 x to 5.4 Y. in./in. were 
measured.  Coupon spec imens  exposed  i n s i d e  t h e  
pot showed corrosion r a t e s  of 19 t o  47 mils/month, 
and  a weld tha t  indicated porosity before t h e  t e s t  
showed loca l ized  at tack.  

In t e s t s  i n  which FTW-65 w a s t e  w a s  evaporated 
a n d  ca lc ined  a t  900°C with arid without added 
calcium ni t ra te ,  t h e  most aggress ive  corrosion 
occurred when water w a s  retained i n  t h e  product 
u p  to high temperature. T h e  presence of 0.02 M 
F- increased  the  amount of corrosion. The 
addi t ion of suff ic ient  calcium ( a s  ni t ra te)  t o  fal- 
f i l l  t h e  ra t io  

Chemical equivalents  (Na' + Ca2 +) 

Chemical  equivalents  (SO,'- + PO,- + F-) 
- - 2  1.1 

prevented e x c e s s i v e  corrosion, provided tha t  t h e  
addi t ive  w a s  uniformly mixed in  the  ca lc ined  
product. Calcium addition w a s  incorporated into 
t h e  s tandard  procedure. Type  304L s t a i n l e s s  
s t e e l  is recommended as t h e  b e s t  s t a i n l e s s  steel 
for u s e  a s  the  material of construct ion for fixation 
pots .  

T y p e s  304L and 347 s t a i n l e s s  s t e e l  exposed  a t  
305°C in off-gases  lrom the  evaporat ion of Purex  
1 W W  corroded a t  maximum ra tes  of about 3 mil s /  
month, ind ica t ing  tha t  e i ther  of t h e s e  s t e e l s  c a n  
b e  u s e d  for t h e  off-gas sys tem immediately above 
t h e  pot. Welded spec imens  of type 384, s t a i n l e s s  
s t e e l ,  Hastel loy F, titanium 45A, d i d  304L stairi- 
l e s s  s t e e l -  titanium 4% couples  a l l  showed s l igh t  
weight  ga ins  a f te r  1584 hr of exposure in t h e  solu- 
tion, interface,  and vapor p h a s e s  of rei luxing FTW- 
65 was te ;  hence  they a r e  also sat isfactory mate- 
r ia l s  of construction for t h e  off-gas system. 

Welded spec imens  of type 304L s t a i n l e s s  s t e e l  
t e s t e d  at 300°C for 672 hr i n  contac t  with sodium 
chlor ide (with and without added water, MgCl,, or 
CaSQ4, and a combination of t h e  three) showed a 
maximum corrosion ra te  of 0-9.3 rnil/month. U n l e s s  
more aggress ive  a t tack  occurs  with increased  
exposure  t ime ,  corrosion r a t e s  of pots s tored  i n  a 
dry s a l t  mine should b e  sat isfactor i ly  low. 

Hot-Cell Demonstration with  Radioactive Waste 

Sta in less  steel equipment w a s  assembled  for 
u s e  in  experiments  on t h e  calcinat ion of radio- 
a c t i v e  w a s t e s  on a 10- to 30-liter scale. Con- 
cent ra ted  liquid w a s t e  from t h e  Hanford and  Idaho 
radiochemical  separa t ions  p lan ts  ( s e e  Fig. 3.17 
in ref 1) wil l  b e  used.  T h e  t e s t s  wi l l  include 
evaporat ion,  cont inuous addition and  evaporation 
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of the  ad jus ted  feed in a res is tance-heated cal-  
c iner  poi, and calcinat ion of t h e  residiie a t  about  
900OC. G a s e s  evolved diiring evaporation and 
ca lc ina t ion  will be condensed and co l lec ted .  Non- 
condensable  g a s e s  will be scrubbed with c a u s t i c  
and recycled continuously. T h e  loaded ca lc iner  
pots ,  af ter  cooling, wil l  be  disconnected,  equipped 
with instruments  to  monitor iemperature and pres- 
sure ,  and then transferred t o  a s torage  s i t e  for 
long-term observation. T e n  calcinat ion,  th ree  
glass-f ixat ion,  and f ive  evaporation experiments  
are planned,  and high-level radioact ive P urex 
w a s t e s  from t h e  Hanford and TEP-25 w a s t e  from 
t h e  Idaho chemical  process ing  p lan ts  wil l  b e  used.  
In addi t ion,  one  experiment will be  made with 
Purex  w a s t e  containing n o  sulfate .  A liquid- 
w a s t e  shipping carrier w a s  constriicted and t e s t e d  
for t h e  shipnierit of Furex 1 W W  from Hanford to  
ORNL. 

3 .2  TREATMEN7 OF LOW-LEV~L WASTE 

T h e  development of a scavenp,ing-precipitation 
ion exchange process  for t h e  routine removal of 
t r a c e  amounts of f i ss ion  products  from large vol- 
u m e s  of process  wafer h a s  progressed tiiiough t h e  
laboratory, des ign ,  and pilot-plant phas  
s e r i e s  of 16 runs in a 600-gph pilot plant, t h e  
economic, chemical ,  and equipment fac tors  of t h e  
p r o c e s s  were evaluated.  A complete  descr ipt ion 
of t h e  p r o c e s s  and an evaluat ion of resu l t s  h a v e  
been published,'P7*' 

In t h i s  process ,  s l ight ly  radioact ive waste 
water from t h e  million-gallon ORNL equal izat ion 
bas in  is pumped into t h e  plant  a t  10 gpin, where i t  
is made 0.01 M lii NaOH ill a f lash mixer with am 
18-sec holdup. Ferrous s u l f a t e  is added t o  t h e  
mixer  a s  E coagulant  (final iron concentrat ion,  
5 ppm). 'The  solut ion then flows by giat-ity t o  a 
lightly agitate:! 27O-gal flocculator, where t h e  
floc of insoluble  carbonates ,  a lgae,  foreign sed i -  
ment, and ferric hydroxide agglomerates  into la rge  
par t ic les ,  which car iy  a s ignif icant  fraction of t h e  

7R. R. hinlcoirrb Lo.v-.Radoact~vity.leve! Waste 
1 i ea tmml .  Part 1. Laboratory Development of a 
Scaven&.?g F'reripitatturi lon-,%xchange Piocoss  for  
Dpcontdr ni ia :~on of Process  Watt?: vJ,-stes, ORNL-3322. 

'R. b. siooksiidnh &: al., par:  11. L O W  I,eve1 I'aste 
Trcaimerit and Prlot Plant Demonstration of the Re-  
moval of Actrvr ty  from LOXJ L e v e l  Process  Tas t e  by a 
Scavencr-@-Pon Exchange Process ,  O R N L - W W  (May 
13, la6.3). 

- 

f i ss ion  products. T h e  solut ion and floc flow, 
aga in  by gravity, to a 1980-gal c lar i f ier ,  where 
t h e  so lu t ions  p a s s  up through a 4- t o  5-ft-thick 
s ludge  blanket .  'The s ludge ,  containing 60% of 
t h e  Sr9 O ,  i s  continuously withdrawn; f i l tered,  and 
packaged for d i sposa l .  'The clar i f ier  eff luent  is 
transferred to a surge  drum and then pumped 
through a s a n d  or anthraci te  pol ishing f i l ter  for 
addi t ional  hardness  and turbidity removal. T h e  
f i l tered solut ion is pumped through one  of two 
res in  columns f i l led with 7B gal  of Diiolite CS-100 
ca t ion  exchange  resin t o  remove t h e  remaining 
hazardous  f i ss ion  products, principally C s l  3 7  and 

When 2000 resin-bed volumes (56,000 gal  of 
w a s t e  watzr) have  been  p a s s e d  through t h e  bed, 
t h e  feed  is stopped,  t h e  f i ss ion  products  a r e  
e lu ted  with 10 volumes of 0 , s  M HNO,, and t h e  
resin is viashed with water  and regenerated with 
0.1 M NaOH. 

T h e  pilot-plant equipment was recently revised 
t o  t e s t  an improved flocculation unit, cont inuous 
ion exchange ,  inorganic and organic  exchange 
media for t h e  removal of ruthenium and phosphate ,  
and Eoani separat ion.  The  revised pilot plant  wil l  
b e  in  operation in l a t e  1963. 

srgO. 

S E a v 2 n g ; n g - 13 a z c i pi tu c i Q n 3 on 5 xc h B 61 g c P roc E s s 

P i I ot- P ka n t Pssfsrrnonc e .  Seven addi t ional  
runs WEE completed i n  the  600-gph pi lot  plant '** 
for t e s t i n g  t h e  scavenging-precigitation ion ex- 
change process .  Volumes of 42.000 t o  90,000 gal  
of ORNT, process  waste vmte: ( T a b l e  3.9) were 
t r c a t d  per run, icpresant ing 1 9 0  t o  1940 resin-  
bed volumes;. During the Fight-month demonstra- 
tion period (16 r u m ) ,  1.3 x l o 6  gal  of O R N i  prs- 
cess wastr w a s  treated.' 
In all but two runs (HF-12 and MF-1.2, T a b l e  

3-10), t h e  average act ivi ty  of t h e  process  effllient 
was less than 3% of thp  I'APCtv values9  for a l l  
i s o t o p e s  for continuous occupat ional  exposlirr 
(Tahl r  3.11). f h e  i so topes  considered the  greatest  
hea l th  hazards  (SrgO and average 1.10 and 
0.30%, izs;ectlvely, of t h e  MPC.w for continuous 
occupat ional  expohure in  the ef12uent. Othc: 
principal f i s s ion  piodurt  contaniinants, ( :06 O 2nd 

9pr- - . :  ..-,.mwrn Pe.znissible Body Burdens and Madmum 

Pcrr i i i s~ ib le  Concentrations in Air and in Water for 
Occupsfional f i x p o s u r e ,  NEE Elandhook 69, June 5, 
1959. 



total  rare  edr ths ,  were  0.17 and 0.3575 of MPC, 
respect ively.  Decontamination factors  for Sr and 
c ‘ s ’ ~ ~  ranged from 2000 to 12,000 and from 77 to 
3400, respec t ive ly ,  f o r  all but four runs of t h e  dem- 
onstrat ion s e r i e s .  Low decontamination in  t h e s e  
runs w a s  c a u s e d  by hexametaphosphate  in  the  feed 
water  (HR-12 and  HK-14), low pW of t h e  water  
(11.3 rather  than 12.0) fed to the  ion exchange col- 
umns (HF-15), or t h e  u s e  of e x c e s s i v e  amounts  
of Na,CO, added to reduce  t h e  e f f e c t s  of the  
phosphate  (HI?-16). 

The scavenging-ion e x c h m g e  process  produced 
s i g n i f i a n t  ly bet ter  removal of major f i ss ion  prod- 
u c t s  than the  l i m e s o d a  p t o c c s s  (Table  3.12) for 
a five-month period (November I961 to March 
1962). During th i s  period, 43 x gal  of low- 
l e v e l  w a s t e  w a s  t reated in  t h e  lime-soda plant  
and 0.6 Y IO& gal  i n  t h e  w a s t e  pilot plant. 

Premature breakthrough of Sr9’ to t h e  effluent 
occurred i n  runs  FIR-12 and HR-14 ( T a b l e  3-10)‘ 
T h e  breakthrough (at  t h e  l%-of-MPCw leve l )  oc- 
curred a f te r  760 and 1160 res in  bed  volumes of 
water ,  respec t ive ly ,  had been t reated.  T11c cause 
of t h e  breakthrough w a s  the presence  of 2 to 5 ppm 
of to ta l  phosphate  (trom decontamination solutions) 
i n  t h e  influent stream. T h e  phosphate  prevented 
complete  precipi ta t ion of calcium, and t h e  calcrum 
produced premature breakthrough of C s  Erom 
t h e  ion exchange  column. In t h e  head-end, or 
precipi ta t ion,  portion of t h e  process ,  so luble  
calcium and magnesium a r e  precipi ta ted dnd re-  
moved to prevent their loading on t h e  ion exchdnge 
columns.  Hexametaphosphate  o r  o ther  phosphates  
i n  the feed water  interfered with hardness  pre- 

Table 3.9. Avetage Radiochemical  A n a l y s i s  of O R N L  
Process Waste Water During Pilot-Plant T e s t s  

Nuclide Activity (dis min-* ml- . ‘ )  

G r o s s  p 
Gross y 

Total rare earths, p 
Sr 90 

eo6* 

R U 1 O 6  

cs137 

Zr-Nb 

36.2 

88.5 

9.3 

86.4 

130.2 

7.7 

54.4 

<2.3 

cipi ta t ion by reducing t h e  sur face  a r e a  of t h e  
carbonate  precipi ta te  ava i lab le  for seeding.  T h i s  
inrerference w a s  overcome by t h e  addi t ion of 
0.005 M N a 2 C 0 ,  i n  the precipitation s t e p  in  runs 
TIR-15 and HR-16. However, the  addition of an  ex-  
cess of N a 2 C 0 ,  i n  WR-16 caused  ear ly  breakthrough 
of C:sl 3 7  from t h e  ion exLhange column. T h u s ,  the  
removal eff ic iency of Cs”’ by ion  exchange de- 
pended on t h e  pH of t h e  adjusted feed solut ion,  
t h e  to ta l  hardness ,  and t h e  sodium concentrat ion 
i n  t h e  t e e d  t o  t h e  res in  column. T h e s e  var iab les  
c a n  be  sa t j s fac tor i ly  controlled to achieve  spec i -  
f ied decontamination o f  low-level waste ,  even  in 
t h c  presence  of high phosphate  concentrat ions.  

A c o s t  s tudy  for a 750,000 gal/day plant  us ing  
t h e  scavenging-precipital ion ion  exchange process  
w a s  prepared, b a s e d  on ptlot-plant t e s t s  ( T a b l e  
3.13j. A cost of $0.72 per  1000 gal  w a s  ca lcu la ted  
for normal operat ion with 2000 ion exchange  resiti- 
bed volumes of w a s t e  t reated per  cyc le ,  with de- 
contamitiati on fac tors  greater  than 1000 for both 
ces ium and strontium. However, when QRNL low- 
act ivi ty  w a s t e  conta ins  more than 2 ppm of hexa- 
metaphosphate  ( c a u s e d  generally by t h e  heavy u s e  
of htlxiametaphosphate c l e a n s e r s  for equipment 
decontamination), t h e  throughput rate of t h e  ion 
exchange  column without t h e  addition of Na,C03 
d e c r e a s e s  to 500 bed volumes per c y c l e  before 
strontium begins  to break through. ‘The operat ing 
cost a t  th i s  throughput ra te  is  $1.32 per 1000 gal 
(Table  3.12). Throughput c a n  be increased  to 
grea te r  than 3000 bed volumes before strontium 
breaks  through (but only 900 bed volumes per 
c:yclc before cesium breaks  through) tiy t h e  addi- 
t ion  of 0.005 M Na2C0, i n  t h e  head  end. T h e  
carbonate  c o s t s  1 0 . 6 ~  per 1000 gal, making a total  
of $1.02 per 1001) gal  for a throughput ra te  of 1000 
bed volumes per  cycle .  ‘Thus it is cheaper  to add 
carbrmate to overcome phosphate-induced difficul- 
ties than t o  reduce t h e  number of bed volumes 
t rea ted  per ion exchange c y c l e  to maintain t h e  high 
decontamination specif ied.  

Laboratory Studies. - Laboratory s t u d i e s  were 
d i rec ted  toward descr ibing and counteract ing t h e  
tendency toward calcium and magnesium super-  
sa tura t ion  in the  scavenging-precipitataon s t e p ,  
eva lua t ing  t h e  effect of complexing a g e n t s  on t h e  
precipi ta t ion s t e p ,  and determining t h e  quant i ta t ive 
e f fec t  of sodium and hardness  (calcium and mag- 
nesium) on t h e  ion exchange s tep .  

Scavenging Precipitation. - T h e  caustic-cop- 
p e r a s  treatment for t h e  precipitation of hardness ,  



Table 3.10. Overall Removal of Act iv i ty  from QRNL Waste 

Resin- 
Red 

Volumes 

2000 
i533 
2086 
1959 
1789 
1500 
2046 
2593 
271 I 
3118 
2086 
300 
800 

1300 
i80C 
2000 

‘100 
800 

213.: 
i5oc 

360 
853  

!563 

300 
832 

13>0 
17013 
19::: 
.% i 
$33 
124;. 
17al 
6 3  
90 3 

1353 
1601 

_ _ _ ~  

es 1 .17 

- 

Zr-Nb95 Ru I O 6  -___ T R E  p 
% % % 

Remove6 D F  Removed :jF Removec 

Gross (3 

~ 

- 

DF 

4 

25 
22 
.3 1 

- 

21 
24 

21 

56 

649 
325 

3 

135 
58 
13 
13 
25 

442 

567 
__  

___ 
% 

Removed 

99.97 
99 98 
99.96 
99.98 
99.98 
99.96 
99.56 
90.28 
06.54 
95.:1 
99.99 
90.99 
cj9.99 
99.97 
99.96 
99.98 
99. 97 
99.99 
99 99 
99.57 

99.97 
99.97 
93.% 

99.86 
98.71 
s3 4.3 
91.94 
93.91 
99.83 
99.39 
99 94 
99 $6 
‘39.50 
99.96 
99.95 
99.96 

~ 

70 
Removed 

97.7 

95.1 
89.9 
93.8 

~~ 

77.9 
94.7 

55.2 

9.3.; 
9s 6 

97 9 
a7 4 
52.3 

S’l 6 

92.5 

71.1 

% 
Removed 

Run No. 

3R-2 
:?I?-3 

KK-4 
HR-5 
tiR.6“ 

‘iR-7 
S1R-8” 

HR-9 

FIR-10 
FIR-11‘ 
FIR- LZd 

t12-13L 
ti3-lGd 

~ ~ - 1 5 ‘  

i pvrn 

M2-16 

2 P P m  

70 
Rsnoved 

96.70 

97.80 
97.60 
97.3 

92.0 
97 0 

7-1.4 

95.4 
99.0 

97.0 
96.4 
60 3 

667 

99 78 

95.0 

% 
Removed 

99.65 
99.67 
99.59 
99.60 

299.96 

59.80 
91.50 
76.19 
82 30 
99.80 
99.35 
99.88 
99.85 

99.9 

C18.70 
99.50 

99.1 
43.6 

97.34 

8.27 
28.96 

99.99 
97. I6 
89.35 
92 50 
98.68 
88.82 
1 7 . i i  
39.47 

1) F 

3 ;I 

46 
42 
37 

~~ 

1 2  
3 4 

4 

26 
95 

33 
25 

3 

3 

8 I 

20 
~ 

D F 

295b 
6143 
2047 
4982 
5588 
2316 
2316 

139 
29 
20 

12163 
8400 
8400 
3360 
2800 
$200 
~1098 
8:96 
8i96 
2850 

3iS0 
3150 

L5 

698 
77 
9 

I 1 
16 

586 
338 

is53 
2 3 q  
1G32 
2530 
2580 
2550 

__ 

- 

D? 

I6 

11 
6 
4 

~~ 

5 
121 

3 

12 
13 

I 

io 
5 

8 

7 
‘I 
1 
4 

6 

6 
__ 

D F  

44 

25 
10 
16 

- 

5 
19 

3 

14 
23 

49 
39 

2 

i 3 

IS 

DF 

286 
788 
246 
429 

2520 

548, 
12 
4 
6 

451 
153 
SO9 
68 8 

3444 

__ 

77 
200 

1 :6 
2 

37.5 

35.2 
9.0 

13 3 
’76.0 
8.9 
1.2 
1.6 

93.9 

91 3 
82 8 
74.3 

S0.9 
91.9 

63.3 

91.2 
94.4 

86.3 
90.0 
81 4 

67 5 
85.7 
75.C 
71.4 
75 3 

84.0 

84.3 
~ __ .~ ~~ 

71.6 

96.5 
95.6 
96 8 

95.3 
95.8 

95.2 

98.2 

99.8 
99.7 
64.6 

99.3 
98 3 
92.6 
92.6 
96.0 

99.78 

09.83 

00 
0 151 99.3 

8 3  8 8 3  
11 91 7 1 4  296 

2 7  6 2 5  
1 7  428 

13 92 3 1 5  346  

2.7 63.33 
5.0 80.00 

5 ‘15 81 67 
_- 

’Deliberate hreak:hrough run to ascer ta in  SroO. C s  
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“?recipita:ion-ciariiicatlon ecuiprncnt operateti o n i y .  
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an(: hardness  limi:s. 

d -  ixccss  (2  io 3 p?ni) PO,, :n feed solutions,  , & . s h i n <  f i ; ter  break:hrouoh. 
1’1 
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l ike  t h e  lime-soda process ,  is not very e f fec t ive  
in  c o l d  water  conta in ing  less than  100 to '1501 ppm 
hardness .  U n l e s s  s p e c i a l  precaut ions a r e  taken,  l a  

t h e  water  will be supersa tura ted  with h a r d n e s s  
salts. A res idua l  h a r d n e s s  of about  20 ppm from 
t h e  head-end s t e p  wil l  reduce t h e  breakthrough 
capac i ty  of t h e  carboxyl ic  phenol ic  res in  for 
cesium by 50% (Fig. 3.20) in t h e  subsequent  ion 
exchange  s t e p .  High res idua l  hardness  is also 
accompanied by a reduction in  decontaminat ion 
fac tors  for ruthenium, cobal t ,  to ta l  ra re  ear ths ,  
and other  nuc l ides  normally removed by t h i s  s tep .  
Decontamination is reduced from t h e  usual 70 to 

P h o s p h a t e s  in  t h e  w a s t e  s t ream prevent complete  
precipi ta t ion through supersaturat ion e f fec ts .  
Supersaturat ion encountered with ORNL low-level 
w a s t e  w a s  ini t ia l ly  attributed t o  hexametaphos-  
phate ,  s i n c e  t h e  e f fec t  is t h e  s a m e  as the "thres- 
hold" treatment" of water  with a very low con- 

90% to 30 to 

T a b l e  3.11. L o w - L e v e l  Waste Water Decontamination 

in Scavenging-Precipitation I a n  Exchange Process 

z 0  

U N C L A S S I F I E D  
ORNLkDII IG 63-1256 

Nu' l i d  FEED ( N )  

0 01 0.02 

0 to 20 30 40 5 0  

TOTAL H4FIDNL3S IN F E U 1  ( p p n )  

" 
c- 

Fig .  3.20. T h e  Ef fect  of: (1) Tota l  Hardness on 

C:,13' Breakthrough Capacity in  Presence of 0.01 id No , 
and (2) Sodium an Cs137 Sreakthrough Capaci ty  in Ab- 
sence of Tota l  Hardness. 

+ 

centrat ion of Calgon. T h i s  treatment depends  on 
sur face  phenomena rather than on stoichiometr ic  
chemica l  reac t ions  and involves  i so la t ien  of nuclei  
from which c r y s t a l s  of calcium carbonate  might 
grow; precipi ta t ion is prevented. T h e  concentra-  
tion of  hexametaphosphate  is much Iess (1 to 5 
ppni) than would b e  required i f  seques t ra t ion  of 
metal ions were  accomplished (100 ppni). This 
ef fec t  w a s  s tudied in a cont inuous labotatorv- 

P r o c e s s  Water Activity (yo of MPCwB) 

Influent Effluent 

High Low Av High Low Av 

..I---_ ___- 

Nuclide . -.-__ 
s c a l e  c lar i f icat ion unit with tap  water  and pure 

Activity Removal from Low-Level Waste (70) Process  Water Treated 
(millions of gal) s r g a  coho  c s 1 3 7  TRE, p 

. - ___ .... 

Lime-soda 4 3  62.2 30.8 72.6 72.8 

Scavenging-ion exchange 0.6 >99.99 84.9 >99.7 89,7 

II___ ............ _I_ 

hexameta-, ortho-, pyro-, and  polyphosphates;  
Sr 7567 2081 3891 2.7 o*45 I o  commercial detergents ;  and decontaminat ing solu- 

90 

( 2 1 3 7  6 2  3 12 2.1 0.01 0.30 t ions.  T h e  same residual  hardness  w a s  obtained 
for e q u a l  concentrat ions of contaminant  (as PO, 3-> CB 149 <1 12 0.5 0.06 0.17 
independent  of t h e  type of phosphate  employed 

RU'O6 7 < 1  4 4 . . l b  0.45 1.95 (Table 3,14). 

6 1.1 0.02 0.35  ~ _ _ _  ~ ~ 

TRE, pc 1 2  3 ........ 

"P. Iiamer, J. Jackson, and E. F. Thurston, Indus- 
trial Water  Treatment Prac t ice ,  pp 22-37, Butterworths, 

"For continuous occupational exposure for a IfjS-hr in nssoc.atio,r Imperial Chemical Industries 

bRuns HR-14, -15, -16 only,  ' 'CaIgon in Industry, Eiagan Chemicals and Control, 
CCalculated as  ygl. Inc., Pit tsburgha 

...-._II_ 

week. Limited, London, 1961. 

Table 3.12. Act ivi ty  Removal from QRNL L o w - L e v e l  Waste by Lime-Soda and Scavenging-Precipitation 

Ian Exchange Process far Five-Month P e r i o d  
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T a b l e  3-13. Operating Costs boi Various Throughput ROWS o f  Ion Exchonge Columns, 

Scnvenging-$recipitaEion !on Exchange Process for Low-Level  Wdste Treotrnent 

(All c o s t s  are i n  J l o O O  gal  of waste  fed to process) 
............................... ~. _ _  ........ 

Red Volumes 

2000 1500 1000 

Fixed cos t s  
Util i t ies 
Labor 
lvlaint en ance 

Amortizatiurr 

Total  fixed c o s t s  

Chemical c o s t s  

NaOH for pH adjustment 
Ne019 for column backwash 
NaOH for regenerant waste  neutralization 
MNC) ior resin regeneration 

3 

Total  chemical c o s t s  

Waste-handling c o s t s  
Evaporation of regenerant waste  
Tank s torage of regenerant was! e concentrate 
Burial of scavenging sludge 

Total  was t e  disposal  c o s t s  

Total  operating c o s t s  

......... 

.. ........... ̂ . . ._....--^______ ............ 

l loblc  1 1 4 .  Er fect  of Phosphates on Hurdnrss  

Precip i tot ion and Hardness Eamocal 

by !on Exchange 

Numbel of Red 
Re  sidiial Voliimes to 

Hardness in Hardness  
Clarifier Effluent Breakthrough 

Phosphate 
in Waste 

(PPm) (PPrn) on Ambetlite IRC-50 
Resin 

_ ...... ................... ._ 

0 0-2 > i o4  
1 8 -9 > io4 
2 30-40 8400 

3 60 2400 

4-5 70 1200 

> 5  70 1200 

1.0 
16.4 

7.0 
7.0 

1.0 
16.4 

7.0 
7.0 

1.0 

16.4 
7.0 
7.0 

500 
-. 

1.0 
16.4 

7.0 

7.0 

3 1. ,4 

13.4 
1.4 
1.7 

2.6 

31.4 

13.4 
1.9 

2.2 

3.4 

31.4 

13.4 
2.8 

3.4 
5. i 

19.1 

8.8 
6.3 
6.0 

m.9 

11.7 
A. 4 
6.0 

24.7 

17.6 
12.6 

5.0 

21.1 

7 1.6 

- - 

31.4 

13.4 

5.7 

6.6 

10.2 

35.9 

35,l 

25.2 
4.0 

26. I 35.2 64.3 

78.4 91.3 131.6 

T h e  “threshold” effect  af up t o  3 ppn  phosphate  
w a s  counteracted by t h e  addition of 0.005 M 
Na,CO, ( 5 3  ppm); which reduced t h e  residiia.1. 
hardness  from about 60 ppm to less than 5. De- 
coiiiamination efficiency for iuthenium, cobal t ,  
to ta l  rare ear ths ,  e tc . ,  in t h e  precipitation s t e p  
w a s  restored. T h e  rcn;oval of t h e  calcium also 
restored t h e  efficiency of t h e  ion exchange  coluriin 
for strontium decontamination. However, t h e  in- 
crease in sodium coincentration froill t h e  normal 
conten t  of t h e  water (0.01 N) to 0.02 N (from t h e  
0.005 M Na,C03) reduced the  ion exchange capa- 
c i ty  of t h e  resin for cesium by 5Q% (Fig. 3.20). 

Ion Exchange. - Another approach to t h e  super- 
saturat ion problem i s  to  accept the high residual 
hardness  from t h e  piecipitation sof tening when 
phosphates  a r e  present  and to maintain high de-. 
contmniriation of cesium and strontium by more 
frequent regeneration of t h e  resin.  T h i s  is less 
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favorable  economically (Tab le  3.13) than t reat ing 
with N a , C 0 3  when using t h e  carboxylic-phenolic 
res in  Duolite (CS-10013), which h a s  a capac i ty  of 
0.4 to  0.5 meq of calcium per mill i l i ter  of wet  
sodium-form resin.  Another carboxyl ic  res in  
(Amberli te IRC-SO> achieved a loading of 1.45 meq 
of calcium per milliliter of wet sodium-form resin 
( T a b l e  3.14). 

Amberlite IRC-50 res in  h a s  l i t t l e  capac i ty  for 
cesium and thus cannot he  used  t o  r ep lace  Duolite 
CS-100. I t  will  protect  t h e  capaci ty  of the  pheno- 
lic res in  from saturat ion with ha rdness  when used  
a s  a pretreatment column. In t h i s  case, sodium 
carbonate  is not  required with t h e  at tendant  addi- 
tion of sodium ions ,  which d e c r e a s e  the c e s i u m  
decontamination. T h e  Amberlite IRC-50 ion ex- 
change  method introduces only a s toichiometr ic  
amount of sodium and t h u s  protects  the  loading 
capaci ty  of t h e  phenolic res in  for cesium. Since 
t h e  residual  ha rdness  r eaches  a maximum a t  about 
70 ppm ( the  fraction of ha rdness  due t o  calcium), 
t h e  ion exchange method of removing ha rdness  is 
independent  of phosphate  concentrat ions over  4 
ppm. Conversely,  t h e  sodium carbonate  require- 
ment is dependent on the  phosphate  concentration 
- 0.01 M Na2C03 a t  4 to 5 ppm of phosphate  and 
0.015 M a t  5 to 6 ppm of phosphate.  

Alrrrnina Adsorption. - By pretreatment of t h e  
neutral  w a s t e  with alumina, phosphate  concentra- 
t ions c a n  be  reduced to where their  effect is neg- 
l igible .  P a s s i n g  2000 bed volumes of a c t u a l  
w a s t e  through 0.6 bed volume of  alumina removed 
enough phosphate  t o  allow precipitation t o  less 
than 10 ppm of res idual  hardness .  T h e  residual  
h a r d n e s s  inc reased  t o  15 ppm after 260 hr (abouf 
three  c y c l e s  of t h e  ion exchange system) of con- 
t inuous operation. T h e  residual  ha rdness  reached 
71  ppm within 24 hr after t h e  alumina w a s  taken 
off-stream, and reduced to 8 ppm when replaced 
on-stream. A colored band of ruthenium containing 
about  4 p c  of Ru’06 was  removed, a long with s o m e  
cobal t ,  on elution of t h e  alumina column with 1 M 
NaOII. T h e  eff ic iency of ruthenium and cobal t  
removal is unknown s i n c e  the experiment w a s  
optimized for phosphate  removal. Further  experi- 
ments a r e  in  progress  to  def ine the overal l  ef- 
f ic iency of alumina and anionic  organic r e s i n s  
tor t h e  removal of ruthenium, cobal t ,  and phos- 
phate. 

Pilot-Plant Modifications. - Changes in t h e  
equipment and piping for t h e  ORNL Low-Level 
P i lo t  P l a n t  were made in  order t o  demonstrate  t h e  

operation of t h e  fixed-bed and cont inuous ion 
exchange p r o c e s s e s  (proposed by IIiggins 12) and 
a new agi ta ted clar i f ier  for t h e  scavenging-precipi-  
ta t ion ion exchange process .  T h e  fixed-bed and 
cont inuous ion exchange p rocesses  have  a poten- 
t i a l  advantage over the  scavenging-ion exchange 
p rocess  in tha t  they may require less chemicals  
for w a s t e s  tha t  have  less than 400 ppm of hard- 
n e s s .  Laboratory-scale t e s t s  on a n  agitator- 
clarifier produced sa t i s fac tory  precipitation and 
sepa ra t ion  of ha rdness  a t  throughput rates up  to 
four t imes  higher than t h o s e  used  in the present  
pilot-plant clarifier. FoLlowing t h e s e  tests, the  
pi lot  plant  w i l l  be modified to test foam separat ion 
(sce t h c  sec t ion  on “Foam Separation,” following 
in  t h i s  chapter). 

Fixed-Bed ion Exchange Process. -- T h e  Fixed- 
Bed  Ion Exchange P r o c e s s  involves  t h e  u s e  of 
two cat ion beds  in series: a weak-acid resin 
followed by a strong-acid resin,  T h e  weak-acid 
res in  removes t h e  bulk of the  calcium and mag- 
nesium and c a n  be  regenerated by d i lu te  ni t r ic  
a c i d  in  a lmost  stoichiometric proportion t o  t h e  
exchange capaci ty  of the  resin.  T h e  strong-acid 
bed i s  thus  f ree  tu  sorb cesium, strontium, and 
other  fission products and is regenerated with 5 M 
tINO 3 .  This acid-regenerating solution containing 
e x c e s s  a c i d  is u s e d  to regenerate t h e  weak-acid 
bed at more frequent intervals.  Decontamination 
fac tors  of 10M and 100 for strontium and cesium, 
respect ively,  a r e  expected for this p rocess .  

A f lowsheet  for t h e  T,ow-Level Pilot P l a n t  
equipment i s  shown in Fig.  3.21. T h e  f i r s t  of t h e  
two exis t ing  28-gal b e d s  is f i l led with Amberlile 
IRC-SO resin and the second  with Dowex 50. An 
anthrac i te  filter is used  upstream of the b e d s  tu 
remove a l g a e  and suspended  matter. At a feed 
ra te  of 10 gpm, i t  is est imated tha t  the Amberlite 
IRC-50 resin will  require regeneration dai ly ,  while 
the Dowex 50 might operate  for two days ,  based  on 
a feed ha rdness  of 115 pprn (as calcium carbonate).  
T h e  Dowex SO resin is regenerated upflow with a 
0.72 bed volume of 5 #I FINO,. ‘Two a c i d  c u t s  a re  
used  t o  regenerate  t h e  IRC-50 bed: t h e  f i r s t  is t h c  
f inal  0.56 bed volume c u t  from the  prior IRC-50 

”Letter from I. K. IIiggins to R. E. Hlanco, January 
1963. Fmal rt-port t o  h e  prepared by Chemical Separd- 
tion Company on ORNL contract followmg pllot-plant 
tests. 
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Fig. 3.21. Flowsheet  for Weak- and Strong-Acid Fixed 
Bed Ion Exchange Process for the Low-Level-Waste 
Pi lot  Piunt. 

regeneration, and t h e  second is t h e  0 . 4  bed vol- 
ume of ac id  col lected from t h e  I9owex 50 regenera- 
tion. T h e  second c u t  is s tored for u s e  a s  t h e  
f i rs t  c u t  in  t h e  next  IKC-50 regeneration. Nearly 
a l l  t h e  a c i d  should b e  used  i n  regeneration of thc  
b e d s ,  producing a n  approxiniately 2 N calcium and 
sodium ni t ra te  salt. solution. Washes from both 
regenerat ions a re  col lected and recycled.  

Agitated Clarifier. - T h e  present  nonagi ta ted 
clar i f ier  in t h e  IAow-TAevel P i l o t  P l a n t  h a s  a veloc- 
ity of 15.6 gal  hr-’  f t -2  in  t h e  main blanket  
sec t ion ;  t h i s  is considerably lower than t h e  veloc- 
itier; used in industr ia l  pract ice  (25 to 100 gal  
hr- ’ ft -’>. Studies with agi ta ted clar i f iers  up t o  
9 in. in diaineter ( s e e  “I,ahoratory S tudies ,”  
th i s  sec t ion ,  and a l s o  Sec  1.2) showed tha t  the  
out le t  turbidi t ies  w e r e  riot s ignif icant ly  higher 
for r a t e s  up to 60 gal  hr-’  f tY2 . T h e s e  s t u d i e s  
were performed on Oak Ridge t a p  wa te r  and ORNL 
low-level w s s t e  adjusted to 0.01 M in c a u s t i c  and 

5 ppm in iron ( same treatment as used  in  t h e  Low- 
L e v e l  P i l o t  Plant) .  Therefore, the  design b a s i s  
of t h e  new 4-ft-diam agi ta ted clarifier (see Fig. 
3.22) for t h e  P i lo t  P l a n t  u s e d  a maximum veloci ty  
of 60 gph/f t2  for the  l&gpm rate. 

T h e  clar i f ier  design inc ludes  a bottom conica l  
in le t  sec t ion  for forming the  floc and t h e  s ludge  
blanket. A distributor is positioned direct ly  above 
t h e  in le t  to prevent channel ing of t h e  in le t  w a s t e  
through t h e  center  of t h e  bed. T h e  two removable 
four-bladed agi ta tor  paddles  c a n  b e  posi t ioned a t  
any point a long t h e  shaf t .  T h e  purpose of t h e  
agi ta tor  is t o  promote precipitation of t h e  hardness  
i n  t h e  s ludge  blanket  and to  provide a bet ter  dis-  
tribution of t h e  s o l i d s  in  t h e  blanket ,  thereby 
preventing channeling. T h e  required s p e e d  range 
for t h e  agi ta tor  (0.5 t o  5 rpm) w a s  s c a l e d  up from 
laboratory da ta  by us ing  a cons tan t  volumetric 
power input according t o  t h e  following equation: 

where 

N ,  = s p e e d  of pilot-plant agi ta tor ,  

N, = s p e e d  of agitator used in  laboratory, 

d - diameter of pilot-plant agitator, 

d L  - diameter of agi ta tor  used  i n  laboratory, 
P 

baboratnry Studies. - Studies  of t h e  appl icat ion 
of foam separat ion for decontaminating low- 
radioactivity-level process  w a s t e  water  (LAW) 
were cont inued both with synthe t ic  and ORNL 
was te  water. Since SrgO is t h e  most de le te r ious  
contaminant ,  rnuch of t h e  experimental work w a s  
devoted t o  i t s  removal. Since it h a s  been shown’ 
that  t h e  large amounts of calcium (60 t o  70 ppm 
as  CaCO,) present  i n  t h e  LAW interfere  with SrgO 
removal by foam separat ion,  it w a s  necessary  to  
precipi ta te  a large fraction of t h e  calcium as  a 
carbonate  or phosphate  prior t o  foam separat ion.  

Two b a s i c  f lowsheets  were developed (Fig. 
3.23). T h e  f i rs t ,  a two-step process ,  involves  t h e  
precipi ta t ion of calcium a s  the  carbonate  or ortho- 
phosphate  in a slowly s t i r red,  upflow s ludge  
column tha t  produces a c lear  effiuent havjng a 
low calcium concentration ( 2  to  6 ppm as  CaCOJ 
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(Fig. 3.23a). This effluent, without filtration, is 
fed to the  countercurrent, cont inuous foam column 
contac tor .  T h e  second,  a one-step p r o c e s s ,  in- 
vo lves  contac t ing  t h e  w a s t e  water  with t h e  pre- 
cipitation-inducing chemicals  p lus  sur fac tan ts  
(phosphate ,  ferric iron, dodecylbenzenesulfonate  
(DSS), and Armeen Z> (F ig .  3.23b) in  a s m a l l  
mixing chamber, wherein calcium prec ip i ta tes  as 
t h e  phosphate .  Solids plus  solution a r e  fed t o  
the  foam column, in  which ion ic  contaminants  a re  
removed as  a resul t  of the  homogeneous foam pro- 
cess, and t h e  s o l i d s  a r e  removed by frothing or 
flotation. 

P'wn-Srep Process, - The agi ta t ion of t h e  upflow 
s l u d g e  b e d  is important s i n c e  t h i s  movement pre- 
vents  channel ing in t h e  bed.  T h i s  agi ta t ion p ~ 3 -  
d u c e s  other  advantages,  such  a s  a f a s t e r  precipita- 
tion rate  in  t h e  lower par t  of t h e  bed  and bet ter  
f i l t ra t ion in the upper zone, not only of inorganic  

s o l i d s  but also of t h e  a l g a e  and organic matter 
that carry contamination. 

Calcium carbonate  precipitation i s  s low m d  i s  
s e n s i t i v e  to impur i t i e s  S U C ! ~  as phosphates .  'This 
w a s  a problem i n  cont inuous contactor  experi- 
ments ,  and a s e r i e s  of  beaker  tests w a s  performed 
to determine the  e f fec ts  of impuri t ies  that ate 
present  periodically in  OKML process  w a s t e  
water .  l 3  Of these impurities, the household 
detergent  Fab and the  ciecontaminating agent  
Turco  4324, both of which contain la rge  amounts 
of phosphates ,  c a u s e  a ser ious  reduction i n  t h e  
ra te  of calcium precipitation. A few parts  per 

E. Schonfeld, U s e  of Alkali Carbonate and Alkali 
Phasphnte to Eliminate Inhibitory E f f e c t s  of Some 
Impurities on the Precipitation o f  Calcium and M a g -  
ncsirirri from Process IVatater Waste, ORNL TM-SO5 (in 
press). 

13 
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Fig .  3.22. Agitated Clar i f ier  for the Low-Level-Waste Pilot Plant. 
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million strongly inhibi ts  calcium carbonate  pre- of ca lc ium precipi ta t ion,  that  i s ,  t h e  eff ic iency i n  
cipitation when t h e  solut ion is made 0.005 or el iminat ing t h e  detrimental e f fec ts  of phosphate  
0.01 M i n  NaOH but d o e s  not affect  t h e  precipita- impurities, w a s  proportional t o  the iron concentra- 
t ion of calcium as the  orthophosphate. When tion and dependent on t h e  order of addition of 
sodium carbonate  (0.005 M) and ferric iron (2  to t h e  chemicals .  With LAW containing 5 ppm of 
8 ppm) were  added, t h e  inhibitory e f fec t  of phos- P O , 3 - ,  t h e  total hardness  (initially 110 t o  140 
pha te  w a s  nearly eliminated. T h e  comple teness  ppm), af ter  adding ferric iron and caust ic-carbonate  

UNCLASSIFIED 
ORNL- D'WG 6 3  -1258 

C 0 N C E N T R.4T E 

FOAM, 7, 

LOW-I..EVEL- WASTE FEED 1- 

Fe3+ ,  2 - 9  ppm 

~ 

PRECIPITANT : 

No2C03, 5 x 40-3 M 

NOOH, 5 x { o - 3  M 

OR 
N O O H ,  4 x I O - ~ M  
PO,3-, 50 ppm 

I I 
pi-] = 1.1.3 AIR 
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at t h e  s a m e  point to make t h e  water  8 ppm in 
Fe3' and 0.005 M e a c h  i n  NaOH and Na,C03, 
w a s  reduced to 25 ppm (as CaC03); when only t h e  
iron (up  to  20 ppm) w a s  ini t ia l ly  added  t o  water 
conlaining 90 to 14 ppm of PO,3- and then 
caust ic-carbonate  w a s  introduced af ter  a 4-min 
holdup, tho hardness  w a s  reduced to 2 to 5 ppm. 

S tudies  showcd t h e  a b s e n c e  of any ef fec t  of  
~lLldge-heighl/column-dianicter ratio, which w a s  
var ied from 2 to 0.5,  on the chemical and mechani- 
cal behavior  of t h e  column when l inear  water  flow 
r a t e s  and roughly e q u a l  peripheral s p e e d s  of t h e  
paddle  were used.  

Cont inuous sludge-column experiments  with LAW 
were performed i n  columns having diameters  of 
2, 3, 4, and 9 in. at flow r a t e s  from 7 to 60 gal 
f t e - 2  hr- '  ( T a b l e  3.15). For comparison, d a t a  
from t h e  ex is t  ing lime-soda treatment plant  are 
given. Fi l t rdt ion of t h e  effluent with quant i ta t ive-  
grade paper  produced l i t t l e  increase in s ludge-  
column decontamination fac tors  for Sr"'", 
and  Ru"'-Ru"'G, which were 1.1. IQ to 15, and 
2 respect ively.  T h e  C e ' 4 4  and CoGQ decontamrna- 
tion factors ,  which ranged from 10 to 30 and 30 to 
40, respec t ive ly ,  were increased  about  40% by 
filtsation. T h e  Cs'  3 7  decontamination is poor; 
but t h e  addi t ion of grundite c lay ,  0.5 Ib per  PO00 
gal of s imulated w a s t e ,  gave  a decontamination 
factor between 10 and 401 (ref 14). T h i s  s l u d g e  
contactor  produces a c l e a r  effluent foe many poten- 
t i a l  secondary  treatment p r o c e s s e s ,  in  addi t ion 
to s i z a b l e  decontamination fac tors  for many iso- 
topes.  The  s ludge  bed, af ter  s e t t l i n g  an hour, had 
a volume 1/1200 that  of t h e  l iquid t reated,  A 
s o l i d  w a s t r  w a s  obtained by adding 59 g of cement  
per  IO0 g of decanted  s ludge  (12% sol ids) ,  cor- 
responding to a cement c o s t  of $F.U5 per 1000 ga l  
of water  treated. 

T h e  composi te  laboratory uni t  for t h e  two-step 
process  (Fig. 3.23~1) w a s  a 3-in.-diam s l u d g e  
column (20 gal  ft-' hr- ') and a 1.5-in.-diam 
countercurrent, cont inuous foam column (60 gal 
ft- '  hr-'). T h e  foaming agent ,  sodium dodecyl- 
benzenesulfonate ,  w a s  u s e d  as  descr ibed above,  
and t h e  a lka l i  content  of t h e  water  w a s  adjusted 
l o  0.005 M e a c h  i n  Na2CE), and NaOH. T h e  
iron concentrat ion ranged from 4 to 9 ppm. In a 
four-day run with ORNL t a p  water  s p i k e d  with 

14E. Schonfelrl atid W. Davis,  Jr., Head-End Treat- 
ment of Low-Level Waste  Prior to Foam Separations, 
QRNL TM-260 (May 29, 1962). 

sr8 5 ,  the overal l  strontium decontaminat ion fac tors  
were The flow ra te  ra t ios  of g a s  to  
liquid i n  the f0a.m column were 10 to 15. Better 
strontium decontamination w a s  obtained a t  the 
higher  ratio. The decontamination factor ac:ross 
the foam column w a s  i n  e x c e s s  of 100. 

Ini t ia l  scouting runs were performed with actual 
BRNL low-level process  w a s t e  water. T h e  f o a m  
sur face  a r e a  rate to liquid feed rate  w a s  lower i n  
t h e s e  experiments ,  b e c a u s e  of a wider range in 
bubble  diameters  (0.1 to 1 mm), than that  obtained 
with t a p  wa te r ,  but other condi t ions were the same. 
B a s e d  on  gamma-ray spectrometry (rather than on 
radiochemical  ana lyses) ,  decontamination Factors 
larger  than 15, 20, and  21.0 were obtained,  

- Calcium phosphate  pre- 
c ipi ta t ion is f a s t  and i s  not inhibited by the 
polyphosphates  or other phosphates ;  hence  ii 

simpler  one-step process  may b e  pract ical .  Ins tead  
of us ing  a large holdup upflow s ludge  column as 
a precipitator, a small premixer-precipitator is 
used ,  and t h e  f e e d  to t h e  foam column c o n s i s t s  
of solut ion containing suspended  so l ids .  Experi- 
ments  with t h i s  p r o c e s s  were conducted with 
s y n t h e t i c  w a s t e  water  of t h e  following composition: 

to > i o 4 .  

One-Sfep  Process. 

MgCI ;6H ,O 58.5 ppm 

N aHCO 28.5 ppm 

CaCI 2H 2O 98.5 ppm 

Sr2 '- 10K6 M 

P 13 7 

s r 8  tracer M 

About 67 ppm of PO,3 -, 23 ppm of Fe", 90 ppm 
of foaming agent  Siponate DS-10, and 15 ppm of 
the  f lotat ion agent  Armeen 2; were added,  and the  
pM w a s  ad jus ted  to 11.5 with sodium hydroxide. 
T h e  solut ion and  t h e  precipi ta te  tha t  w a s  formed 
af ter  the  pH adjustment  and during the holdup of 
90 to  20 min in  t h e  prerriixer were fed continuously 
into a 2-in.-diam mult is tage foam separa t ion  
column. T h e  liquid feed throughput w a s  30 gal 
ft-- '  hr-- ' ,  and the gas-to-liquid-feed iatio for t h e  
b e s t  decontamination factor for strontium w a s  
12.4. Under t h e s e  condi t ions a strontium decon- 
tamination fac tor  i n  e x c e s s  of 1000 w a s  achieved.  

*'E. Rubin and E. Schonfeld, Quarterly Progr. R e p l .  
Oct. 1, 1962 to Dee. 31, 1962, RAI-110. 



Table 3.15 Head-End Prscipifation of Colcium and Magnesium from O R N L  Process 'Nosre Water 

Stirred, 9-in.-diam, Sludge ColumnB Present  ORKL Lime-Soda Treatmen: Plant 

Effluent 
~ DecontaninaCion F e e d  

c o 6 s  Ru106 s rgO (zal hr-') {ppm as CaC03) (ppm) 

Effluent 
Decon*.a-mnaiion F a c o r  Feed  

Flow Rate  Total  H a r d ~ e s s  Turbichty Factor for Sr90 
Ce144 c s i 3 7  X o w  Rate  Total Hardness Turbidity ~ 

{gal it-' hr-'! (ppm as CaC03) (pprnj 

10 2.0-3.5 1-1.5 "-40 1.1 30 1.7 11-15 21 -35 30-40 3.7 

15 2.0-4.0 0-1.5 1.1 23 10 21 -35 30-40 3.7 

20 2.0 -4.0 0-3.5 -43 i . i  13 2.2 11-15 21 40 -5 0 30-43 -3.0 

26 2.0-2.5 0-1.5 1.1 15 1 I ,  5- 13 21 4 - 6 9  3% -40 -3.0 

4Q 2.0-4.0 1-2.0 -30 1.1 30 11-14 21 40-60 30 -40 %?I. 0 

60 2.5-4.5 1-5.0 1.1 50 10 21 40-60 30-40 -3.0 

=Water was made 0.035 M i n  NaOH, 0.905 M in  N a 2 C D 3 ,  and 2 ppn in  ferric iron. 



T h e  decontamination factor  increased  as t h e  gas- 
to-liquid rat io  and t h e  height of  t h e  foam column 
below t h e  feed  distributor w a s  increased.  In i t ia l  
t e s t s  of the  one-step process  with ORNL p r o c e s s  
w a s t e  water  g a v e  strontium decontamination 
fac tors  of 200 t o  300, 

Engineering Studies, - Engineering s t u d i e s  
included t h e  effects of parameters  on column 
ef f ic ienc ies  as measured by I-ITUx, evaluat ion of 
Eoam dra inage  and condensat ion methods, and 
cons idera t ion  of foam columns for low-level-waste 
decon taminat ion ~ 

Foam-separation-column HTUx va lues  were 
measured experimentally for  s t r ipp ing  of s r s 9  
from aqueous  so lu t ions  of DBS in a 6-in.-diam 
column. T h e  lowes t  HTUx values  of about  1 cm 
required u s e  of  spinneret  gas spargers ,  of liquid 
f lows  of 100 ga l  ft-’ hr- ’ or l e s s ,  and of uniform 
l iquid f e e d  distribution with low i n l e t  ve loc i t ies .  
The m o s t  important property of t h e  gas sparger  
with r e s p e c t  t o  low [<TUx v a l u e s  w a s  the  abi l i ty  
to g ive  a uniform bubble size. There  w a s  l i t l l e  
var ia t ion in  HTW, v a l u e s  for countercurrent column 
lerngths of 10 to 28 cm. T h e  chief  effects of liquid 
and  foam flow ra tes  and of  liquid dis t r ibutors  on 
MTUx v a l u e s  were due  to their  e f f e c t s  on t h e  
amount of channel ing.  I t  appeared that  uniform 
l iquid feed  distribution in l a r g e  columns might 
b e  partly achieved  by allowing an ex t ra  length 
of countercurrent  flow. 

T h e  performances of centrifugal, cyc lonic ,  and 
s o n i c  foam breakcrs  were evaluated.  C a p a c i t i e s  
for a 120-mesh screen  i n  a 4-in.-diam centr i fuge 
bowl were about  1 f t 3  f t -2  min-’ for a 150-g 
centr i fugal  f ie ld  and 2.5 f t 3  f t - ’  min a t  230 p .  
‘She fract ion of uncondensed foam w a s  decreased  
tor 100- or 120-mesh screen  as compared to 40 or 
3 0  mesh, for low ra tes  of dry foam as  compared 
to a high r a t e  of wet foam, and  for a Teflon s t a -  
tionary wal l  around the  bowl i n s t e a d  of g l a s s .  
’The fract ion of foam uncondensed w a s  l e s s  than 
1% for the  Tef lon  wall arid t h e  normal Eodm densi-  
t i es .  T h e  air-operated s o n i c  w h i s t l e s  had a foam- 
breaking capac i ty  of 0.05 to 0.10 f t3  of foam per 
s tandard  c u b i c  foot of operat ing air .  T h e  fraction 

of foam uncondensed by a O.il-in.-diarn cyc lone  w a s  
from less than 0.2% for a dry foam to 4% for t h e  
wet ter  foams. 

Foam d e n s i t i e s  and t h e  drainage o f  l iquid from 
t h e  foam were s tudied.  Experimentally measured 
d e n s i t i e s  for countercurrent f lows  of foam and 
l iquid were  Erorn 0.065 t o  0.360 g of liquid per 
cubic  cent imeter  of foam; v a l u e s  of 0.12 to 0.32 
g/cm3 were  observed for t h e  usua l  ranges  of 
operat ing condi t ions.  Drainage to 0,001 g of 
l iquid per  c u b i c  cent imeter  of foam w a s  obtained 
without e x c e s s i v e  foam condensat ion i n  e i ther  
enlarged or horizontal  drainage s e c t i o n s  a t  reason-  
able flow ra tes .  

T h e  operation of foam columns and t h e  recovery 
of sur fac tan t  for low-level-waste decontamination 
were invest igated.  A sys tem combining a clar i f ier  
for  removing calcium and magnesium by precipita- 
tion, a foam column, and two single surfactant  
(recovery) s t r ipping s t a g e s  w a s  recommended for 
the ORNJ, low-level-waste (LLU’) pilot plant 
(Fig.  3.24). A 2-Et-diam column w a s  ins ta l led  for 
s t u d i e s  of s c a l e u p  and flow problems f o r  t h i s  
pi lot  plant  (Fig. 3.25). Good dis t r ibut ion of t h e  
liquid feed in large co lumns  w a s  obtained only 
by using or i f ices  or capi l lary t u b e s  to s p l i t  the  
flow in to  equal s t reams,  which are introduced 
separa te ly  over t h e  column c r o s s  sec t ion .  Prob- 
ably 30 or mote s u c h  streams are  necessary  for 
the 2%-in.-diam column s i n c e  19 s t reams for t h i s  
column gave  v is ib le  channel ing for up  to 30 in. 
below t h e  feed point. Strontium distribution 
fac tors  af ter  t h e  addition of DkX t o  clar i f ier  
eff luent  were 0.6 to 2.4 x (moles/cm2)/  
(moIes/cm3); t h e s e  agree  with va lues  measured 
for 5 ppm e a 2  ’. Solutions containing 0.01 to 
0.02 Na’ could probably be s t r ipped to about  
5 ppm DBS in a surfactant  recovery system; experi-  
mental  surfactant  concentrat ions achieved  i n  a 
three-s tage recovery sys tem agreed with t h o s e  
ca lcu la ted  by us ing  a distribution factor  of 7 x 

(moles/cm ‘>,/(moles/crn ’) for t h e  DBS. T h e  re- 
s u l t s  ind ica te  tha t  the recommended L L W  sys tem 
will g ive  the desired strontium decontamination 
and u s e  only about 1 /2  lb of DBS per 1000 gal of 
w a s t e  water. 

c 
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3.3. ENGINEERING, ECONOMICS, AND 
SAFETY EVALUATIONS 

T h i s  s tudy,  undertaken in cooperation with t h e  
ORNL Heal th  P h y s i c s  Division, h a s  as its objec- 
t ive  the evaluat ion of t h e  economics and safe ty  
a s s o c i a t e d  with al ternat ive methods for t h e  ulti- 
mate d i s p o s a l  of highly radioact ive l iquid and 
so l id  w a s t e s .  All s t e p s  between fuel  p rocess ing  
and ul t imate  s torage a re  be ing  considered,  and t h e  
s tudy should def ine a n  optimum combination of 
operat ions for e a c h  d i sposa l  method and ind ica te  
the  m o s t  promising methods for experimental  
study. 

A 6-metric-ton (tonne) per day fuel  p rocess ing  
plant  is assumed,  processing 1500 tonnes/yr  of 
uranium converter fuel  a t  a burnup of 10,000 
Mwd/tonne, and 270 tonnes/yr of thorium converter 
fuel  at a burnup of 20,000 Mwd/tonne. T h i s  
hypothet ical  plant  would p rocess  all t h e  fuel  from 
a 15,000-Mw (electr ical)  nuclear  economy, which 
may be  in ex i s t ence  by 1975. The  preliminary 
operat ions to be  evaluated a re  interim liquid 
s torage ,  conversion to  s o l i d s  by pot calcinat ion,  
interim s to rage  of s o l i d s ,  and shipment of ca l c ined  
so l ids .  T h e  ult imate d i s p o s a l  methods t o  be  
evaluated include the  s tor ing of ca l c ined  s o l i d s  
in s a l t  depos i t s ,  i n  vaul ts ,  and in ver t ica l  shaf t s ,  
and of l iquids  in s a l t  depos i t s ,  in  porous geologic 
formations by deep-well inject ion,  and in tanks.  
Cost  s t u d i e s  of the  preliminary operat ions which 
have  been  completed and reported previously were 
devoted to  interim liquid s torage,  conversion 
to  s o l i d s  by pot calcinat ion,17 and shipment  of 
ca l c ined  so l ids .  l 8  Studies of interim s to rage  of 
sol idif ied w a s t e s l g  and t h e  e f fec ts  of f i ss ion  
product removal on waste-management c o s t s  2 o  

have  recent ly  been completed. 

16R. L. Bradshaw et a l . ,  Evaluation o f  Ultimate 
Disposal Methods f o r  Liquid and Solid Radioactive 
Wastes.  1. Interim Liquid Sforage, ORNL-3128 (Aug. 
7 ,  1961). 

J. J. Perona, Evaluation o f  Ultimate Disposal 
Methods for  Liquid and Solid Radioactive Wastes.  11. 
Conversion to Solid by Po t  Calcination, ORNL-3192 
(Sept .  27, 1961). 

J. J. Perona e t  a l . ,  Evaluation o f  Ultimate Dis- 
posal Methods for  Liquid and Solid Radioactive Wastes.  
IV. Shipment o f  Calcined Solids,  ORNL-3356 (Oc t .  4, 
1962). 

1 7  

18 

"J. 0. Blomeke e t  a l . ,  Evaluation o f  Ultimate Dis- 
posal Methods for Liquid and Solid Radioactive Wastes.  
111. Interim Storage o f  Calcined Solid Wastes,  ORNL- 
3355 ( in  press ) .  

Inter im Storage of Solidified Wastes 

Interim s t o r a g e  fac i l i t i es  were designed to  
hand le  cyl inders  of sol idif ied w a s t e s  produced by 
the  pot-calcination plant  descr ibed previously.  
I t  w a s  a s sumed  tha t  Purex and Thorex w a s t e s  
were converted t o  s o l i d s  and ca l c ined  in cyl inders  
(6, 12, and 24 in. in  diameter by 11 f t  high). Cal- 
c inat ion af ter  s torage  of t h e  w a s t e s  as both ac id  
and neutral ized so lu t ions  and the production of a 
g l a s s  from ac id  Thorex w a s t e  were considered.  

Interim s o l i d s  s to rage  per iods of 1, 3, 10, and 
30 yr in water-filled c a n a l s  were considered for 
cy l inde r s  with con ten t s  aged for 120 days,  1, 3, 
and 10 yr by interim liquid s torage.  Although the  
wide range of condi t ions resul ted in  facilities of 
different sizes and configurations,  they cons is ted ,  
in e s s e n c e ,  of a central-facil i ty cana l  for the  re- 
ce iv ing  and removal of cyl inders ,  c a n a l s  for t h e  
s to rage  of cyl inders ,  and a serv ice  area contain- 
ing  the  equipment for cool ing and purifying t h e  
water,  a personnel  office,  and a change room, 

T h e  central-facil i ty c a n a l  w a s  des igned  for 
receiving cyl inders  of sol id  was te  from the  cal- 
cinat ion plant,  for s tor ing  them briefly to permit 
t h e  detect ion of defect ive conta iners ,  and for 
routing them t o  the  proper c a n a l  for interim stor- 
age.  It also served for the  underwater loading 
of t h e  cyl inders  into c a s k s  prior to  shipping off- 
s i t e .  It w a s  equipped with an overhead 100-ton 
bridge c rane  for lifting the  shipping c a s k s  and with 
a 5-ton bridge c rane  for manipulating t h e  individual 
cy l inders  under water. 

T h e  cy l inde r s  of sol idif ied w a s t e  were assumed 
t o  be  s tored upright in  c a n a l s  adjoining t h e  cen- 
t ra l  faci l i ty .  It was  assumed that  they were ar- 
ranged in  paral le l  rows, e a c h  row cons i s t ing  of 
two cyl inders  s t agge red  back t o  back,  with a 
s p a c e  between rows for moving them in and out. 
T h e  length of cana l  required for t h e  s torage  of 
t h e s e  w a s t e s  in  t h i s  array is a function only of 
interim s to rage  t ime and is independent of cyl inder  
diameter.  T h e  lengths  of 48-ft-wide c a n a l  required 
for t h e  var ious was te  types  for different s to rage  
t imes (Tab le  3.16) were broken into more economi- 
ca l ly  and pract ical ly  s i z e d  segments .  T o  provide 
for d ra inage  and maintenance, 25% e x c e s s  s to rage  
capaci ty  w a s  added to the  faci l i ty ,  and e a c h  

'OJ. J. Perona e t  a l . ,  Evaluation o f  Ultimate Dis- 
posal Methods for  Liquid and Solid Radioactive Wastes.  
V .  E f f e c t s  o f  Fission Product Removal on Waste 
Management Cos t s ,  ORNL-3357 ( i n  press ) .  

. 
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T a b l e  3.16. Lengths,  i n  F e e t ,  of 48-ft-wide Conol  
Required far Interim Storage Solids from 

Different  Types  of Wastes 
-- 

Length Required for an 

Inter im Storage T i m e  ok Type of Waste 

1 yr  3 yr 10 yr 30 yr 

Acid Purex 14.5 43.3 145 433 

Reacidified Purex 36.2 108 362 1085 

Acid Tborex 21.7 65.0 217 650 

Reacidified Thorex 64.1 192 640 1920 

Thorex glass 2X.1 84.5 281 845 
. ..... . . 

segment  w a s  s i z e d  t o  handle  n o  more thari 25% of 
the to ta l  cyl inders ,  except  i n  t h o s e  cases where 
t h e  cent ra l  faci l i ty  w a s  larger than a segment .  
T h e  c a n a l s  were assumed t o  b e  made of 1-ft-thick 
reinforced concre te  around the  s i d e s  and on t h e  
bottom, with interior wal l s  2 ft thick separa t ing  
them from t h e  central  faci l i ty  and  from e a c h  
other. T h e  concre te  w a s  assumed to b e  painted 
with a n  epoxy-base paint, and e a c h  c a n a l  segment  
w a s  equipped with a 5-ton bridge c rane  for under- 
water  manipulation of the cyl inders .  

T h e  depth of t h e  water  required for sh ie ld ing  
varied from 15.4 f t  for 120-day-old a c i d  Purex  
w a s t e  to  10 ft for 10-yr-old reacidif ied Thorex 
w a s t e ,  which, together with a n  addi t ional  fixed 
depth of 13 ft for cylinder height  and freeboard, 
determined t h e  total  depth. 

As a n  a i d  in loca t ing  defec t ive  cy l inders  during 
s torage ,  t h e  c a n a l s  were provided with aluminum 
part i t ions 8 f t  apar t  a long  their length in order  to 
channel  t h e  water  for monitoring. 

T h e  c a n a l  water  w a s  recycled for demineraliza- 
tion and cooling. F i l t e r s  and  demineral izers  were 
provided to  process  the  water  a t  a turnover ra te  
of o n c e  a week. T h e  cool ing sys tem c o n s i s t e d  
of primary and secondary loops,  with pumps, inter- 
mediate  h e a t  exchangers ,  and a cool ing tower, and 
w a s  des igned  t o  handle  the  maximum heat-genera- 
tion r a t e s  computed for Purex  and  Thorex w a s t e s  
of different ages a n d  for var ious s torage  t imes.  

I t  w a s  assumed that  a masonry building would 
e n c l o s e  t h e  cent ra l  faci l i ty ,  s e r v i c e  a rea ,  offices, 
and c h a n g e  rooms and that  t h e  s torage  c a n a l s  
would be housed  in  a frame building of l ighter  
construct ion.  

Capi ta l  c o s t s  expressed  on a n  annual  b 3 s i s  were 
computed as t h e  sum of t h e  c o s t s  of the var ious 
components ,  a l lowing 4% interest .  Excavat ion,  
concrete ,  and buildings were amortized over  50 
yr; aluminum part i t ions arid c r a n e s  over 25 yr; 
cool ing  s y s t e m s  20 yr; and  demineral izer  sys tem,  
epoxy lining, and radiation monitors 1.0 yr. T h e  
tof.al capi ta l  costs ranged from about  $35,000/yr 
for 1-yr s torage  of 10-yr-old a c i d  Purex  w a s t e  
t o  $52 1,00O/yr for 30-yr s torage  of 1213-day-decayed 
reacidif ied Thorex waste .  

Labor  c o s t s  were assumed to b e  $113,00O/yr for 
all c a s e s  considered. T h i s  a l lowed €or 9 tnan- 
y e a r s  (4  sh i f t  operators, 1 supervisor ,  1 hea l th  
phys ic i s t ,  and 3 inaintenance craftsmen). 

Tota l  c o s t s ,  expressed  in  terms of mills per  
e lec t r ica l  kilowatt-hour, were  computed for han- 
dl ing e a c h  w a s t e  type separa te ly  and for the 
combination of acid Purex-acid Thorex and re- 
acidif ied Purex-reacidified Thorex w a s t e s .  High- 
e s t  c o s t s  were for t h e  s torage  of 120-day-decayed 
w a s t e s  and ranged from 0.018 mill/kwhr (electr i -  
cal) for 30-yr s torage  of reacidif ied Tliorex was te  
to 0.0019 for 1-yr s torage  of a c i d  Purex.  L o w e s t  
c o s t s  were  for s torage  of 10-yr-decayed was tes ,  
which ranged from 0.0 17 mill/kwhr (electrical) for 
30-yr s t o r a g e  of reacidif ied Thorex to O . Q Q P 5  for 
1-yr storage of acid Purex.  Although c o s t s  did 
d e c r e a s e  with a g e  of w a s t e  a t  time of s torage ,  
t h i s  e f f e c t  w a s  not very pronounced, usual ly  
amounting to l e s s  than a 15% reduction in costs 
for s t o r a g e  of 10-yr-decayed w a s t e s  compared to  
a n  equiva len t  length of s torage  of the same w a s t e s  
aged  only 12Q days .  

T h e  c o s t s  of s torage  of Purex and Thorex w a s t e s  
together  in t h e  same faci l i ty  ranged from 0.0015 
mill/kwhr (electr ical)  for 1 yr of s torage  to  0.0048 
for 30 yr of s torage  for t h e  ca lc ined  a c i d  wastes, 
and from 0.00 18 to O.OCr63 millJkwhr (electr ical)  
for the  ca lc ined  reacidified w a s t e s  (F ig .  3.26). 
T h e  s t o r a g e  of a c i d  w a s t e s  a s  s o l i d s  w a s  cheaper  
by fac tors  of from 2 t o  2.7 than the  s torage  of the  
s a m e  w a s t e s  a s  l iquids ,  reported previously. l 6  

However, for most s torage  t imes,  the  s torage  of 
neutral ized liquid w a s t e s  w a s  s l ight ly  cheaper  
than tha t  of reacidified Purex  and Thorex calcined 
s o l i d s .  

Effects o f  Fission Product Ramaval 

T h e  objec t  of th i s  s tudy w a s  to compare two 
c o s t s :  management c o s t s  for w a s t e s  from which 
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large fract ions of f iss ion products h a v e  been re- 
moved by improved p r o c e s s e s  ( repiesentat ive of 
t h e  bent future technology) and t h e  c o s t s  for tnan- 
aging t h e  original w a s t e s  with all f i ss ion  products  
present .  ‘rhree cases were s tudied ,  each  repre- 
s e n t i n g  a different degree of uniform removal of 
all f i ss ion  products: 0, 90, and 99%. ’ lhe was te  
from which f iss ion products were removed w a s  
assumed to b e  ac id  Puicx. 

Although reinoval of 39 and 99% of the  f i ss ion  
products s implif ies  t h e  subsequent  handl ing of 
t h e  w a s t e s  from the  s tandpoin ts  of h e a t  d i ss ipa t ion  
and sh ie ld ing  requirements, t h e  i so topes  remain- 
ing  represent  a hazard requiring management under 
e s s e n t i a l l y  t h e  saine condi t ions of safe ty  as are  
demanded for t h e  original was te .  C o s t s  were 
est imated in  e a c h  c a s e ,  therefore, for the interim 
s torage  of liquid wastc, pot calcinat ion of was te ,  
interim s torage  of calcined was te ,  shipment of t h e  
ca lc ined  so l ids ,  and d isposa l  of t h e  s o l i d s  in  a 
s a l t  mine. Treatment and d isposa l  s c h e m e s  were 
then worked out to  minimize t h e  total  c o s t s .  

No attempt was made to es t imate  t h e  c o s t s  of 
f i ss ion  product removal or subsequent  d i s p o s a l  
of used  f i ss ion  product sources ;  b e c a u s e  these i s  
not yet  suff ic ient  informatjon about  t h e  separa t ions  

p r o c e s s e s  or source charac te r i s t ics  io  permit ac- 
cura te  cost es t imates .  

The composi t ions and volumes of t h e  w a s t e  
from t h e  f i ss ion  product separa t ion  plant  ( in  
liquid and so l id  forms) weie  assumed t h e  same a s  
t h e  neutral ized Purex  waste previously t reated 
in t h i s  s tudy;  ” that  i s ,  the  p r o c e s s e s  for the  
reinoval of t h e  f i ss ion  pioducts did not greatly 
i n c r e a s e  t h e  volume or s o l i d s  content  of t h e  
waste produced per ton or amount of uranium 
processed  (an opt imist ic  assumption). With t h e s e  
assumpt ions ,  adjustments  i n  t h e  c o s t s  of w a s t e  
management a r e  a t t r ibutable  t o  t h e  reduced b e a t  
iemoval and shielding requirements c a u s e d  by 
f i ss ion  product K T I Q V ~ .  

C o s t s  of interim liquid storage mere l e s s  for 
fission-product-depleted w a s t e s  b e c a u s e  of t h e  
reduced amount of hea t  t o  b e  d iss ipa ted  and be- 
c a u s e  n i l d  s t e e l  tanks could be used  rather  than 
stainless steel. These c o s t s  were about  t h e  s a m e  
for 90- and 99%&pleted w a s t e s ,  ranging from 
0.0011 to 0.0025 mill/kwhr (eIectrica1); c o s t s  for 
ac id  Purex w a s t e  ranged from 0.0018 to 0.0069 
mill/kwhr (electr ical)  for s torage  per iods of 1 t o  
30 yr. 
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Pot-calcinat ion c o s t s  were the  same for deple ted  
w a s t e s  as for neutral ized Purex  w a s t e ,  b e c a u s e  
t h e s e  c o s t s  were  not affected by h e a t  removal 
cons idera t ions  and t h e  var ia t ions in  sh ie ld ing  
requirements had  negl igible  e f fec t  on  t h e  c o s t s .  
They  var ied from 0.0215 to 0.0113 mill/kwhr 
(electrical) for fission-product-depleted and neu- 
t ra l ized w a s t e s  (which require reacidif icat ion before 
calcinat ion)  and from 0.0123 to 0.0081 mill/kwhr 
(electr ical)  for ac id  Purex  for cylinder diameters  
of 6 to 24 in. 

Interim s o l i d s  s torage  c o s t s  were less for de- 
pleted w a s t e s  than for ca lc ined  a c i d  Purex for a 
shor t  s torage  period (up t o  3 yr), where cool ing 
s y s t e m s  c o s t s  were important; however, t h e s e  
c o s t s  were higher for deple ted  w a s t e s  for longer  
s torage  per iods a s  their  greater  volume, resul t ing 
i n  more cy l inders  t o  b e  s tored,  became t h e  p ~ e -  
dominat ing effect. 

Both 90- and 99%-depleted w a s t e s  could b e  
sh ipped  immediately on d ischarge  from t h e  cal- 
cinat ion plant  in the  la rges t  shipping c a s k s  con- 
s idered  feas ib le ,  which hold €our 24-in.-diam 
cyl inders .  A minimum aging of 11 yr is required 
before sh ipping  ac id  P u t e x  w a s t e  i n  this manner. 
Shipping costs were generally lower for a c i d  P u r e x  
than for depleted w a s t e s  i f  shipping i n  6- or 12- 
in.-diarti cy l inders  and were about  the  s a m e  i f  
sh ipping  in  2,4-in.-diam cyl inders .  T h e s e  c o s t s  
fe l l  i n  t h e  range of 0.0005 to 0.005 mill/kwhr 
(electr ical)  for 10RF-mile shipmerits. 

Ul t imate  d isposa l  c o s t s  of ca lc ined  w a s t e s  in  a 
s a l t  mine were roughly half as much for depleted 
w a s t e s  as for ac id  Purex ,  0 .0037 t o  0.0056 mill/ 
kwbr (electr ical)  for depleted w a s t e s  v s  0.0067 to 
0.0132 mill/kwhr (electrical) for ac id  Purex. ’’ 
T h e  removal of f iss ion products  would d e c r e a s e  
t h e  heat-generation rate  of t h e  w a s t e  and thus  
allow c l o s e r  s p a c i n g  of t h e  cy l inders  i n  t h e  floor 
of  t h e  room. F o r  fission-product-removal w a s t e s  
t h e  l imit ing s a l t  temperature of 400°F w a s  con- 
t rol l ing rather  than the limiting ca lc ina t ion  tem- 
perature  of 1650’F a t  t h e  axis of t h e  w a s t e  cyl- 
inder, Mine s p a c e  requirements range from 2 to 
6 acres /yr  for a c i d  Purc?x was te ,  0 . 2  to 1.3 acres /yr  
for 90X-depleted was te ,  and 0 . 0 4  to  0.17 ac:res/yt 
for 99%-depleted waste .  Minimum center-to-center 

~ ~ .........____ ___ 
“R. L. Bradshaw et al., Evaluation of Ultimate 

Dispo:$aI Methods for  Liquid and Solid Radioactive 
Wastes .  VI.  D i s p o s a l  of S o l i d  Wastes in Salt  Media, 
OKNL-3358 (in press). 

s p a c i n g s  were assumed to  b e  2, 5.3 ,  and 8 ft 
for 6-, 12-, and  24-in.-diam cyl inders .  T h e  mini- 
mum a g e  a t  which acid P u r e x  w a s t e  in 24-in.-diam 
cyl inders  c a n  be placed in the  s a l t  formation is 
about  30 yr; however, 6- and 12-in. cy l inders  f i l led 
with 99%-depleted w a s t e  would be  s tored  a t  t h e  
minimum s p a c i n g  for all ages .  

‘The term “total  waste-management c o s t s ”  is 
used  h e r e  to mean t h e  c o s t  of d isposa l  in  a s a l t  
formation p l u s  t h e  c o s t s  of a l l  necessary  pre- 
liminary s t e p s .  T h e  d i s p o s a l  c o s t  is a function 
of the  a g e  at burial, diameter of t h e  cyl indrical  
container ,  and degree of f i ss ion  product removal, 
T h u s ,  t o t a l  waste-management costs ref lect  t h e s e  
functions. 

In computing to ta l  costs, considerat ion must 
b e  given t o  t h e  minimum a g e s  for ca lc ina t ion  and 
d i s p o s a l  in  v e s s e l s  of a given diameter, as  de- 
termined by f i ss ion  product heat-generation rates .  
Minimum a g e s  for burial i n  s a l t  a r e  2.3, 5.5, and 
30 yr for untreated ac id  Purex  w a s t e  in  6-, 12-, 
and 24-in.-diarn v e s s e l s ;  and 1.2 yr for 90%- 
deple ted  w a s t e  in 24-in.-diam v e s s e l s .  For all 
other  cases for depleted w a s t e s ,  t h e  minimum a g e  
is 0.33 yr, t h e  assumed a g e  a t  the time of dis-  
charge from t h e  fuel  process ing  plant. Minimum 
pot-calcination a g e s  for a c i d  P u r e s  waste a r e  0.6, 
2.2, and 6.5 yr for 6-, 12-, and 24-in.-diam v e s s e l s .  

Prior t o  computing t h e  c o s t s  of interim storage,  
it next  must b e  observed that  s torage  as ca lc ined  
so l id  i s  cheaper  than s torage  as liquid for ac id  
Purex;  but for the depleted w a s t e s ,  liquid s torage  
is cheaper .  Even  so,  some liquid s torage  must 
b e  used for untreated ac id  Purex  w a s t e  d u e  to 
economical ly  just i f ied decay  cool ing  of t h i s  w a s t e  
prior to calcinat ion.  In obtaining t h e  to ta l  waste-  
management costs, t h e  niinimum c o s t  of interim 
s torage  w a s  used,  subjec t  to t h e  var ious minimum 
a g e  requirements . 

T h e  r e s u l t s  are shown graphically i n  F ig .  3.27. 
For t h e  case of untreated a c i d  Purex  in 6-in.-diam 
cyl inders ,  t h e  la rges t  shipping c a s k ,  which re- 
su l t s  in lowes t  c o s t s ,  cannot  b e  u s e d  prior t o  a 
w a s t e  a g e  of 2.8 yr; h e n c e  the  break i n  t h e  curve  
in  Fig.  3.27. 

T o t a l  waste-management c o s t  for a c i d  P u r e x  
d e c r e a s e d  as a g e  a t  burial  increased ,  and a t  30 yr 
( t h e  upper l imit  used  in  t h e  study), i t  w a s  about  
0 .025 mill/kwhr (electr ical)  with both 12- and 
24-in.-diam cyl inders .  Costs for deple ted  w a s t e s  
were cheaper  with 21-in.-diam v e s s e l s  and not so 
strongly affected by a g e ,  fa l l ing in the  range of 
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0.017 to 0.019 rriill/kwhr (electr ical)  for both 90- 
and 99%-depleted w a s t e s  for a g e s  froill 0.33 t o  30 
yr, Relat ively little cost reduction (about ?%} is 
achieved  by increas ing  t h e  fraction of f i ss ion  
products  removed from 90 to 99%. 

A ra ther  opt imist ic  estimat-e of t h e  amount to 
b e  gained i n  waste-management c o s t s  with removal 
of 90 to 99% of the  f iss ion products is about  0.006 
mi l l / kwkr  (e lectr ical) ,  which is equivalent  to about  
$400 per  tonne of uranium processed.  T h u s ,  t h e  
c o s t  of managing w a s t e s  Lhat contzin only 1% of 
t h e  f i ss ion  products is 70% as milch as t h e  c o s t  
for ivas ies  containing all t h e  fission products, 
represent ing a s a v i n g s  of 30%. B e c a u s e  t h i s  
savings is not near ly  enough to pay for f i ss ion  
product separat ion,  packaging, and d isposa l ,  s u c h  
p r a c t i c e s  vroii1.d not b e  carr ied out as part of a 
was;e-manageinent scheme but would necessar i ly  
depend on a large and diverse  market for f iss ion 
products  t o  pay t h e  major portion of t h e s e  cos ts .  
If s u c h  a favorable large market e x i s t s ,  then,  obvi- 
ous ly ,  wastes depleted in f iss ion products  (par- 
ticularly fion; stroritiunr and cesi i imj will b e  cal- 
c ined  and stored with a lower c o s t  than wastes 
containing a l l  the  cesium and strontium. Con- 

v c r s ~ l y ,  i f  n o  large market e x i s t s  (i.c.,  for a l l  t h e  
cesiunr and strontium), then s a v i n g s  which resul t  
f rom t h e  ultimate siorage of c c ~ i ~ m -  and strontiurn- 
f ree  iir3ste caiinot just i fy  the  c o s t  of rcmoval of 
s p e c i f i c  f i ss ion  products. 

, ~ 
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Fig. 3.27. Total  Costs  fc: Interim Storage, Cnicina- 

tion, Shipmcitt, and D i s p ~ s o l  in  a Salt Mine. 

4. Transuran ium Element Processing 

4.1 CHEMICAL PROCESS DEVELOPMENT 

'The Transuranium Processir ig  P l a n t  (TRU) and 
a very-high-flux reactor, t h e  High F l u x  Isotope 
Reactor  (KFIK), are be ing  bui l t  here  in  order t.a 
provide gram quant i t ies  of many of the  t rans-  
uranium e lements  and  milligram^ quant i t ies  of some 
of t h e  transcalifornium isotopes,  T h e s e  mater ia ls  
wil l  b e  used  for research purposes in laborator ies  
throughout t h e  country. 

Long-term irradiation of 10-kg b a t c h e s  of Pu239 
in  the  Savannah River production reactor produces 
about  600 g of P u Z 4 '  and a 300-g mixture of A m 2 4 3  
and Cm'", the  s ta r t ing  mater ia ls  for further irra- 
diat ion in the IIE'IR. After an irradiation of 12 to  
18 months, t h e  transcueium elements  will be re- 
covered as products, and the curium i s o t o p e s  wil l  
b e  returned t o  the  reactor for addi t ional  irradiation. 

Chemical p r o c e s s e s  a r e  being developed,  and 
equipment i s  being designed i n  order to make t h e  
target  rods,  d i sso lve  and iecover the t ransurani lm 
e lements  from t h e  iriadiated targets ,  and then 
prepare a n d  s h i p  the  iecovered chemica ls  to 
customers  a s  required. 'This report  summarizes  
t h e  development of the  c h e n i c a l  separa t ions  
p r o c e s s e s ,  equipment desigii, and the  design and  
development of 'TRU. Development of the proce- 
dures  for making the  ta rge ts  is Tinder the  direction 
of t h e  Metals  and Ceramics  Division and is not 
reported here. Corrosion s t u d i e s  being done in  
t h e  Reactor  Chemistry Division arc a l s o  reported 
elsewhere.  

After plutonium-aluminum alloy h a s  been irra- 
diated in  t h e  Savannah River production reactor  
t o  greater  than 99.9% burnrip of t h e  PuZ3', t h e  
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CHROMATOGRAPHIC ELUTION 

WITH COMPLEX1 RIG ELUENT 
FROM CATION EXCHANGE RESIN 

.. 

residual  plutonium, which is primarily the mass-  
242 isotope,  will be recovered (also at SKI,) by 
convent ional  solvent  extract ion or anion exchange  
procedures. Alternat ive methods which a r e  b e i n g  
developed a t  ORNL for recovering A m 2 4 3  and 
Cm from t h e  raffinate of t h e  plutonium-recovery 
s t e p  a r e  outlined in  Fig. 4.1. One method c o n s i s t s  
in concent.rating americium, curium, and rare-earth 
(RE) f i ss ion  products by anion exchange,  con- 
verting to a chlor ide sys tem by amine extract ion 
of ni t r ic  a c i d  from mixed hydrochloric-nitric a c i d  
solution, and  separa t ing  americium and curium from 
rare  e a r t h s  by t h e  Tramex process .  In the s e c o n d  
method, concentrat.ion of Am-Cm-RE and conversion 
to a chlor ide s y s t e m  ate combined into a s i n g l e  
extract ion cycle .  Americium, curium, and rare  
e a r t h s  a r e  extracted into tertiary amine from neutral 
n i t ra te  so lu t ion  and are s t r ipped into d i lu te  hydro- 
chlor ic  acid. 

The  main-line HFIR target  process ing  method 
(Fig. 4.2) c o n s i s t s  in  target  dissolut.ion i n  hy- 
drochloric ac id ;  ac t in ide  separa t ion  f rom f i ss ion  
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Fig.  4.1. Summary F lowsheet  for Americium-Curium 

Recovery f o r  Plutonium Process  Waste. 

products and aluminum by the 'i'ramex process ;  
transcurium elemcnt  separa t ion  from americium and 
curium by phosphonate  extract ion from di lu te  hy- 
drochloric ac id ;  berkelium separa t ion  from cal i -  
fornium, einsteinium, and fermium by dialkyl  
phosphate  extract ion of Bk(IV) from concentrated 
ni t r ic  acid;  and californium, einsteinium, and 
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fermium isolat ion by chromatographic elution from 
a cat ion exchange resin. 

In addition to developmelit of the  main-line 
process  methods, scout ing  t e s t s  were made in 
order to  find iflethods for separa t ing  americium 
from curium, t o  determine the possibi l i ty  of act inide-  
lanthanide separat ion in a carbonate  sys tem,  and 
to  develop a method to  prepare P u Q 2  for HFIR 
tar  gc t s . 

Additional laboratory s t u d i e s  were made of vari- 
a b l e s  affect ing t h e  anion exchange recovery of 
americium and curium from ni t ra te  solut ion,  ' and 
a n  a t t rac t ive  al ternat ivc ptocedure, b a s e d  on 
teritary amine extraction, was developed. A Eull- 
act ivi ty- level  demonstration of the  ion exchange  
process  w a s  provided by the americium-cwium 
recovery prograin (Sec 5.1) in  which r i g h t  plutoniuni- 
aluminum al loy io& iriadiated to produce PU ", 
Am and Cm for HFiR ta rge ts  were processed  
in cell 1, Building 4507, to  recover plutonimi and 
the  americium and curium contained in  the  plu- 
tonium w a s t e  effluent. Difficulty in operat ing 
t h i s  an ion  exchange process  a t  a production scale 
c l . e e l y  ind ica tes  that  the  solvent  extract ion method 
using tertiary arnirie is t o  be  preferred. 

T h e  anion exchanp,? process  maker  u s e  of the  
sorpt ion of aine:icium, curi im,  and rare ear ths  
on a n  anion exchange resin frorii concentrated 
aluminum ni t ra te  solut ions of low acidi ty ,  whereas  
t h e  amine extract ion p r o c e s s 2  depends on the  
extract ion of these  d e m e n t s  into tertiary amine 
so lvent  from neutral ni t ra te  solution. With e i ther  
process ,  americium and curium c a n  be  recovered 
in d i lu te  nitric acid solut ion,  f ree  of aluminum, 
corrosion pioduets ,  and most f iss ion products 
e x c e p t  t h e  inre  earths. T h e  ni t ra te  product c a n  b e  
converted to  chlor ide by adding HC1 and extract ing 
t h e  I - I N 0 ,  wit!] a tertiary amine; the  americium and 
curium c a n  then b e  purified by t h e  'Tramex process .  

T h c  concentrat ion of Am-Cm-XE and their con- 
version io chlor ides  c a n  be combined into a s i n g l e  

'Y. I,. Cul le r  et al., Cheni. Technol. U iv .  Ann. Progr. 
Rep: .  J u n e  30, 1962, ORNL-3314, pp 133-31. 

'K. E. I,euze et a ] . ,  J-ransurariitini Quarterly  progress 
Report for Period Ending August  31. 1962, ORNL-3375, 
pp 11-12. 

extract ion c y c l e  by extract ing from t h e  n i t ra te  
solut ion and s t r ipping with hydrochloric ac id .  

Recovery of Americium-Curiwaaa from ?Qitrn*s Solu- 
tion Sy Anion Ercbanga. Laboratory s t u d i e s  of 
th i s  process  have  been concerned with the  e f fec ts  
of r a r e e a r t h  concentrat ions in  t h e  feed, flow rate 
through t h e  colurnii, and ac id  def ic iency in  t h e  
feed. ?'he capac i ty  of Dowe:! 1-X10 res in  for 
cerium w a s  invest igated;  however, va lues  for total  
res in  capaci ty  were not obtained s i n c e  equilibrium 
w a s  not reached in  the 36 h i  of contac t  time. No 
evidence  of radiation damage w a s  noted when full- 
act ivi ty- level  feed was in contac t  with t h e  res in  
for 21 days.  

Rare-Earth Concentra- 
tion, Flow Rate, and Acid Deficiency. - T h e  be-  
havior of europium trace:, which sorbs  s l ight ly  
l e s s  than curium, was used t o  measure t h e  e f f e c t s  
of these variables .  l e s t s  were made with a 1 4 . -  
diam g l a s s  colurnil filled with resin to a depth of 
15 cm. Europium losses were measured during 
sorpt ion a t  6092 from 15 column-displacement 
voluriies of feed and during subsequent  washing 
with 5 d i s p l a c e n e n t  volumes of 8 

Increasing the rare-earth concentrat ion ahovcl 
0.5 g/lite: in 2.6 M Al(NG,), feed adversely af- 
fec ted  curopium recovery (Fig. 4.3). With a flow 
rate of 2 rill C I - ~ I - ~  inin-"', europiurn recoveries  
were 89, 8'1, 7 7 ,  62, and 40% for iare-earth feed 
concentrat ions of 0.5, 1.0, 1.5, 7.0, and 5.0 g/liter 
ieSpeCt.iVely. Th i s  effect  c a n  be  offset  by de- 
ci-casi.ng the  flow rate ,  as shown by t h e  resu l t s  
plotted i n  Fig.  4.4. Europium recovery from feed 
containing rare ear ths  a t  a concentration of 2 
g/ l i ter  w a s  increased  from 62% to 89% by de- 
c r e a s i n g  the  flow rate f rom 2 to  l ml cm- '  inin--'. 
T h e  same effect i s  shown in Fig.  4.5 for feed 
containing a 5 g/ l i ter  concentration of rare ear ths ;  
however, europium losses were 40%, even a t  a 
flow rate  of 0.6 nil min- ' .  S ince  there  was 
no appreciable  europium l o s s  during loading from 
the  f i rs t  10 displacement  volumes of feed,  com- 
p l e t e  europium recovery c a n  be obtained by limiting 
the  amount of feed to  l e s s  than th i s  volume. 

Since acid-deficient aluminum ni t ra te  is more 
so luble  than neiitral aluminurn ni t ra te ,  and s i n c e  
t h e  h ighes t  poss ib le  aluminum concentrat ions a r e  
required for sat isfactory americium-curium re- 
covery, t h e  effect  of acid-def ic ient  feed on euro- 
pium recovery was invest igated.  With 2.6 M A13' 
it w a s  found tha t  europium recovery was unaffected 

Effec t  of Feed Variables: 

LiNG,. 
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Fig.  4.3. Europium L o s s e s  During Rare-Earth Load- 

ing OII Anion Exchange Resin:  E f fec t  of Rare-Earth 

F e e d  Concentration. 

in changing  from neutral  feed t o  0.7 N acid-  
def ic ient  feed. However, by increas ing  a c i d  
def ic iency f rom 0.7 to  1.17 N ,  europium recovery 
w a s  d e c r e a s e d  from 90% t o  about  81%. 

T h e  ef fec t  of acid-deficient feed on t h e  behavior 
of iron w a s  invest igated,  and i t  w a s  found that  
2 g of iron per l i ter  in the 0.5 N acid-deficient feed 
did not  a f fec t  europium recovery. Iron did not 
load or precipi ta te  on t h e  column, and  only 0.8% 
w a s  found i n  the produci cut. 

Resin Capacity. - An at tempt  was made to de- 
termine t h e  cerium loading capac i ty  for th ree  
mesh sizes of Dowex 1-XlO resin.  However, equi- 
librium w a s  not a t ta ined in  96 hr at 25%. In t h e s e  
experiments ,  a gram of dry resin w a s  tumbled in 
1 0  ml of 9 iM LiNO, which contained cerium (20 
g/ l i ter)  a s  Ce(N0,3)3, plus  cerium tracer. T h e  
resu l t s  are shown in Fig. 4-6. R e s i n  loading in- 
c r e a s e d  with decreas ing  par t ic le  s i z e ,  and equi- 

librium w a s  approached more rapidly with finer 
resin. In 96 hr, i t  appeared that  equilibrium w a s  
nearly reached €or -400-mesh res in  but: not for 
100- to 200-mesh or SO- to 100-mesh resin.  

Resin Stabi l i ty  af Full Activity Levels. - Dowex 
1-X10 resin in contac t  with high-activi ty-level 
feed for 2 1  d a y s  showed no ev idence  of radiation 
damage. Two grams of resin was in contac t  for 
2 1  d a y s  with 4 ml of 2.4 M Al(NO,), containing 
3.14 x 10' gross  a lpha and 1.68 x 10" gross 
gamma counts  per minute per milliliter. This 
solut ion w a s  prepared f rom full-activity-level 
plutonium w a s t e  effluent. There  w a s  n o  v is ib le  
discolorat ion of t h e  res ins ,  and the gross alpha 
dis t r ibut ion coeff ic ient  K ,  increased  slowly during 
t h e  f i rs t  e ight  d a y s  and then remained cons tan t  at 
about  50. T h i s  behavior is similar  t o  that  for 
cerium, noted above. 
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Amine Extraction of Americium-Curium f ro9  
Nitrate Sollutinn, - Laboratory-scale  mixer-settler 
ruiis demonstrated excel lent  curium extract ion by 
0.6 M Alamine 336.HNC3 in diethylbenzene (DEB) 
and good decontamination from corrosion products 
aluminum and nitrate. Distribution coeff ic ients  
determined for curium and for a number  of poss ib le  
contaminants  from LiNO, solut ion v s  0.6 M 
Alamine 336-1dN03 in  DEB a l s o  confirm the  pos- 
s ib i l i ty  of good decontamination. 'The most ef- 
fec t ive  s a l t s  for maximum curium extract ion are 
those  n i t i a t e s  that forti1 higher hydrates. Qmericiuili 
and curium dis t r ibut ion coeff ic ients  varied by a 
factor of over 40 €or different di lucnts .  The sol- 
vent, 0.6 M A1ami.m 336*HN03-DEB, i s  a satis- 
factory extractant ,  giving an  amcriciuiii d is t r i -  
bution coeff ic ient  of 8 when contacted 7Jji:th 3 M 
LiN03--1 M A1(N03)?. 

Fiowsheet  and Mixer.-Settler Demonstrations. ... 
The f lowsheet  for amcrici-urn-curium recovery from 
neutral  ni t ra te  is shown  in Fig.  4.7. Americium, 
curiuiii, and rare-earth f iss ion pioducts ace ex-  
t racted with 0.6 M Alamine 336.1-INC3 i n  D E 3  
from 1 to 2 M hl(M03)3 solut ions,  scrubbed with 
8 M LiNO,, and eluted with 3 M I-IC1. Eight EX- 
traction and eight  scrub s t a g e s  are used  with a 
feed/scrub/extract ion ia t io  of 1: 1:2, Stripping is 
accomplished with 3 M HC1 in conjunction with a 
neutral  ainine scrub. 

In laboratory demonstrations of t h i s  process ,  
2 curium recovery of 99.8% w a s  achieved with 
1 M P.! (NQ3)3  feed that  contained C m Z 4 '  and 

UNCLASSIFIED 
O R N L -  DWG 6 3 - 2 8 7 6  

VI.4STE 
SOI-VENT 8 M  LiM03 

1-2 M AI (N03)3 --@------ 

STRIPPING EX TRACTION ........ 
:.:.:.: 
....... :.:...:. 
:.:.:.. 
....... ....... ..... 
....... 

...... 0.6 AL-AMINE ..a 
3 3 6 - H N 0 3 - D i 3  

0 6 M ALAMINE / 
336 (NEbTRALi-DFB 

PRODUCI Am, Cm, R.E. 
I 

WASTE PRODUCT 

Fig.  4.7. Flowsheet  a# Amino Extract ion Procpss for 

Recovery o$ Aircriciuni uiid Curium from Ni t rate  Solu- 
tions. 
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R u ' 0 3 1 1 0 6 .  About 60% of the  ruthenium ex- 
t racted.  T h e  pregnant organic ex t rac tan t  w a s  
s t r ipped  with half a volume of 3 M HC1 and then 
with half a volume of organic scrub  r0.6 M Alamirie 
336 (neutral)-DEB]. Ruthenium remained in  t h e  
organic  phase ,  and a n  overal l  decontamination 
fac tor  of 1Q3 from ruthenium w a s  obtained. T h e  
curium product was 2.1 W i n  IlCl and i O . O 1  M i n  
NO,-, which is s u i t a b l e  €or feed adjustment  €or 
t h e  Tramex process .  

A similar  laboratory-scale mixer-settler t e s t  
demonstrated almost  complete  recovery of rare  
e a r t h s  decontaminated from corrosiori products. 
T h e  2 M AI(N0,3)3 s imulated feed contained rare 
e a r t h s  (5 g/liter) as  s tand-ins  for americium and 
curium, and  i t  also contained chromium, nickel ,  
and iron (1 g of  e a c h  per  liter). Rare-earth l o s s e s  
in  t h e  aqueous w a s t e  were only O.QQS%, and the  
extract ion of chromium, nickel ,  and iron war; so 
s l igh t  t h a t  they could not b e  de tec ted  i n  t h e  ex- 
t ractant .  Aluminum content  i n  the  ex t rac tan t  w a s  
0.09 &iter; t h i s  represents  an aluminum decon- 
taminat ion factor of about  300. 
Distribution Coef f ic ien ts  for Curium and Possible 

Contaminants. - Distribution c o e f f i c i e n t s  for 
cu r ium from 3 t o  8 M LiNO, into 0.6 M Alamine 
336eNNQ, in D E B  were determined ( F i g .  4.8) and 
a r e  proportional to about  the  seventh  power of the  
LiN03 concentration. Aluminum ni t ra te  and lithium 
ni t ra te  were  interchangeable ,  with no not iceable  
difference in  extractabi l i ty .  T h e  dis t r ibut ion co- 
ef f ic ien ts  were proportional to t h e  square of t h e  
Alamine 336.HN03 molarity in  D E B  (Fig, 4.9). 

Most contaminants ,  except  t h e  rare-earth fission 
products ,  ate so  inextractable  they wil l  remain i n  
t h e  aqueous  waste. Distribution coef f ic ien ts  be- 
tween 0,6 M Alamine 336.HN03-DEB and 1 M 
A1(NOJ),-3 iM IAiNO3 were less than 0.001 for 
Mn, Co, Ni, Cr, Ba, and Sr and l e s s  than 0.1 for 
Fe, CU, Zn,  Ag, Sn, and Zr. Distribution coeffi- 
c i e n t s  for Cd, Y, and Pd were 0.6, 2.4, and 120 
respect ively.  

E f f e c t  o f  Metal Cation on Curiiini Extractnbiiily. 
- Curium extract ion into the tertiary amine de- 
pends  s t rongly on the type of ca t ion  used  i n  the  
ni t ra te  s a l t i n g  solution. Distribution coef f ic ien ts  
between 0.6 fif Alamine 336*HNO,-DEB and 6.0 N 
ni t ra te  so lu t ions  made from a number of different 
ni t ra te  s a l t s  a r e  given in  T a b l e  4.1. T h e  large 
variation in  distribution coeff ic ients  from 0.051 
for 6 N NH,NQ, to 5.4 for 6 N Be(N03)2  appears  
t o  b e  a s s o c i a t e d  with t h e  abi l i ty  of t h e  s m a l l e r  
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ions  t o  t i e  up larger aiiiounts of water  by hydration, 
thereby increasing the  ni t ra te  act ivi ty  of t h e  solu- 
tion. 

E f f c c t  of 19iluent on Americium and Curium Ex- 
tractobilit,-. - When different diluents were u s e d  
for t h e  extractant ;  americium distribution coeffi- 

Tab le  4.1- E f f e c t  of V a r i m s  Ms:c1 N i t r a t e  Sa l t i ng  
So lu t ions  on Cur ium E x t r a c t i o n  i n to  0.6 M 

Algir ' P Z  336- !4HQ 3-D E B 

Ionic - 
Radius NO3 Distribuiioa Coefficient, Cation 

( A )  
(N, E', for Curiuma 

NH4 6.0 0.05 1.48 

Na 6.0 0.10 0.95 

Ca 6.0 0.24 0.99 

Mg 6.0 4.07 0.65 

T,i 6.0 4.04 0.60 

Be 6.0 5 . w  0.31 

aCaiiori extraction coefficient, E," = (cation concentra- 
tion in organic phas-)/(cation concentratioa in aqueous 
phase) st equilibrhm. 

bLinus Pauljngp Nature of the Chemical Bond3 2d ed., 
p 350, Coinell  University @I-ess, Ithaca, N.Y., 1948. 

cients varied from 0.53 to  38; cur ium dis t r ibut ion 
coef f ic ien ts  varied from 0.43 t o  20; and arnericiuiii- 
curiuii; separa t ion  factors  varied from 1.23 t o  2.06 
for t h e  s y s t e x  0.6 Alarnirie 336*IHN03 v s  3 bP 
LiN03-1 M PJ(N03)3. T h e s e  data, d o n g  wllh 
v iscos i ty  of the  solvent  and water  content  of t h e  
solveiit af ter  equilibration, are given in ' iabie 
4.2. Based on the v iscos i ty  of 5.4 c e n t i p o i s e s  
and d i s t r i h t i o n  coeff ic ients  of 8.0 for americiuin 
and 5.3 for curium, DEB is a sa t j s fac to iy  di luent  
and is reeomrncnded, s i n c e  i t  is tile di luent  also 
used  for t h e  Tramex process .  

Y&er content  of the  solvent  was rzerriy cons tan t  
for a wide variety of dilucilts and appears  to b e  
a s s o c i a t e d  with t h e  amine a t  t h e  mole ratio of 4 
amine molecules  io 1 of water. Water content  
did i nrrease s l igh t ly  wh.ea? 2-ethyl hexanol  w a s  
added t o  prevent the  formation of a second orgarzlc 
phase.  

Invest igat ions continued on developing, tes t ing,  
and impioving the  Trainex prores.; for separa t ing  
transplutonium clcmeak from f iss ion prodiictS, cor- 
rosion products, and aluminum uszd  in  iiradiation 
targets. T h i s  process  is useful  for recovering a!l 
knowrl transplutonium e l e n e n t s  a s  a group9 and 

Tab le  4.2. E i fec t  of Vo r ious  D i t u e n t s  on Ex : ruc tab i l i t y  af Amer ic ium-Cur ium 
i n t o  0.6 M Alani ine 3 3 6 * t I N Q 3  from 3 M LiN03-1 ,V AI (N03J3  

Diluent Viscosity 
(centipoises) 

Water Conter.? 
(g/liter) 

1.2 Ihchlorobcnzene 

Decane 10% alcohol 

Benzene 

Anisi  o t 57" alcohol 

Diethylbeazene 

Carbon tetrachloride 

Heptane + 5% alcohol 

Toluene 

Triethylbenzene 

Xylene 

Diisopropy lbenzene 

Cyclohexane 

1.97 

8.15 

3.14 

13.01 

5.39 

5.21 

6.08 

3.06 

8.67 

3.44 

9.08 

9.33 

3.90 

4.29 

2.57 

3.91 

2.70 

2.08 

3.75 

2.43 

3.18 

2.39 

3.02 

2.93 

Disir ihution Coefficient, E" 
_____ 
A in Cm A111 /Cm 

- _ _  

0.53 0.93 1.23 

7.95 1.52 1.94 

8.01 3.93 2.04 

8.45 4.10 2.06 

7.98 5.27 1.49 

9.00 5.35 1.68 

12.30 7.53 1.63 

13 07 8.48 1.53 

15-10 9.79 1.54 

20 7 0  12.46 1.59 

28.80 16.70 1.72 

38.20 20.50 1.86 
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i t  is planned spec i f ica l ly  for i so la t ing  Am"' plus 
C m 2  4 4  from concent ra tes  recovered from plutonium 
process ing  raff inates ,  for i so la t ing  a l l  t h e  trans- 
plutonium e lements  from irradiated HFIR ta rge ts ,  
and for i so la t ing  C m  plus  t h e  remaining Am d l  

from irradiated cermets  of AmO, and aluminum 
(Sec 5). 

P r o c e s s  condi t ions present ly  recommended for 
maximum decont.amination a r e  shown in F ig ,  4.10. 
I h e s e  d i f fe i  from the condi t ions reported l a s t  
year3  in  three  respec ts :  (1) aluminum chlor ide is 
added to  the  feed,  ( 2 )  more concentrated hydro- 
chlor ic  a c i d  i s  used  for stripping, and (3 )  s t r i p  
product is scrubbed with freshly prepared Alamine 
3 3 6 ~ H N 0 ,  ir? DEB diluent. Aluminum chlor ide w a s  
added b e c a u s e  i t  will b e  present  in  the  feed from 
target. d issolut ion.  T h i s  small  amount of aluminum 
chlor ide is a l s o  beneficial  s i n c e ,  by hydrolysis ,  
it  h e l p s  replenish small l o s s e s  of acid.  T h e  
acidi ty  of t h e  s t r ipping solut ion was iricreased, 
and t h e  solvent  s c r u b  w a s  added t o  improve de- 
contamination. T h e  higher acidi ty  is more effec- 
t ive  in  keeping Zr, Nb, and Fe in the so lvent  
phase .  The presence  of HNQ, i n  t h e  solvent  sc rub  
k e e p s  ruthenium in t h e  solvent .  R e s u l t s  of t e s t s  
ind ica te  t h a t  t h i s  process  is sa t i s fac tory  for iso- 
lating t.ransplutonium e lements  from a l l  probable 
contaminants  except  some short-lived f i ss ion  
products (such as  Ag' ' and possibly Te' '), and 
f rom n icke l ,  which comes from the  aluminum al loy 
used  i n  I-IFIR ta rge ts  and from corrosion of the 
p r o c e s s  equipment. In m o s t  cases, suf f ic ien t  
decay  t i m e  c a n  b e  allowed to el iminate  diff icul t ies  
from t h e  short-lived f i ss ion  products, and nickel  
can  b e  kept  in solut ion when americium and curium 
a r e  precipi ta ted as  hydroxides by urea hydrolysis  
or ( is oxala tes  from di lu te  a c i d  so lu t ions  containing 
:~mmoniurn ion. 

' r e s t s  of t h e  b a s i c  f lowsheet  in  I- to 10-ml 
ba tch  ex t rac t ions  a t  act ivi ty  l e v e l s  up to 10 w of 
Crn2 per l i ter  indicated no ser ious  radiation 
effects. Solvent exposed to 300 whr/ l i ter ,  which 
is three t imes  the  ant ic ipated maximum d o s e  i n  
t tie Transuranium P r o c e s s  P l a n t ,  performed s a t i s -  
factorily. Loss of a c i d  in Tramex feed by ra- 
d io lys i s  a t  high act ivi ty  leve l  p o s e s  a potent ia l ly  
s e r i o u s  problem, s i n c e  a c i d  concentrat ion must  b e  
kept  below 0.1 M to ensure  sa t i s fac tory  extract ion 
but greater  than approximately 0.01 M t o  prevent 

? >  

t h e  precipi ta t ion of metal hydroxides. Additional 
demonstration a t  full act ivi ty  and a t  plant s c a l e  
is required t o  firmly e s t a b l i s h  the capabi l i t i es  of 
t h e  Tramex process .  

During t h e  past. year, work was directed a t  
t e s t i n g  and  improving the process  and included 
the  following: process  demonstration in  mixer- 
s e t t l e r s ,  with s imulated feed containing t racers ;  
p r o c e s s  demonstratioti by batch countercurrent 
extract ion with high-activity-level feed containing 
C m 2 4 2 .  , behavior s t u d i e s  of short-lived f i ss ion  
products  and ruthenium; invest  igatiori of t h e  effect 
of high-level a lpha act ivi ty  on so lvent  and feed 
solut ion;  development of feed-adjustment methods; 
determination of physical  propert ies  of Tramex 
solut ions;  invest igat ion of ac id ,  americium, and  
europium distribution coef f ic ien ts  as  a function 
of HC1, LiCl, and A1CI3 concentration in  t h e  feed; 
and evaluat ion of a l te rna te  so lvents .  

Laboratory-Scale Tests of the  Tramex Process. - 
Laboratory-scale  tests of t h i s  f lowsheet  w r r a  
made in  mixer-settlers with eight scrub  and  eight  
extract ion s t a g e s  in the first uontactor, and e ight  
s t r ip  and e ight  sc rub  s t a g e s  i n  the second con- 
tractor. E a c h  w f  t h e s e  mechanical. s t a g e s  operated 
a t  about  60% clfficiency. Runs  made with simu- 
l a ted  f e e d s  containing m a c r o  amounts  of rate 
w r t h s  and  sp iked  with small amounts of irradiated 
Am241  (about 1 mg i n  300 ml of feed)  demon- 
s t ra ted  americium and curium recoveries  of greater 

WASTE S O I Y E ~ J  r 
Ru.Zr,Fe,Pu 

PROOIJCT 

F. L. Culler at a l . ,  Chem. Technol. Div.  Ann. Progr. 3 

Rept. June 30, 15'62, ORNL-3314, pp 128-30. Fig .  4.1Q. Tramex Process Flowsheet. 



t h a ~ i  99.9% and f iss ion product decontamination 
factors  c;f about IO4. In other t e s t s ,  with macro 
amounts of corrosion prodiicts and trace; ac t iv i t ies  
in t h e  feeds ,  iron and chromium decontamination 
fac tors  XVeiE greater than IO3, and rare-earth, 
zirconitirri, and ruthenium decontaininatioii fac tors  
\%rere 2 10". 

Tramex Test  ~t High Activi ty  Lcvr! .  - - ~  R e s u l t s  
of tes t ing  t h e  Tramex process  i n  a batch counter- 
current  extract ion a t  a ~m concentrat ion equi- 
valent  t o  about  4 wjliteer indicat- no diff icul t ies  
a s  a resul t  of the  high act ivi ty  level .  Distribution 
coef f ic ien ts  were i n  agreement with tracer-level 
s tud ies ,  and p h a s e  separa t ion  w a s  as  good a s  or 
bet ter  than that  in  the  a b s e n c e  of act ivi ty .  Ee- 
c a u s e  of mechanical  diff icul t ies ,  i t  w ~ s  not pos- 
s i b l e  t o  operate  t h e  scrubbing and s t r ipping con- 
t a c t a r s  as  planned. Two extract ion staees were 
used, and  batch s t r ipping w a s  a c c u i ~ ~ p l i s h e d  by 
shaking  the  so lvent  with the  s t r i p  solut ion in 
sample  bot t les ,  None of the  operating d i f f icu l t ies  
were d u e  i n  any way t o  the act ivi ty  leve l  of the  
solut ions.  Although i t  was not poss ib le  to denon-  
s t r a t e  complete recovery and decontamination iii 

th i s  t e s t ,  the  data  and operat ing experiei-uce indi- 
c a t e  that  t h e  Tramex process  wil l  be  sa t i s fac tory  
a t  high act ivi ty  levels .  

P r o c e s s  Description. --. An A1-Am0 cerriiet 
target  containing 40.3 mg of and 12.5 g of 
A1 was prepared and irradiated in  t h e  Oak !?idge Re- 

h Reactor for 39 d a y s  a t  a neutron flux of 
2.0 x After cool ing for two montlis, t h e  
aluminum w a s  d isso lved  in 2.5 M NaOII solut ion.  
T h e  resul t ing solution w a s  decanted through a f i l ter ,  
and t h e  residue (containing the americium, curium, 
and f i ss ion  products) w a s  washed with di lute  sodium 
hydroxide solutioil and then with d i lu te  lithium 
hydroxide solution. T h e  residue w a s  d isso lved  
in warm 6 M MCl. E x c e s s  acid w a s  dis t i l led off, 
and LiC1, and AlCI, were added to  ad jus t  t h e  
extract ion feed to 9.9 M LiCI-0.2 M A1C13 con- 
ta ining a quantity of curium equivalent  t o  approxi- 
mately 4 w/liter. Of t h i s  f eed ,  7.8-ml portions 
were contac ted  with 9-ml volumes of 0.5 M Alamine 
33fi*HCl-DEB in  two batch countercurrent ex- 
t ract ion s t a g e s .  Solvent containing extracted Am, 
Cm, Ru,  and Zr w a s  s t r ipped wit11 5 to  8 M P I C 3  
by co l lec t ing  e a c h  batch of solveiit in  a sample  
bot t le  containing the desired s t r ip  solution. T h e s e  
were  shaken, and each phase  w a s  analyzed t o  
determine s t r ipping resul ts .  

Eqsipmen: llescription. - T h e  equipment pictured 
i n  Fig. 4.11 w a s  descr ibed previously. l ' h e  
e s s e n t i a l  features  of th i s  equipment were s i x  
countercurient batch-operated extract ion s t a g e s ,  a 
dissolver-evaporator, aird a s s o c i a t e d  equipin, * 
for t ransfcx ing  the  solut ion,  sampling i t ,  hand1 
t h e  off-gas, and d i s p  g of the  waste solut ion.  
'liwo of t h e  s t a g e s  were plaened for extract ion,  
one for scrubbing,  one for stripping: and two for 
washing the  s t i i p  product with fresh solvent .  'The 
apparatus  w a s  n:ounted in  an alpha-tight crrclosurr 
and ins ta l led  i n  a cc!! in  Building 3019 Kigh 
Radiat ion L e v e l  Analyt ical  Faci l i ty .  Operat ions 
were performed by remote manipulation. 

Operational t?xp&ence and I?csults. _- C a u s t i c  
dissolut ion of the  aluminum jacke t  and matrix of 
t h e  target  proceeded normally. About 10% of t h e  
C m z 4 '  w a r  l o s t  i n  the  a!uminum dissolve;  solut ion 
and t h e  c a u s t i c  washes.  T h e  residue wa,s readily 
d isso lved  in  warm 5 M HC1, Analyt ical  resu l t s  
showed t h a t  t h i s  solut ion (270 ml)  contained '7.9 
mg of ~ m ~ ~ ~ ,  18 mg of L ~ r n 2 4 1 ,  and 2.1 m g  of 
f i ss ion  products (see Table  4.3). T h u s  about  
30% of t h e  Am241 ~ 3 : ;  converted to C m 2 4 2 ,  and 

4R. E. Leuzc et at . ,  Transuranium Quarterly  Progress 
Repor t  for Period Endiap August 31, 1962,  ORNE-3375, 

................ __ ... 

pp 6-8. 

- 
l a b l e  4.3, Composition of the Dissolver Solu?ior; tor 

thc Hi gh-hc t iy i ty- L e v 2  1 Trornex Te sia 

Isotope 

Cill 

Am241  

Pu238 

P u 2 4 2  

S r 8 9  

Fis s ion  products 

1 0 3  RU 

Ru106 

Csl3' 

~ a " '  

Ce141 

Ce 4 4  

Quantl ty  (mg) 
~~~ 

7.9 

18 

3.1 

2.1 

2.1 

110 mc 

360 mc 

140 lllC 

1 ~ 8 111, 

290 illc 

580 mc 

85 mc 

aThe Am-Cm was disso lved  in 270 ml  of 6 M EICI; then 
this  solution was adjus ted  to 200 m l  of extraction feed. 
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E X T R A C T A N T  A D D I T I O N  
F U N N E L  I- 

D I S S O L V E R - E V A P O R A T E R  1 

Fig. 4.11. Equipment for Tramex T e s t  at High Act ivi ty  Leve l .  

about 6.2% of the  Amz4 '  f i s s ioned  during the  
39-day irradiation in the  ORR at a neutron flux 
of 2 x T h e  d isso lver  solution w a s  ad jus t ed  
to  approximately 200 m l  of extraction feed; t h e  
~m~~~ entration w a s  about 3.5 mg/liter, 

l e n t  to a power density of approximately 

During the  extended t e s t ing  period (s ix  weeks)  
damage to  t h e  Tygon tubing by the 
the  t ransfer  l i ne  from s t a g e  3 ino 
making i t  imposs ib le  to u s e  the  l a s t  four s t ages .  
Solution t ransfer  and phase  separa t ions  in  the  
f i rs t  two s t a g e s  were comparable with opera t ions  
in  which no act ivi ty  was  present.  

Distribution coef f ic ien ts  for Cm, Ce, Ru, and 
Z r  in  the  two extraction s t a g e s  a r e  given in Tab le  
4.4. In general ,  t h e s e  a re  comparable with va lues  
obtained at tracer l eve l s  except  for the  zirconium 
distribution coef f ic ien ts ,  which were low. 

Material ba l ances  over the  second extraction 
s t a g e  were Cm, 99%; Ce ,  8 ; Ru, 240%; and 
Zr, 103%. S ince  only two extraction s t a g e s  were 
used  and the  so lvent  w a s  not scrubbed, neither 
complete  product recovery nor complete  decontami- 
nation w a s  demonstrated. T h e  b e s t  resu l t s  were 
obtained when 8 M HC1 s t r ip  w a s  used. Ninety- 
f ive percent of t h e  curium was  recovered, and 
cerium, ruthenium, and zirconium decontamination 
fac tors  were 12, 17, and  5 respectively.  Although 
t h e s e  r e su l t s  do not offer conclus ive  proof of the 
capab i l i t i e s  of the  Tramex process  , no indica t ions  
of radiation-related problems appeared a t  act ivi ty  
l e v e l s  up to  10 w/li ter.  

Behavior of Ruthenium in the Tramex Process. - 
F i s s i o n  product ruthenium in  Tramex feed  will  
probably e x i s t  i n  both the  tri- and tetravalent 
s t a t e s .  Only Ru4' is extracted a long  with the 
transplutonium elements;  Ru3 ' remains in the  
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Table 4.4. Distribution Coefficients of Cm, Ce, Ru, 
and Zr in High-Activity-Level Tromex Test 

E: Element 
Feed Stage Second Stage 

- 

Cm 3.5 Sa 

Ce 0.076 0.31‘ 

Ru 13 1.4‘ 

Zr 3.5 0.46’ 

aThese increases  may be  due t o  decreased acidity of 

‘These marked dec reases  may be due to  the presence 
the feed after one contact with the solvent. 

of some inextractable spec ie s  of these elements,  

aqueous was te .  Trivalent  ruthenium is rapidly 
oxidized to  t h e  te t ravalent  form by Cl, ,  H z 0 2 ,  
and nitrite. Since H,Oz is produced by radiolysis  
of the  feed solut ion,  i t  is difficult  t o  keep  ru- 
thenium quant i ta t ively in  the t r ivalent  s ta te .  
Therefore,  at l e a s t  some ,  i f  not a l l ,  the  ruthenium 
c a n  b e  expec ted  t o  extract  with the transplutonium 
elements .  T h e  te t ravalent  ruthenium that  is ex- 
t racted is slowly reduced by the  so lven t  t o  the  
relat ively inextractable  Ru3  +, thus  al lowing a 
s m a l l  f ract ion of the  ruthenium to  be  s t r ipped 
a long  with the  transplutonium elements .  In a 
mixer-sett ler run with H,O, added to  t h e  s t r ip  
solut ion,  t h e  overal l  ruthenium decontamination 
factor  w a s  only lo3. In t h i s  case, t h e  H,Oz w a s  
not completely effect ive in reoxidizing ruthenium 
to  Ru4’ during s t r ipping operat ions b e c a u s e  t h e  
H,O, half-l ife in the  s t r i p  solut ion is only about 
a minute, compared with a r e s idence  t i m e  of 1 5  
to  20 min in t h e  mixer-settler. In t e s t s  at alpha 
radiation l e v e l s  of 3 w/li ter,  H,Oz from water 
rad io lys i s  w a s  not suff ic ient  to keep  the  ruthenium 
quant i ta t ively in  the  solvent  during stripping. In 
mixer-sett ler t e s t s ,  the  addition of a s i d e  s t r eam 
of NaNO, t o  the  s t r i p  solut ion (or scrubbing of 
t h e  s t r ip  product with 0.6 M Alamine 336.HN0,) 
w a s  effect ive in  oxidizing t h e  ruthenium or in  
forming a n  ex t rac tab le  complex. In t h e s e  tests, 
ruthenium decontamination fac tors  were 2 lo4 ,  
which is adequa te  for most appl icat ions.  

Behavior of Short-Lived F iss ion  Products in the 
Tramex Process. - T h e  7.5-day Ag”’  f i ss ion  
product quant i ta t ively followed americium and 
curium through both extraction and s t r ipping in 

a laboratory-scale mixer-settler run with synthe t ic  
feed spiked with irradiated Amz4’  tha t  had been 
cooled for two days.  T h e  78-hr TeI3’ f i ss ion  
product w a s  partially extracted,  and a s m a l l  
amount w a s  s t r ipped with the  product. Although 
67-hr Mog9, 8-day and 2.3-hr were ex- 
t racted,  they remained i n  the solvent  during 
stripping. 

given 
in T a b l e  4.5 confirm the  behavior of s i lver  in 
t h e  mixer-sett ler run. Silver can  be  kept  in t h e  
so lven t  i f  d i lu te  a c i d  is used  to  s t r ip  the  trans- 
plutonium elements.  However, t h e  higher ac id  
concentrat ions a r e  required for good ruthenium and 
zirconium decontamination. In m o s t  processing,  
decay t imes wil l  b e  long enough to  e l iminate  
Ag” ‘. 

Ef fec t  of Alpha Radiat ion on Tramex Solutions. - 
Solvent. - No difficulty in  phase  separat ion was  
noted when 0.6 M Alamine 336-HC1-DEB was  in  
con tac t  and intermittently mixed with 10.5 M LiCl  
containing c m Z 4 ’  for a total solvent  exposure of 
approximately 300 whr/liter. T h e  most no tab le  
effect  was  a 30% d e c r e a s e  in the  curium distribu- 
tion coeff ic ient ,  which, however, is still large 
enough for sa t i s fac tory  processing.  T h i s  t e s t  
ind ica tes  that  t h e  solvent  is suff ic ient ly  s t a b l e  to  
radiation for full-activity-level p rocess ing  s i n c e  
the  maximum so lven t  exposure ant ic ipated in  the  
TRU plant  is less than 100 whr/liter. 

A 10-ml sample  of 10 .5  M L iCl  containing CmZ4’ 
a t  a concentrat ion of about 25  mg/liter (equivalent 
to  about  3 w/liter)  was  mixed with 10 m l  of a 

T h e  distribution coefficient data  for Ag’ ’ 

Table 4.5. Extraction Coefficients of Ag”’ into 0.6 M 
Alomine336.HCI-DEB from Chloride Solutions 

Composition of the 
Aqueous Phase  

E: 
(M) 

1 HC1 420 

3 HC1 113 

5 HC1 19 

7 HC1 2.6 

9 HCI 0.4 

11 LiCl 19 

9 LiC1-0.3 AICI, 1 6  
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0.6 M solut ion of Alamine 336.piCl in DEB. T h e  
two p h a s e s  remained in  contact ,  with o c c a s i o n a l  
remixing, for 116 hr. The curium dis t r ibut ion co- 
eff ic ient  decreased  from 3.6 f.o 3.2 at a n  exposure 
of approximately 60 vrhr/liter, and  fo 2.4 :it ap- 
proximately 500 whr/liter. After  dn exposure  of 
about  200 whr/ l i ter ,  some interfacial  crud formed 
but did not c a u s e  ernuli;ion problems, P h a s e  
separa t ion  was sa t i s fac io ty  when the experiment 
was terminated afier a11 exposure of near ly  300 
whr/liter. 'The ci i r i im was readily s t r ipped from 
the solverit in to  9 M iiC1. 

Fecd Snlulion. .... A potent ia l ly  s e t i c ~ ;  problem 
with loss of acid rrxy result f rom high ac t iv i ty  
levc>%s in  the Tramex feed solutions. '?'est:; Rave 
shown that  radiat ion resu l t s  in  the destruct ion of 
acid ;3rid the  eventiial precipitation of those  metal  
ca t ions  t h a t  form insoluble  hydroxides. Smce 
lrarnex feed must coritain <0.1 M I-HCI in order to 
obta in  suff ic ient ly  high distribution coef f ic ien ts  
for rhe transplutonium elements, the adjus ted  feeds 
will be s t a b l e  for only a short  time. 

Acid-depletion G values (6- 11 t) were determined 
for synthe t ic  Tramex feeds that were 10 M in  
I.,iCI and contained from '2.6 to 15 w of C ~ I ~ ' ' ~  per 
liter. l h e s e  so lu t ions  were kept  a t  room 1:empera- 
iure  and  were vented to  ihe atmosphere. R e s u l t s  
of [he experiment a t  2.6 w/l i ter  are showri in Fig. 
4.12. R e s u l t s  of other  tests were s imilar .  T h e  
in i t ia l  rate o f  a c i d  loss corresponded 1.0 large 
G Late r ,  a t  a c i d i t i e s  be- 
1oyF0.4 M ,  G , - ~ +  values  were 2.2 at 2.5 w/li ter  
and 1.0 at 15 w/liter. The so lu t ions  became a c i d  
def ic ient ,  and metal hydroxides (including curium] 
precipitated. T h e  radiolytic gas from so lu t ions  
at. 15 w/i i ter  contained 1 part C12, 3 par t s  02, 
and 15 par t s  13,; no HCl was de tec ted .  

T h e s e  d a t a  ind ica te  that  feed solutions a t  10 
w/liter, which is the  proposed operat ing leve l ,  
wil l  lose a c i d  a t  the rate  of about  0.1 mole liter-1 
day-'.  S ince  a c i d  must b e  less than 0.1 M for 
sat is factory extract ion,  ad jus ted  f e e d s  w i l l  b e  
s t a b l e  for less than a d a y  u n l e s s  the a c i d  is re- 
plenished ~ 

These invest igat ions are s t i l l  in  progress ,  with 
emphas is  on determining t h e  ac id- loss  mechanism, 
finding methods for reducing t h e  loss, a n d  finding 
methods for replenishing the acid.  

Tronex Feed Adiushtent Studies. - T e s t s  made 
on a 1- to 2-liter scale in  laboratory g lassware  
ind ica te  t h a t  it is poss ib le  to prepare s t a b l e  
Tramex feed  of low ac id i ty  by simply d is t i l l ing  

? >  

? ,  

+ values  of 10 to 20. 

off water and  a c i d  unt i l  the des i red  salt  conren- 
t ra t ion is obtained.  Solut ions of 2 M HCl con- 
ta in ing  varying amounts  of L i C l  and AlCl, were 
d is t i l l ed  to s a l t  concentrat ions of 4 to  10 iW for 
LiCl and  0.2 to 0.5 for A1C1,. Figure 4.13 
shosvs t h e  approximate concentration of the  re- 
s idual  HCl as a function of the final total s a l t  
concentrat ion (LiCl plus AlC1,). ?ytilaximvrrn salt 
concentrat ions obtain;ilil.e without incurring solu-  
t ion ins tab i l i t i es  were also determined 8s follows: 

S ince  Tramex feed will lose ac id  by radiolysis ,  
it  .will tie necessary to replenish t h e  acid i n  some 
manner tu prevent. precipitation of aluminum and 
ac t in ide  hydroxides, Bubbling HC:1 gas through an 
ad jus ted  feed will i l l t rodwe Elel without di lut ing 
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-,  
r i g .  4.13. Approximate Ac id  Concentio:ion of Tramex 

Prepared by Simple Dist i l la t ion of  .41C13-LiCl- Feeds 
HCI  Solut ions.  

t h c  feed. Unfortunately, equilibrium a c i d  concen- 
t ra t ions of 1.35 M a t  60% and 0.4 M HC1 a t  1 2 0 T  
aie too  high for sat isfactory extract ion,  and f inal  
adjustment  is dependent on a c i d  a n a l y s e s  at 
precis ions difficult t o  obtain for t h e s e  highly 
radioact ive solut ions.  

Mixed g a s  bubbled through t h e  feed wil l  ad jus t  
t h e  acidi ty  to  the  desired value if t h e  HC1 part ia l  
pressure in  the  g a s  i s  equa.1 t o  the HCl vapor 
pressure  over the feed. Work t o  determine the  
vapor pressure  of IICl over 10 151 LiCI containing 
up to  0.1 M HCT h a s  been s tar ted.  If t h e  vapor 
pressure  is veiy low, the  volume of mixed gas  
necessary  to replace a c i d  l o s t  by radiolysis  may 
b e  too large for pract ical  application. 

Phys ica l  Properties of Tramcx Sn!wtions. - A 
program was s ta r ted  t o  accumulate  data  oti phys- 
i c a l  properties. of solut ions used in  the  'I'ramex 
process .  T h e  solubi l i ty  of AlC1, in  concentrated 

LiC1 so lu t ions  w a s  invest igated,  s i n c e  th i s  may 
determine the  volume of feed solut ion required to 
process  ta rge ts  fabr icated from aluminum. 'l'he 
solubi l i ty  of AlC1, a t  room temperature, (21 +_ l)T, 
d e c r e a s e s  from 0.38 M in  9 M LiCi t o  0.09 iM 62 
11 M L i C l  (see Fig. 4.14). T h e  proposed Tiamex 
feed is 10 M in  LiC1 and 9.1 M in  AlCl,, wel l  
below t h e  solubi l i ty  limit of 0.2 kl AICI, in 10 M 
LiC1. 

Dcns i t ies ,  boi l ing points, and rsfrnctivc ind ices  
for 9, 10, and 11 M L i C l  contaiiling A1C13 have  
been measured and are given in  Fig. 4.15. 

Ef fec t  of Salt and Ac id  Corrccntratisn in Tramcx 
Feed on Extraction. - Distribution coeff ic ient  
da ta  have  been difficult to  reproduce s i n c e  co- 
ef f ic ien ts  change  rapidly with smal l  var ia t ions in 
ac id  or s a l t  concentration, and a n a l y s e s  of f e e d s  
with t h e  necessary  degree of precis ion a r e  dif- 
ficult. A careful  invest igat ion of t h e s e  var iables  
is beiag made. S ince  it was found that  the  solvent  
ex t rac ts  HCI from the aqueous phase ,  distribution 
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coef f ic ien ts  were  determined for WC1 between 
0.fi M Alamine 336aHC1 in DEB and f eeds  con- 
ta in ing  9, 10, and 11 M LiC1 over an  ac id  range 
of 0.01 to 2.0 M .  

With well-characterized feeds ,  distribution co- 
eff ic ients  were a l s o  determined for americium and 
europium o v e r  the above range as a function of 
ac id  concentration. T h e  amount of ac id  extracted 
by t h e  so lven t  from feeds  containing 9, 10, and 
11 M LiCl and from ac id  solution only is shown 
io Fig.  4.16. In Fig.  4.17 the logarithm of the 
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Fig.  4.15. Refract ive  Indices, Bo i l ing  Points,  and 

Densi t ies  of A ! C I 3 - L i C I  Solutions. 

0.001 0.01 0.1 1 10 
INITIAL CONCENTRATION OF HCI IN FEED ( M I  

Fig .  4.16. Extraction of  HCI into 0 ,6  M Alamioe 

336-HCI-DEB from Aqueous Feeds Containing L i t !  
and HCI. 

[IC1 distribution coefficient is plotted aga ins t  the 
ac id  concentration in  the organic phase .  Straight- 
l ine parallel  functions were obtained for 9, 10, 
and 11 ill Lie1 below organic ac id  coilcentrations 
of about 0.3 M .  Distribution coefficients appear 
to vary regularly with both ac id  and s a l t  con- 
centration. Similar resul ts  are  obtained for ameri- 
cium and europium distribution coef f ic ien ts  when 
plotted a s  a function of ac id  concentration in the  
organic phase  (Figs .  4-18 and 4.19). Americium 
distribution coef f ic ien ts  obtained for 10 iM LiCl  
feed  conta in ing  0.15 it! AICY, (Fig. 4.18) demon- 
s t r a t e  t ha t  in t h i s  system there i s  almost no dif- 
ference between the sa l t i ng  s t rengths  of LiCl and 
AICl, when normalit ies are compared. 

In order to learn the precision of the  methods 
employed in  th i s  study, the  seties containing 
0.15 M AlC1, was duplicated,  s tar t ing with new 
feeds.  L i s t ed  below are  americium distribution 

0 1  -- 
0 01  0 2  0.3 

CONCEN r RATION OF 'ici IN ORGANIC ;'HAS€ ( M )  

Fig .  4.17. Extroction Coeff ic ient  for H C I  for the 

Sys~ern  0.6 M Alamine 336.HCI-DES and L i C l  Solu- 
tions. 
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LNCL4SSiFIFO t h e  volume of c a u s t i c  required to  neutral ize  an 
a c e t o n e  solut ion of the  organic phase.  T h e  resu l t s  

ORNL-DWG 63-19O8A 
~~ ~~ 50 r - 

were concordant, being within 10.002 M. 
I Considerable  sea t tc r  was  obtained for europium 
1 distrihution coeff ic ient  data  for 9 and 10 M LiC1. 

T h i s  i s  apparently d u r  to the  fact  that  the  europium 
counts  in  the  organic phase  were barely above  
background. Curves indicat ing probable va lues  
a r e  shown in Fig.  4.19. T h e s e  were drawn accord- 
ing to a comparison with europium da ta  for 11 M 
1,iCl and  with data  for americium. 

T h e  degree  of precis ion necessary  for Tramex 
feed adjustments  i s  apparent from t h e s e  da ta .  
For example,  proposed Tramex feed will contain 
10 M LiC1, 0.1 M AlCI,, and 0.02 M HC1, giving 
a n  americium distrihution coeff ic ient  of about  4. 
Data given i n  F ig .  4.18 indicate  that the  americium 
distribution coefficicnt will be decreased  to 1 by 
ei ther  increas ing  the ac id  concentration to  0.135 M 
or decreas ing  t h e  s a l t  concentration to 9.5 N .  

\ 
20 > e  

I 

I 

~ ~- ---A 0 0 1  
0 0 1  0 7  0 3  

CONCrNTRATlON OF HCI IN ORGANIC PHASE ( M )  

0 5  ~ 

Fig. 4.18. Effect of Acid and Salt Conccntrntion on 

Amci ic ium Extraction Coef f ic ients  far the System 0.6 \ 
0 2 *-. 

M Alamine 336*HCI--DEB uiid LiCl  Solutions. 

coeff ic ients  obtained and the acid concentrat ions 
in the organic phase  for the  two feed preparations: 

l iCI in Organic 

Phase ( M )  
E O  for Americium 
a - 

Feed 1 Feed  2 Fecd 1 Feed  ? 

0.042 0.043 4.27 3.87 

0.086 0.081 2.58 2.44 

0.124 0.125 1.65 1.60 

0.156 0.156 1.15 1.06 

~ __ _ _ _  

- 0.01 
IJJ 
1 

0.005 

0.002 

0.004 

0.0005 
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Synthet ic  feed solut ions were carefully prepared 
by volumetric combinations of 1 N HC1 solut ion 
and sa tura ted  solut ions of AlC1, and LiC1. Nu- 
merous a n a l y s e s  have  demonstrated that  sa tura ted  
L i C l  i s  13.85 M and that  saturated AlC1, is 3.05 iM 
a t  25OC. The  concentration of the  ac id  in t h e  
organic pliase w a s  deterrniried by plotting pH v s  

L J 
0 1  0 2  0 3  

CONCENTRATION CF HCI IN ORGANIC PHASE ( M )  

0 0 0 0 1  1- 
0 

Fig. 4.19. Ef fect  of Ac id  and Salt  Concentrations 

on Eurepjuni Extraction Coeif icien>i far the System 

0.6 M Alamine 336.HCl-DEB ~ i ~ d  L i C l  Solutions. 
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Evaluation ob Other Solvents, - Tri isooctylamine 
(TIOA) as  a n  a l te rna t ive  t o  Alamine 3.36 and 
di isopropylbenzene (DIPB) a s  an  a l te rna te  t o  
DEB were  inves t iga ted  s i n c e  both a r e  commetcially 
ava i lab le  and both give increased  curium ex- 
traction. Curium dis t r ibut ion coef f ic ien ts  and 
v i s c o s i t i e s  for various combinations of 0.6 M 
amine in di luent  a r e  given in T a b l e  4.6. Although 
it is p o s s i b l e  to i n c r e a s e  curium dis t r ibut ion co- 
ef f ic ien ts  by 25  t o  GO"/,  t h e  s o l v e n t s  giving t h e  
h ighes t  extract ion a l s o  have  t h e  h ighes t  vis- 
cos i t ies .  S ince  p h a s e  separa t ions  between 0.6 M 
Alamine 336-DER and 10 M LiCl-0.2 M AlC1, 
a r e  marginal, and s i n c e  temperatures of S O T  a r e  
n e c e s s a r y  for sa t i s fac tory  mixer-settler operation, 
i t  d o e s  not appear  t o  b e  advisable  t o  u s e  a so lvent  
with a higher v iscos i ty .  

Table 4.6. Extraction of C u r i u m  f r o m  10 M LiCI-0.2 M 
AICI3 into Various Solvents 

_ _ _ ~  __ _l.i_......_.....-_. 

Distribution Viscosity 
Coefficient, of Solvent 

Eo (centipoiser,) 

0.6 M Alamine 336-DEB 6.6 4.95 

0.6 ill Alanine 336-DIPB 8.5 6.4.3 

0.0 M TlC>A--Z)EB 8.2 5.83 

0.6 M TIOA-DIPB 10.6 7.80 

Separation of Transcuxium Elements from 
Americium and Curium b y  Phosphonate Extract ion 

A process  b a s e d  on t h e  extract ion of t rans-  
curium e lements  from 1.0 il.I HCI into 1.0 M 2-ethyl- 
hexyl  phenylphosphonic a c i d  [2-EH(@P)AI i n  DEB 
has been  developed for separa t ing  transplutonium 
e lements  into a n  americium-curium fraction and a 
transcurium fraction.' Data reported last year  
ind ica te  tha t  t h i s  process  wil l  be  sat isfactory.  
Nickel ,  t h e  principal contaminant, wil l  not ex t rac t  

'F. L. Culler e t  al., Chem. Technol. Div. Ann. Pro&. 
K e p t .  June  30, 1962, ORN1,-3314, pp 131-33. 

'K. D. aaybarz, Separation of ' ~ ' r o n s p ~ u t o n i u m  EIe- 
menfs  by  Phosphonate Extraction, ORNL-3273 (July 20, 
1562). 

but wi l l  remain with the  americium and curium. 
T e s t s  have  not been  made a t  high act ivi ty  leve ls ,  
but so lvent  damage was insignif icant  when mixed 
so lvent  and s imulated feed were exposed  to radia- 
tion equivalent  t o  100 whr/liter; a eo6" gamma- 
ray source  w a s  used.  Demonstration of ful l  act ivi ty  
a t  plant  scale is required t o  e s t a b l i s h  the ade- 
quacy of t h e  phosphonat e process .  

During t h e  p a s t  year, invest igat ion of th i s  
process  w a s  limited t o  a s tudy of t h e  effect  of 
various d i luents  on americium and californium ex- 
traction and to a demonstration of ameticium- 
caljfornium separa t ion  by preferential e lut ion of 
americium from 2-EH(@P)A sorbed on a column of 
powderEd glass. 

Effect  of Diluent on Americium and Californium 
Extraction into 2"Ethylhexyl  Phenylphosphonic 
Acid.  - Americiuni arid californium extract ion de- 
pends greatly on the so lvent  used  to d i lu te  t h e  
2-EH(@P)A. Distribution coef f ic ien ts  between 
1 iM k%Cl and 1.0 iM 2-EH(qP)A decreased  sharply 
as d i luents  of greater polarity were used  (Fig. 
4.20). Note that  t h e  californium distribution co- 
efficient decreased  from 45 for heptane di luent  
(dielectr ic  cons tan t  of 1.9j to 3 for toluene di luent  
(dielectr ic  cons tan t  of 2.4). Americium dis t r ibut ion 
coef f ic ien ts  with t h e s e  two di luents  were 0.37 and 
and 0.028 respect ively.  In a s imilar  manner t h e  
addi t ion of oc ty l  a lcohol  (dielectr ic  cons tan t  of 
about 10) or tributyl phosphate  (dielectr ic  cons tan t  
of 7.9) to t h e  so lvent  d e c r e a s e s  t h e  dis t r ibut ion 
coeff ic ients .  

It i s  bel ieved tha t  t h e  more-polar d i luents  com- 
pe te  with 2-EH(@P)A dimer format-ion by hydrogen 
bonding and thus  d e c r e a s e  the  effect ive concen- 
tration of the  2-EH(QIP)A dimer. Since the  mech- 
anism of ac t in ide  extract ion involves  hydrogen 
bonding with three   dimer^,^ t h e  presence  of polar 
d i luents  resu l t s  in  less extract ion of the  act inides .  

C a  1 ifornium-Americium Separation by Preferentia I 
Stripping from a Column of 2-EH(OP)A Adsorbed on 
Powdered Glass. - Complete  separa t ion  of amer- 
icium and californium was demonstrated in  a t e s t  
which used  preferential s t r ipping from 2-EH(@P)A 
into 1.9 M HC1. A column of 2-EI-I(@P)A adsorbed 
on powdered Vycor g l a s s  was  used, and operat ions 
were s imilar  to t h o s e  used  for ion exchange res in  
columns. 

'D. F. Peppard, G. W. Mason, and J. Wucher, J .  Inore. 
N u c f .  C h m .  18, 245 (1961). 
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DIELEC i HIL CONSTANT OF DILUEN r 

Fig. 4.20. Americium and Califarniunr Extract ion 

Coef f ic ients  for the System 1 M WCI ond 1.0 M 2-Ethyl- 
hexyl Fhenylphosphonic A c i d  i n  Various Di luents .  

Vycor g l a s s  powder (100 to 200 mesh) was 
slurr ied i n  2-EH(QP)A. T h e  g l a s s  w a s  filtered t o  
remove e x c e s s  solvent  and then placed in a 10- 
cm-high column 0.15 c m 2  in  cross sect ion.  A 
smal l  volume of 1.9 M HC1 containing californium 
and americium tracer w a s  passed  through t h e  
column a t  80% T h e  column w a s  washed with 
1.9 M HCl until all the  americium was  eluted,  and 
then the  californium was st r ipped from the  column 
with 6 M HC1. Excel len t  separat ion was obtained,  
a s  indicated by the  elut ion curves  i n  Fig. 4.21. 

In processing HFIR targets ,  americium and 
curium wil l  not normally b e  separated;  however, 

on s p e c i a l  occas ions  i t  wil l  be des i rab le  to  
produce pure curium and americium. It i s  also 
poss ib le  that  s o m e  americium-curinn separa t ion  
methods c a n  b e  appl ied to califoiniurn-einsteinium- 
fermium separat ions.  For t h e s e  reasons,  methods 
of separat ion of americium and curium a r e  be ing  
invest igated.  

Americium and curium c a n  b e  separa ted  from 
each  other  by chrornatographic elution frorn ion 
exchange res in  or by precipitation methods b a s e d  
on differences in solubi l i ty  when americium i s  in 
a higher oxidation s t a t e .  The ion exchange methods 
a r e  of s p e c i a l  in te res t  s i n c e  they may b e  useful  
for separa t ing  californium, einsteinium, and fcr- 
mium. T h e  precipi ta t ion of gram amounts of 

la t ion of KAmO,CO, was  s tudied,  and good sepn-  
americium and curium by chromatographic e lut ion 
from ca t ion  exchange resin with ammonium a- 
hydroxyisohutyrate and from anion exchan.ge resin 
with 4 I%! LiNO, w a s  demonstrated a t  high act ivi ty  
leve ls .  
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F i g .  4.21. Elut ion Curves for  Americium and C a l i -  

farniutii. The column consisted of powdered Vycor 

g l a s s  onto which 2 e t h y l h e x y l  phenylphosphonic ac id  
had been adsorbed. 
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Precipitation of KAm02C0, .  - A 2.5-g sample  
of A m 2 4 1  contaminated with La, Ce ,  Fe, and C a  
was purified by precipi ta t ing KAm02C0,3  from 3 M 
K2C03.  T h e  precipi ta te  contained 99.6% of the  
americium, free  of a l l  contaminants except  cerium. 
T h i s  method c a n  a l s o  b e  used to s e p a r a t e  amer- 
icium from curium, which wil l  remain in  solut ion.  

A 2.5-g sample of Am241 contaminated with 7 g 

of La ,  1 g of C e ,  about 0.1 g of Fe, and a trace of 
calcium w a s  dissolved in  di lute  hydrochloric acid.  
A carbonate  solut ion was  prepared by the  s low 
addition and vigorous mixing of t h i s  s l igh t ly  a c i d  
solut ion in to  1 liter of 3 M K,CO,. T h e  solution 
was  adjusted t o  0.1 ii.l in NaOCl arid then w a s  
heated a t  80Oe for 3 hr to oxidize the  americium, 
which precipi ta ted as KAmO 2C0 3 n  This  precipi ta te  
contained 99.6% of the  americium and most of the  
cerium, which w a s  also oxidized by the  NaOCI. T h e  
K A m 0 2 C 0 ,  w a s  a very dense ,  li.ght-tan precipi ta te ,  
which was e a s y  t o  filter. T h e  concentration of 
americium in t h e  f i l t ra te  w a s  about 7 mg/liter. 
Cerium w a s  the  only contaminant found in  t h e  
americium product. 

!on Exchonge Separation of Americium and 
Curium at  High A c t i v i t y  Level .  - With fine-mesh 
resin,  sa t i s fac tory  americium-curium separat ion 
was achieved by chromatographic elution with both 
ammonium it-hydcoxyisobutyratc from cat ion res in  
or 4 M LiNO, from anion resin.  
act ivi ty  l e v e l s  in  t h e s e  t e s t s  were equivalent  t o  
0.4 and 1 mg of C f 2 5 2 ,  indicat ions are that  Cf-Es- 
Fm sepa ra t ions  a t  the milligram leve l  may b e  
poss ib le .  

Since the Cm2 

A quantity of C m 2 4 2  act ivi ty  equivalent  to 0.4 
m g  of CfZs2  was  sepa ra t ed  from A m 2 4 1  by chro- 
matographic elution from a 5-ml column of -270- 
mesh  Dowex 50 resin with ammonium a-hydroxy- 
isobutyrate .  T h e  volume of g a s  formed was  reduced 
by pressurizing the  column, resul t ing in a s u c c e s s -  
ful  procedure. A product containing 96% of the 
curium, free from americium, w a s  obtained. 

curium-242 act ivi ty  equivalent  to 1 mg of ~ f " '  
was success fu l ly  sepa ra t ed  from A m z 4 '  on a 5-2111 
column of 1)owex 1-X8 (-270-mesh) rcs in ,  T h e  
americium and curium were loaded from 8 M LiNO,  
and we ie  e lu t ed  with 4 M LiNO,, adjusted to a 
pH of 1.7. T h e  elution produced a product con- 
ta ining 99% of the  curium, essent ia l ly  free of 
americium. 

Separation of Californium, Einsteinium, 
and Fermium 

Ari adequa te  so lven t  extract ion p rocess  to 
sepa ra t e  transcalifornium i so topes  is not avai l -  
ab le ;  maximum separat ion factors  of adjacent  
e l emen t s  for t h e  Tramex and phosphonate s y s t e m s  
a r e  less than 2.5. Chromatographic elution from 
cat ion exchange resin with a-hydroxyisobutytate 
solution is s t i l l  the  most re l iable  method avail-  
able;  however, i t  appea r s  that s c a l e u p  to sevetal- 
milligram quant i t ies  wil l  be difficult b e c a u s e  of 
radiolytic-gas dis turbance of the res in  bed. 

Elution from anion exchange resin with 4.4 M 
LiNO, gave  poor Cf-Es-Fm separat ions,  compared 
with t h e  excel le t i t  americium-curium separat ion 
reported above. This was a resul t  of an unex- 
pected reversal  in elution posi t ions of the t rans-  
curium elements .  

Distribution coeff ic ients  of tr ivalent ac t in ides  
between Dowex 1-X8 resin and 4.4 M LiNO, solu- 
tion ad jus t ed  t o  pH 1.5 are given in Fig.  4.22. 
T h e s e  were determined by batch equilibration of 
the resin with a 4.4 M LiNO, solut ion of the  
ac t in ides ,  and t h e  resu l t s  were confirmed by 
noting the elut ion order from Dowex 1-X8 resin 
columns. T h e  s a m e  relat ive behavior nf t r ivalent  
ac t in ides  w a s  noted when Alamine 336-HNO3 was 
equilibrated with a 6 M LiNO, solut ion of t h e  
act inides .  

Based  on previously determined distribution 
coeff ic ients  of Fu3+, Am3+, and Cm3+, i t  w a s  
ant ic ipated that distribution coeff ic ients  of t h e  

Pu Am Crn Bk C f  Es Fm 

Fig. 4.22. Act inide Distribution Coefficients for the 

System Dowex 1-X8 Resin and 4.4 M LiN03. 
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transcurium elements  would cont inue t o  d e c r e a s e  
with increas ing  radius  of the hydrated ions .  T h e  
rad ius  i n c r e a s e s  with atomic number for t h e s e  
elements .  However, th i s  trend reversed, with 
einsteinium and fermium having greater distribution 
coeff ic ients  than californium. It is hypothesized 
that ,  s i n c e  t h e  f electron half-shell is filled for 
curium, Li' may b e  inore effect ive in partially 
s t r ipping the  hydration shea th  f rom transciiriiim 
elements .  T h i s  partial dehydration would enhance  
complex formation with t h e  ni t ra te  ion and thus  
resul t  i n  a reversal  of the sorpt ion trend on anion 
exchange resin. 

Act in idc - tanthan  ids Separations in Carbonate 
S0lu:ions 

Methods of separa t ing  ac t in ides  and lanthanides  
in  carbonate  so lu t ions  were invest igated.  If s a t -  
isfactory methods could be found to rep lace  
methods t h a t  require chloride solut ions,  corrosion 
problems would b e  greatly reduced. 

Act inides  and lanthanides  c a n  b e  extracted into 
quaternary airlines or loaded onto s t rong-base 
anion exchange resin from di lute  carbonaie  solu- 
tions. There  w a s  no appreciable  extract ion into 
primary, secondary,  or tertiary amines.  Scout ing 
t e s t s  indicated that it may be  poss ib le  to  s e p a r a t e  
americium and curium from most of the  lanthanides  
by ei ther  extract ing the  lanthanides  into quaternary 
amines or sorbing them on anion exchange resin.  
Group separa t ion  of ac t in ides  and lanthanides  is 
not poss ib le  s i n c e  the  heavier  ac t in ides  have  
greater distribution coeff ic ients  than t h e  lighter 
lanthanides .  T h e  pract ical  appl icat ion of th i s  
method is limited by the probably poor so lubi l i t i es  
of ac t in ides  and lanthanides  in the di lute  Carbonate 
solut ions.  

Distribution coeff ic ients  for various ac t in ides  
and lanthanides  between 30% Aliqiiat 335 in DEB 
and 0.5 NaHCB, are given in Table  4.7. T h i s  
sys tem i s  somewhat unusual  s i n c e  distribution 
coeff ic ients  of t h e  trivalent act inide are d isp laced  
downward. Americium often behaves much l ike  
neodymium or  promethiuin. For  th i s  sys tem,  t h e  
americiurri distribution coeff ic ient  is even l e s s  
than  tha t  for cerium. However, there  i s  a possi-  
bility that  t h e  cerium used  in t h e s e  t e s t s  w a s  
te t ravalent ,  and t h e  distribution coeff ic ient  for 
C e 3 +  m a y  b e  less than that  shown in T a b l e  4.7. 

Table 4.7. Distribution Coefficients of Various 
Actinides and Lanthanides for Their Extraction into 

30% Aliquat 336-DEE f rom 0.5 M NaHCCBj 

Distribution 
Elerncnt Valence Coefficient, 

E; 

U 6 t  13.6 

NP 5 t  4.6 

P U  4 +  2.2 

Am 3 '  0.52 

Cm 3-t 

Cf 3 +  

0.65 

2.03 

ES 3 +  2.51 

@e 3 -ta 1.0 

E U  3 f  4.8 
- __ ~ _ _ _ _ ~ ~ _ _ ~ ~  

a- l h e  c e r i u m  may have been tetravalent. 

T h e  effect  of NaHCO, concentration on t h e  d is -  
tribution coeff ic ients  of americium; cerium, and 
europium i s  shown in  Fig. 4.23. Over t h e  range 
0.1 t o  1 hi' NaIICO,, t h e  Coefficients are approxi- 
mately proportional t o  t h e  inverse of the  cube  of 
the  bicarbonate  concentration. 'There appears  to  
b e  a s l ight  convergence of distribution cocffici-riis 
at t h e  higher concentration. Below 0.1 M NaXCO,, 
the  cnrves  a r e  considerably f la t tened,  with only a 
s l igh t  i n c r e a s e  in extraction noted with decreas ing  
bicarbonate  concentration. The behavior of act i -  
n ides  and lanthanides  'iias practically ident ical  in 
NaI-ICO, solut ion o i  in  Na,CO, or K,C03 solu-  
t ions a t  half t h e  rilolar concentrat ion of t h e  bi- 
carbonate  solut ion.  Lantharzide and ac t in ide  
sorption from t h e s e  solut ions onto a stioiig-base 
anion exchange ies in  s u c h  a s  Dowex 21K w a s  
s imilar  to  extract ion into the quaternary amine, 
Rliqirat 336. 

Preparation of PUG, for HFBR Target Prototypes 

When PuQ,  par t ic les  l e s s  than 10 p in diameter  
are mixed with -325-mesh aluminurn powder and  
pressed into ccrmets ,  the oxide phase  i s  con- 
tinuous, and the  thermal conductivity of t h e  pellet 
is low. But, with PuO,  par t ic les  ranging from 
20 t o  200 p in  diameter, the  aluminum phase  wil l  
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b e  cont inuous,  and  conductivity w i l l  b e  s a t i s f a c -  
tory for irradiation in  high neutron f luxes.  Accord- 
ingly, a method w a s  invest igated for preparing 
dense ,  c o a r s e  par t ic les  of PuO, for u s e  in I-IFIR 
ta rge t  prototypes. 

A solut ion of 0.5 M Pu(NQ,), in 4 iM HNO, w a s  
rapidly mixed with a n  equal  volume of 8 /If NI1,OIil 
to precipi ta te  Pu(OH),. T h e  precipi ta te  w a s  
washcd  thoroughly with 2 M NH,DM and dricd a t  
150%:. F i r ing  t h e  dried so l id  a t  1200°C produced 
a g l a s s y  solid with a dens i ty  of 10.99, which is 
96% of the theore t ica l  densi ty  of P u 0 2 .  Since 
m o s t  of t h e  par t ic les  were from 1 to 3 mm in 
diameter ,  t h i s  method, followed by careful  grinding 
and  screening ,  appears  to be sat isfactory.  

UNCCASSIFIED 
OIINC-DWG 63-191 7A 

b 
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Fig. 4.23. Effect of NaHC03 Cancentration an the 

Extract ian Coef f ic ients  of Americium, Cerium, and 
Europium for the System 30% Aliquat  336-DEB and 
s\laHC03 Solution. 

4.2 DEVELOPME T OF PULSED COLUMNS 

P u l s e d  columns have  been  c h o s e n  as the so lvent  
ext tact ion contac tors  for the Transuranium Proc-  
e s s i n g  P l a n t  (TKU) b e c a u s e  of their inherent 
mechanical  s implici ty .  Feed c a p a c i t i e s  of 1 to 2 
l i ters /hr  are required, and the  cubic le  concept  
employed in  TRU limits column height to  6 ft. 
T h e  program to develop  t h e s e  contac tors  for the 
Tramex and  phosphorlate flowslieets w a s  con- 
tinued in a new s e t  of three 3/4-in. g l a s s  columns 
with tantalum internuls .  All  process  tubing, 
pumps, and p u l s e s  a r e  constructed of Teflon, 
making a completely corrosion-resistant system. 

Scout ing tests showed that  the  ra te  of t ransfer  
is s lower  for  rare-earth scrubbing i n  the  ‘rrarnex 
f lowsheet  than for any d h e r  of t h e  solvent  ex-  
t ract ion p r o c e s s e s  used  in  TRU; consequent ly  
emphas is  w a s  placed on the  s tudy o i  t h i s  s t e p .  
Batch-rate s t u d i e s  (‘Tab1.e 4.8) showed that the 
ra te  cons tan t  for europium scrubbing is lower than 
it is for other s y s t e m s  at the  s a m e  power and tem- 
perature; however, by increas ing  power or tempera- 
ture, the r a t e  c a n  be  increased  to permit eff ic ient  
operation of convent ional  contactors .  

T h e  s tudy of europium scrubbing (Table  4.9) i n  
a s m a l l  pulsed column (5, in. in diameter and 48 
in. high), operated with t h e  aqueous p h a s e  con- 
t inuous a t  5OT, showed that the  s t a g e  height  
ranges  from 19 to 28 in. when the  s i e v e  p la tes  
(1/32-iii. holes, 5% free  area)  a r e  s p a c e d  3/4 in ,  
apart. T h e  minimum s t a g e  height  w a s  obtained at 
pulsed volumes close to the  flooding point. Pro- 
f i le  s a m p l e s  showed very l i t t l e  backmixing, so  
it w a s  concluded tha t  eff ic iency is limited by dif- 
fusion i n  t h e  v iscous  p h a s e s  (3 cent ipoises  a t  

Table  4.8. Mass Transfer Rates in D Botch Mixer 

Rate Constant, - ka (rnin-l) .. . . . - 

(hp/lOOO Temp Tramex Tramex Dapex Purex  

Scrub Extn Extn  Extn 

Power 

03 Et1 N i  U U 
gal) 

2.5 25 0.10 0.75 0.54 17 

2.5 SO 0.46 

2.5 70 0.77 

220 50 14 
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Table 4.9. Summary of Efficiency of Pulsed  Column 
for Scrubbing Europiuni from 0.6 M Alornine 336 

by Using 9 M LiCI-0.3 M A I C I 3  Solution 

Pulsz 

HETS 
(in.) 

Amplitude ’ 

Frequency Description of P l a t e s  

1. /3z-iii. holes,  5% free area 

’/ -in. holes,  5% free area,  with 2 
3 2  
graphite plates  ( t 2 - i n .  holes,  
40% free area) a t  S i n .  intervals 

kz-in. holes, 5% free area,  with a 
metal  sp i ra l  (1 turn in 1 in.) a t  
12-in. intervals 

‘1 -in. holes,  57‘0 free area, with 
3 2  
2-in. section of Teflon rings a t  
10-in. intervals 

0.1 
0.2 
0.2 
0.2 
0.7 
0.7 

0.2 
0.35 
0.35 
0.35 
0.7 
0.7 

0.2 
0.2 
0.7 

0.2 
0.2 
0.2 
0.2 

40 
14 
2 0  
40 

7 
14 

40 
30 
30 
60 
14 

45 

40 
55 
14 

20 
35 
45 
45 
- 

-- 

28 
20  
27 
19 
26 
27 

21 
25 
28 
19 
36 
25 

25 
22 
37 

28 
25 
17 
19 

~ 

SOT). Soinc improvemmt of efficiency w a s  ob- 
ta ined by t h e  inser t ion of coa lescence  s e c t i o n s  
in  t h e  column. P l a s t i c  mater ia ls  work best. be- 
c a u s e  they a r e  wetted by the organic droplets ;  
but p l a s t i c  is not compatible with the  radiation 
and solvent  degradation predicted in the  ’TRU fa- 
ci l i ty .  With graphite s i e v e  p la tes  and rncial sp i ra l  
inser t s ,  s t a g e  he ights  of 20  in. were achieved.  

Ilydraulic t e s t s  showed that convent ional  a i r  
bubbler-pressure pot control of t h e  interface in  
the  pulsed column i s  adequate  for the  extremes of 
physical  properties of f luids  used  in the various 
solvent  extract ion flowsheets. T h e  hydraulic be- 
havior of the  extract ion,  scrub,  and s t r i p  s e c t i o n s  
of t h e  ‘Tramex f lowsheet  and the  extraction and 
s t r ip  s e c t i o n s  of the  phosphonate f lowsheet  were 
s tudied and found to be  sat isfactory.  

4.3 PROCESS E UI PMEIJlT DES%GH 

T h e  chemical  process ing  equipment for the  
Transuranium P r o c e s s i n g  Plan t  will cons is t  of t h e  
apparatus  for dissolut ion,  feed adjustment ,  two 
c y c l e s  of solvent  extract ion,  and various s p c c i a l  
separat ions.  T h e  la t ter  may comprise ion ex- 
change,  precipitation, or batch extract ion,  and 
much of i t  wi l l  b e  designed,  built,  and  ins ta l led  
a s  the  occas ion  demands. Design t o  da ta  h a s  
been concentrated on t h e  so-cc!led “Pnain-linC” 
equipment. E’iosvsheets for t h i s  work have  been  
devcloped, and de ta i led  design of equipment com- 
ponents and c e l l  layouts  i s  approximately 20% 
complet- (en July 1). 

F lowsheets 

Two s e t s  of flowsheets were devised  and i ssued  
a s  approved. T h e  f ive equipment f lowsheets  depic t  
a l l  eqnipment p ieces  and main piping in simplified 
form.  Composites. of t h e s e  equipment flowsheets 
are shown i n  F i g s .  4.24 and 4.25. 

In the  p a s t  year  the primary solvent  contactors  
were changed from mixer-settlers to pulsed columns. 
Developments in th i s  period showed that  s t a g e  
he ights  are low enough to  permit the  u s e  of W t -  
long pulsed columns,  which can be fitted on t h e  
s tandard equipment racks.  ’rank s i z e s ,  throughput, 
and other  features  remain essent ia l ly  unchanged. 

Carsasion Studies: Choice of Matcrials 
of @onstluction 

Corrosion s t u d i e s  in  t h e  pas t  year W E ~ C  con- 
centrated on  zirconium al loys.  Previous work had 
show-n roorri-temperature corrosion ra tes  of 5 
mils/month for Hastel loy C in 3 to 6 M MC1, ra tes  
that  a r e  not acceptab le  for product s t reams and 
product s torage  tanks.  In addi t ion,  ra tes  nccel-  
e ra te  rapidly with temperature. T e s t s  this year  
showed tha t  for all low-teinpeiatuie s e r v i c e  in  
nearly a l l  environments, Zircaloy-2 corroded only 
one-tenth a s  f a s t  a s  Hastel loy C. In addi t ion,  
Zircaloy-:! c a n  b e  used  in boiling-HCi or -IIN’O, 
solut ions and in mixed HNO,-MCl s y s t e m s  a t  low 
temperatures. Some reservation must be  exerc ised  
in  the  u s e  of Zircaloy-2 a t  high temperatures be- 
c a u s e  of s l igh t  pickup of hydrogen, which might 
lead  t o  embrittlement during long exposures .  
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Severe embrittlement w a s  observed in  commercial- 
grade zirconium i n  1000-hr boiling-€IC1 t e s t s .  

C o s t  s t u d i e s  based  on (1) firm pr ices  for both 
Has te l loy  C tubing and (2) a n  es t imate  of fabrica- 
tion c o s t s  for  t h e  d isconnec ts  indicated that, a l -  
though Z i ~ c a l o y - 2  w a s  50% more cos t ly  than 
l las te l loy  C, a n  all-Zircaloy-2 piping sys tem w a s  
s l ight ly  cheaper  than a combined sys tem that  
ut i l ized Has te l loy  C for cer ta in  noncri t ical  l ines ,  
s u c h  as w a s t e  piping, and Zircaloy-2 for a l l  
product s t reams.  T h e  dec is ion  w a s  made t o  go 
to a n  all-Zircaloy-2 piping system. Waste v e s s e l s  
wil l  b e  oE Has ie l loy  C, a l l  evaporators  wil l  be  
tantalum lined, and product s torage  tanks may b e  
ei ther  Lircaloy-2 or tantalum lined. 

Detai led  Component D e s i g n  

Detai led des ign  w a s  initiated in  January by the  
Design Group of t h e  OHGDP Engineering Depart- 

MOIJNTING BLOCK 
i 

i ,.. ...... ~~~~ ............... 

b. J 

'-PROCESS I@ 1 I 
n i c v u n w c s  1 

ment and wil l  cont inue for about  18 months. Pre- 
liminary layouts  b a s e d  on the de ta i led  conceptual  
design have  been  madc, and the  design of s e v c t a l  
equipment components h a s  been completed. 

Process Pumps. - A des ign  for the  remote dr ive 
head  of a diaphragm pump w a s  evolved, and i t  is 
compatible  both with the  Building 4507 develop- 
ment faci l i ty  and the Transuranium P r o c e s s i n g  
P l a n t  (see Fig. 4.26). Uti l iz ing a n  air-pressure- 
vacuum drive sys tem i n s t e a d  of the  customary 
hydraulic dr ive,  the  pump is c a p a b l e  of suc t ion  
lifts up  to  22 in. of mercury. T h e  pump is ins ta l led  
with two b o l t s ,  c a n  b e  handled with t h e  heavy- 
duty manipulators, and is suff ic ient ly  compact  t o  
f i t  in  the conveyor canis te r .  About 40 of the uni ts  
wil l  b e  used  as sample  pumps and 15 for feed 
and t ransfer  se rv ice .  

D i s c o n n e c t s .  - T h e  development of a single-bolt 
d i sconnec t  w a s  completed. It u t i l i zes  an invest-  
ment-cast c lamp into which tubing adapters  up to 
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34 in. a r e  assembled.  T h e  d isconnec ts  a r e  de- 
s igned  to b e  used  s ingly  or in  multiple ariange- 
ments on l*/*-in. cen ters  (Fig. 4.27). About 400 
are ins ta l led  in t h e  (hriucil Recovery Fac i l i ty ,  and 
3000 wil l  b e  required in t h e  TRU plant. T h e  uni t s  
may b e  assembled  with torque or impact wrenches.  
For  in-cell maintenance with master-slave manipii- 
la tors ,  e lec t r ic  impact wrenches will b e  used. T h e  
top half of t h e  clamp rotates  into position auto- 
matically a s  t h e  nut i s  tightened and, conversely,  
is opened by means of a compression spr ing  as  
the  nu t  is loosened.  

Adapters  h a v e  been designed for a l l  tube sizes 
up t o  $ in. and for 54-, 2-, and >*-in. pipes. T h e  
design var ies ,  depending on t h e  material of con- 
struction. S ta in less  s t e e l  adapters ,  including 
butt-weld ends ,  a r e  machined from bar s tock  and 
welded to t h e  tube  or pipe. Hastel loy C and 
Zircaloy-2 uni t s  a r e  fabr icated by machining the  
1-in.-diam col lar  and s e a l i n g  sur face  from so l id  
bar s t o c k  and joining th i s  p iece  t o  the  tube by 
rolling techniques.  Tantalum female d isconnec t  
p i e c e s  a r e  made by f lar ing the  end into t h e  ma- 
chined s t a i n l e s s  s t e e l  ferrule with a s i m p l e  hy- 
draul ic  tool. T h e  tantalum male p ieces  a r e  made 
by machining t h e  conica l  s e a l i n g  sur face  from 
thick-walled tubing and rolling both th i s  p iece  and 
t h e  adjoining tube into a s t a i n l e s s  s t e e l  ferrule. 
To effect  a sa t i s fac tory  seal with tantalum, both 
s u r f a c e s  must b e  finished by a roller-burnishing 
operation, which smooths and hardens t h e  sur faces .  

Sampler. - A 1.2-unit sampler  wil l  b e  ins ta l led  
in e a c h  of t h e  four processing c e l l s  on t h e  back 
equipment rack. T h e  sampler s ta t ion  c a n  be  sep-  
arated a s  a unit from t h e  rack s o  that  major 
changes  in  the rack equipment may b e  made with- 
out replacement of the  sampler. Samples a r e  taken 
with t h e  converitioria! two-needle arrangement. 
Each  of t h e  12 uni t s  c o n s i s t s  of a drive pump, 
needle  block, and bottle-handling mechanism (see 
elevat ion of typical  unit, Fig. 4.28). T h e  needle  
blocks a r e  contained within a n  enc losed  housing 
equipped with water spray for s imple  decontami- 
nation following e a c h  sampling operation. All 
pumps in  one  s ta t ion  a r e  driven from the  s a m e  
external  pressure-vacuum supply sys tem;  hand- 
operated v a l v e s  incorporated into e a c h  pump a r e  
used  to ac tua te  the  desired pumps. Detai led de- 
s ign  of t h e  sampler  is completed; mockup t e s t s  
wil l  confirm and refine, if required, the  bottle- 
handl ing fea tures  of t h e  design. 

Dissolver and Other Vessel  Design.  - N O  con- 
pletely sa t i s fac tory  materia! of construct ion e x i s t s  
for t h e  TRU dissolver .  Present  cheriiical flow- 
s h e e t s  c a l l  for dissolut ion in  2 to  4 M I-IC1 in t h e  
temperature range 50 to 80T. T e s t s  have  shown 
that  tantalum picks  up hydrogen and ernbrittles 
undei dissolving condi t ions;  some minor pickup 
of hydrogen h a s  been observed in Zircaloy-2 a t  
the  boiling, temperatures which may be  required 
for t h e  dissolut ion of the  ac t in ide  oxides .  S incc  
Zircaloy-2 h a s  the  advantage of permitting c a u s t i c  
d i sso lu t ions ,  it w a s  chosen  for the  d isso lver  ma- 
terial. Design of the v e s s e l  (Fig.  4.29) i s  s u c h  
that  i t  may b e  used  in both t h e  development fa- 
c i l i t i e s  and in the  process ing  plant, The  ac t ive  
region of the  I-IFIR ta rge ts  will be  completely 
submerged in ac id  during dissolut ion in  ordei to  
e l iminate  any problems ar i s ing  from the  polymeri- 
zat ion of plutonium compounds. Temperature 
control wil l  be  achieved by a closed-cycle  hot- 
water sys tem that  is capable  of removing or 
adding heat. T h e  jacke t  and the v e s s e l  a r e  of 
Zircaloy-2 s i n c e  iii th i s  size t h e  c o s t  of a flanged 
s t a i n l e s s  s t e e l  j acke t  is. as great  as an all-welded 
Zirca loy-2 jacke t  . 

The other  boi l ing v e s s e l s  will have  flanged tops 
and b e  constructed of tantalum-plated or -lined 
I las te l loy C. Penet ra t ions  through the top wil l  be  
rolled jo in ts  with s t a i n l e s s  steel Swagelok fit- 
t ings added above  the f lange for addi t ional  SUP- 

port. Rol ler  too ls  a r e  ava i lab le  with ex tens ion  
s h a f t s  t o  permit making the  rolled joint through 
the  3-ft-long t u b e s  that  extend up t o  the  d is -  
connec ts  above  the  vesse l .  Waste holdup taidis 
will b e  made of Mastelloy C. All d ip  tubes and 
nozz les  wil l  b e  of Zircaloy-2, ins ta l led  by rolling 
techniques af ter  construct ion of t h e  v e s s e l  by 
welding. Heat  treatment of welded penetrat ions is 
not pract ical ,  and the  change  t o  a second material 
for t h e  penetrat ions d o c s  not complicate  the  fabri- 
cat ion.  I’rodtict s torage  tanks  may b e  ei ther  
tantalum-plated v e s s e l s  with Zircaloy-2 flanged 
tops  or of all-welded Zircaloy-2 construction. T h e  
c h o i c e  wil l  b e  largely one  of economics s i n c e  both 
des igns  appear  sat isfactory.  
Solvent Extraction Eq:sipment Rack. - The de-  

s ign  of the  first-cycle solvent  extract ion equip- 
ment rack (including a l l  coinpunet~is  and piping) 
is completed, and the assembly is being fahri- 
c a t e d  from the  mater ia ls  of construct ion for use 
in t h e  f inal  facility. Early construct ion of t h i s  
rack h a s  two purposes: (I) The problems common 
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t o  a l l  equipment racks,  such  a s  methods of joining 
s e r v i c e  l i n e s  to  the  rack,  handl ing problems, and 
maintenance operat ions,  c a n  b e  worked out in t h e  
mockup prior t o  final des ign  of t h e  remaining 
racks. (2) Hydraulic tes t ing  of the pulsed columns 
and related s y s t e m s  must b e  done with f inal  ma- 
t e r ia l s  and configurations. B e c a u s e  of the com- 
plexity of t h i s  rack, essent ia l ly  a l l  the  important 
b a s i c  des ign  features  of t h e  rack concept  wil l  b e  
thoroughly tes ted ,  A typical  column and a s s o c i -  
a ted  equipment a r e  shown schematical ly  in  Fig. 
4.30. Hot feed  is metered to the  top of t h e  ex- 
t iact ion column through a spec ia l ly  designed flow- 
meter, through which flow is controlled by appli- 
cat ion of a i r  from outs ide  t h e  cell t o  a p- lessure  
pot in t h e  ce l l ,  analogous t o  t h e  common method 
of column interface control. T h e  extract ion and 
s c i i b  columns were separa ted  t o  give addi t ional  
height and s t i l l  keep t h e  colilmns within the  6-ft 
height limitation of t h e  equipment rack. P u l s e r s  
aie ident ical  t o  the  process  pumps (Fig. 4.26) 
with the  check  va lves  removed. Organic flow be- 
tween coluiniis is achieved by the  pimping ac t ion  
of the  pulser, us ing  s p e c i a l  check  va lves  in  con- 
junction with the  pressure changes  developed by 
t h e  pulse  pumps. All res t r ic t ions which minimize 
pulse  dampening a r e  made replaceable  t o  permit 
wider variation in flow ra tes  and pulse  character-  
i s t i c s  and e a s y  repair ill case of plugging. 

Ion Exchange C0iw-m. .- Operation of ion ex- 
change columns used  with radioact ive p r o c e s s e s  
is frequently upse t  by g a s  generated by radiol- 
ys i s .  In downflow Operation, portions of t h e  bed 
may accumulate  pockets  of gas ,  and,  in upflow, 
the  g a s  may disrupt the  bed. Various methods 
have  been used  in t h e  pas t  to hold t h e  resin in 
place,  and s u c h  a sys tem h a s  been designed for 
u s e  in  the TKU faci l i ty .  A movable top s c r e e n ,  
actuated from outs ide the c e l l  by hydraulic pres- 
s u r e  on a smal l  pis ton,  re ta ins  the  bed. N o  seal  
between t h e  s c r e e n  support and column is pro- 
vided nor i s  required i f ,  under a l l  operat ing con- 
di t ions,  the  pressure  drop a c r o s s  the  screen  (not 
the bed)  i s  kept  small .  Methods to accomplish th i s  
are being worked out iil a g l a s s  model of the  
column. 

Critical-Path Scheduling 

At  t h e  request  of t h e  AEC and ORNL, cr i t ical-  
path schcdul ing  w a s  initiated on t h e  TWU project 

in Nay 1962. 
planning and cost control. 

T h e  method w a s  ut i l ized t o  improve 

For  schedul ing,  the project w a s  divided into 
two major segments:  building design and con- 
s t ruct ion (the responsibi l i ty  of Cata ly t ic  Con- 
s t ruct ion Company), and eqiiiprnent design and 
procurement ( the responsibi l i ty  of ORNL). In 
August 1962, the arrow diagrams represent ing 
ORNL participation were combined with the build- 
ing design and construct ion diagrams t o  f o i m  a 
master  schedule  that  contained about 3300 ac- 
t ivi t ies .  This master schedule  w a s  used  for 
periodic management review meetings. 

T h e  master  sched!ile was modified to ref lect  
manpower level ing on ORNT, design ac t iv i t ies  and 
OKNL procurement of s p e c i a l  components and 1112- 

t e r ia l s ,  and some resequencing of building- 
construct ion ac t iv i t ies  w a s  developed. Important 
d a t e s  from th is  schedule  a r e  shown in the  sim- 
plified arrow diagram in Fig. 4.31. 

It w a s  est imated that  8000 man-days of design 
w e r e  required to complete the  ORNL participation. 
T h e  scheduled rate  of expenditure of manpower i s  
shown in Fig.  4.32. as  a percentage conipletion by 
date .  

Each  month, a detai led design progress  report, 
i temizing t h e  s t a t u s  of a l l  design ac t iv i t ies  
scheduled for that month, is transmitted t o  project 
personnel. T h e  s t a t u s  of e a c h  act ivi ty ,  including 
des ign ,  fabrication, t e s t ,  e tc . ,  i s  marked on t h e  
arrow diagrams by us ing  color-coded tapes .  The 
design report and the taprd arrow diagrams a r e  
presentpd monthly to pioject  management for re- 
view, 

Ees ign  progress  w a s  30% complete a t  the  end 
of J u n e  1963, s l igh t ly  ahead of schedule .  

T h e  funds a l loca ted  i o  implement the  schedul ing  
function were as  follows: 

Catalytic Construction Co. $ 30,000 

OXNI, 40,000 

OKGDP (computer) 5,000 

Construction contractor 
(bid alternate) 

25,000 

_ _ -  

Tota l  $100,000 
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4.4 TRU FACILITY DESIGN 

Bui lding Design 

T h e  preliminary engineer ing (Ti t le  I) report for 
the Transuranium Process ing  P l a n t  w a s  prepared 
by t h e  archit-ect-engineer during F Y  1962 and 
approved in  July 1962, whereupon de ta i l  engineer- 
ing  w a s  ini t ia ted and completed in  February 1963. 
T h e  lump-sum contract  package,  containing about 
425 drawings and 75 specif icat ion s e c t i o n s ,  w a s  
formally adver t i sed  by the  AEC-OR0 for bid on 
March 12, 1963, and b i d s  were opened on May 10, 
1963. T h e  low bid of $2,586,000 compared favor- 
ably with the AEC es t imate  of $2,716,700. T h e  
cont rac t  w a s  awarded during mid-June. Scheduled 
completion d a t e  for the  lump-sum portion of the  
construct ion is approximately April 196.5. 

Status o f  ORNL Procurement for 
Lump-Sum Contractor 

Many of t h e  mater ia ls  that  a r e  difficult t o  procure 
arid tha t  require ex tens ive  lezd  time are  being 
procured in  advance  of t h e  lump-sum contract  by 
the AEC-OKO and UCWC. These include such 
i tems a s  a l l  Has te l loy  C and special-qual i ty  
s t a i n l e s s  s t e e l  mater ia ls  and  fabricat ions,  in- 
c luding valves ,  liquid eductors ,  pipe, arid f i t t ings;  
the Haste l loy  C cell cubic le  floor pans;  the 30- 
in.-diam c e l l  vent i la t ion duct ,  which wil l  b e  in- 
s t a l l e d  beneath t h e  p ipe  tunnel floor; the  s l e e v e s  
for t h e  cell-viewing window; cer ta in  c r i t i ca l  
CIastelloy C piping assembl ies ;  and the hydrous 
iron ore  aggregate  from Running Wolf Mine, Mon- 
tana.  The procurement of t h e s e  i tems is progres- 
s i n g  according t o  the  schedule  es tab l i shed  for 
these mater ia ls  to the  lump-sum contractor. 

Design of Mechanical  Equipment Components 

conveyor System for Intercel l  Transfers. - ’l’he 
function of t h e  intercel l  conveyor sys tem for T K U  
is to furnish cxmmunication between nine cell 
c u b i c l e s  in a cell bank and a t ransfer  cubicle .  
T h e  conveyor and a c c e s s o r i e s  c o n s i s t  of t racks  
and c h a i n  supports ,  dr ive mechanism, cha in  ad- 
jus te rs ,  cha in  idlers ,  dolly, can is te r ,  posi t ion 
indicator transmitter and receiver, and control box 

T h e  conveyor dr ive mechanism, tracks and c h a i n  
supports ,  cha in  ad jus te rs ,  cha in  idlers, dolly, 

(Fig. 4.33). 
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and c a n i s t e r  a r e  enc losed  jn a n  alpha-tight housing 
approximately 953; ft long. Openings i n  the  top 
of t h e  housing co inc ide  with transfer ports  in  t h e  
nine cell c u b i c l e s  and t h e  transfer cubicle .  ’The 
dolly is driven by two e n d l e s s  cha ins  which ex- 
tend t h e  length of the  housing. T h e  c h a i n s  are 
a t tached  to t h e  dolly mechanism and separa te ly  
powered by two reversible  air motors with s e a l e d  
dr ive s h a f t s  penetrat ing the housing wall. T h e  
direct ion of rotation of the  motor that  is energized 
determines the resul tant  direct ion of the  dolly or 
dolly e levator :  right, up or down, and left, up or 
down. Sensor  rol lers  located on the dolly e levator  
and underneath t h e  t racks  enter  accurately located 
ver t ical  slots i n  t h e  t racks,  posi t ioning t h e  can-  
i s t e r  a t  t h e  prese lec ted  transfer port. Any t ransfer  
port or ports  c a n  b e  bypassed  by s e l e c t i n g  e i ther  
of t h e  “down” modes. T h e  canis te r  is e leva ted  
by t h e  dolly mechanism and is s e a l e d  t o  t h e  bottom 
of t h e  c u b i c l e  a t  the transfer port. An air-actuated 
port c losure  mechanism ( located ins ide  t h e  ce l l )  
unlocks t h e  canis te r  cover  from t h e  canis te r  arid 
locks  and s e a l s  it to t h e  port c losure.  Mater ia ls  
to b e  transferred a r e  inser ted or removed from t h e  
canis te r  wit.h the  cell master-slave manipulator. 

T h e  position indicator transmitter and receiver  
and control  box a r e  located in the operat ing area.  
Ipter locks prevent  incorrect sequencing  of the 
normal operat ions and resul tant  break of contain-  
ment. 

A mockup of t h e  conveyor sys tem h a s  been com- 
pleted, and ex tens ive  use t e s t s  have been con- 
ducted.  F ina l  des ign  of (.he sys tem €or instal la t ion 
in t h e  TRU P r o c e s s i n g  Plant: is approxiniately 
80% complete. 

Equipment Transfer C a s e  for Equipment Removal 
System. -- Equipment t ransfers  into or out of the  
alpha c u b i c l e s  a r e  made without breaking contain- 
ment on e i ther  t h e  cubic le  or the alpha-sealed 
t ransfer  case. T h i s  is accomplished by t h e  double- 
door method, a c l o s e  mechanical  approach to bag- 
out techniques.  T h e  equipment transfer case must 
function with all cell cubic les  and  other com- 
ponerits loca ted  in  the limited access area  inci- 
dental  to t h e  decontamination, maintenance, 
bagging, or burial  of t h e  large process  equipment 
which i s  removed from t h e  c e l l  cubicles .  The: 
doors  of t h e  nine cubic les ,  glove box, b a g  rack,  
and burial  c a s k  a r e  a l l  interchangeable .  

Guides a re  loca ted  on top of the  cell cubic le  to 
give in i t ia l  alignment between the  transfer case 
and t h e  c u b i c l e  door (see Fig. 4.34). T h e  guide 
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pins  located in  t h e  top of the  cubic le  door will 
provide f ina l  alignment of the  transfer case. When 
the  case is res ted  on top of t h i s  door, i t  corn- 
p r e s s e s  the  gaske t  located on the bottom of the  
t ransfer  case and ef fec ts  a s e a l  to  the  top of t h e  
cubicle .  A manual drive s imultaneously unlocks 
the  cubic le  and transfer case doors and locks  and 

seals t h e  two  doors to e a c h  other. A mechanical  
indicator e n s u r e s  proper position of t h e  door lock  
actuator  when the  door i s  being replaced or re- 
moved f r o m  t h e  ports. A second manual drive i s  
used  t o  e leva te  the  two interlocked doors into t h e  
transfer case while  equipment i s  be ing  rcrnoved 
from the  cubicle .  A 758-lb-capacity e lec t r ic  ho is t  

UNCLASSlFIkU 
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Fig. 4.33. Intercell Conveyor. 



129 

UNCL 4SSIFIFD 
O R N L - - D W G  63-2RRa 

DOOR L 

Fig.  4.34. Cutaway View of Equipment Transfer Case. 
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equipped with limit s w i t c h e s  and located ins ide  
t h e  case will b e  used  t o  ra i se  the equipment from 
i t s  position in  t h e  cell cubicle .  

In c a s e  of mechanical fa i lure  t h e  doors may b e  
replaced by  mearis of a dupl icate  door combina- 
tion (spare)  on the  opposi te  s i d e  of the  transfer 
case. 

T h e  interior of the  transfer c a s e ,  which i s  of 
s t a i n l e s s  s t e e l ,  may b e  decontaminated with a c i d  
spray nozz les  inser ted through the top of the  case. 
Provis ions  h a v e  heen made to drain the case a t  
the  t ransfer  s ta t ion  located i n  the  l imited-access  
a rea  of t h e  c e l l  hank complex. Glove ports and 
viewing windows a r e  also provided in t h e  front 
and back  of t h e  t ransfer  c a s e  t o  give access to 
the  front and back of a l l  equipment which wil l  be  
lifted within t h e  case. 

Inspect ion ports are provided in t h e  e n d s  of t h e  
trarisfer case t o  allow adjustment of the  door 
drive mechanisms. Under normal operat ing con- 
di t ions no adjiistment wil l  be necessary ;  however, 
s i n c e  n o  lubrication will be  used ,  some adjustment  
may b e  required to compensate  for wear. 

Fabricat ion of t h e  mockup of the  equipment 
transfer case h a s  heen completed, and the  uni t  
h a s  been  moved t o  t h e  mockup s ta t ion  for f inal  
tes t ing.  

T h e  su i tab i l i ty  of des ign  concepts  and of process  
equipment is being determiaed by thorough ex- 
perimental t es t ing  of ful l -scale  apparatus  in a 
c e l l  mockup faci l i ty .  T h i s  ifluckup includes cell 
wal l s ,  two cubic les ,  two tank p i t s ,  manipulators, 
the  intercel l  conveyor, and a transfer a rea  ( s e e  
Fig.  4.35). 

Cubicle and Cubicle Equipment Testing 

T e s t s  of t h e  automatic port c losure  on the con- 
veyor demonstrated adequate  performance and 
l i t t l e  wear  during 1000 c y c l e s  of operation. T h e  
port c losure  is operated by two a i r  p i s tons  and is 
interlocked by mechanical locking lugs and elec-  
t r ical  limit swi tches .  In a n  improved version, the  
fragi le  mechanical  inter locks will be eliminated in 
favor of a l l  e lec t r ica l  inter locks,  and improve- 
ments i n  the  e lec t r ica l  switching gear should 
minimize operator error. Irnproveinents were made 
in t h e  intercel l  pass-through by adding a drawer 

supported by ba l l  hear ing rollers. Springs were 
added t o  t h e  door c lamps t o  hold the  clamps in  
open posi t ion during loading of t h e  drawer. 

An equipment rack w a s  fabricated and fitted t o  
t racks on t h e  cubic le  floor. Three s e t s  of l i f t ing 
a r m s  were ins ta l led  off the  cubic le  ce i l ing  and 
were operable  with t h e  manipulators af ter  counter  
weights  were added. L i t t l e  difficulty w a s  ex- 
perienced in t h e  preliminary tes t ing  of the  rack 
handl ing and posi t ioning system. T h e  equipinent 
t ransfer  case is e s s e n t i a l l y  complete and will b e  
tes ted .  T h e  cubic le  top port was instal led.  A 
t e s t  device for checking  the door la tch seals was 
l eak  free a t  20 p s i  a i r  pressuie .  

?'est work on t h e  c e l l  lighting sys tem included 
se lec t ing  the  b e s t  location for the  l ights ,  measur- 
ing t h e  light intensi ty  a t  various points, s e l e c t i n g  
proper dimensions to permit instal la t ion and re- 
moval of t h e  e lec t r ic  conduit, es tab l i sh ing  t h e  
need for l ight  ref lectors ,  and determining the  
effect of h e a t  from the l igh ts  on the  manipulator 
booting material. T h e  final recommended des ign  
inc ludes  f0u.r mercury vapor lamps operating on 
s e p a r a t e  b a l l a s t s  if poss ib le  and two incandescent  
l igh ts  for color correction and emergency use. 
E a c h  lamp bulb with i t s  own protective c a g e  will 
be supported by a hook mounted on a f la t  p la te  
reflector. nulhs wil l  b e  replaced by uiiplugging 
the p9w-r cord and replacing the  cord, porcelain 
lamp b a s e ,  lamp c a g e ,  and lamp a s  a unit. ,This 
will e l iminate  t h e  handl ing problems Encountered 
in  a multiple-bulb light fixture. 

A method for removal of the alpha wiridow i s  
being devised  which c o n s i s t s  of (1) t h e  removing 
of t h e  segmented window frame and s e a l ,  (2) 
placing t h e  window in a canvas  bag, ( 3 )  sha t te r ing  
t h e  window, and [4) removing the  bag through the  
equipment transfer case. Samples of annealed 
and tempered g l a s s  were broken, and,  s i n c e  the  
tempered g l a s s  breaks into smal l  par t ic les  which 
c a n  be  handled eas i ly ,  i t  w a s  se lec ted .  

Tests of Manipulators and M ~ n i p u l o t m  Basrfs 

Master-slave manipulators for the maintenance 
work t o  b e  performed on the  cubic les  must bc  
capable  of routinely handl ing objec ts  weighing 
up to 40 lb. A pair of AMF extended-reach manip- 
ulators  w a s  modified by the  subst i tut ion of Central  
Research  Laboratory hands and tongs dnd thc 
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Fig .  4-35. TRU Mockup. 

addition of a pneumatic power grip system. 
b i l i t i e s  were still less than desired.  Extended- 
reach vers ions  of the  more-rugged CRL heavy-duty 
manipulators will  be  tes ted.  

A manipulator booting seal changing fixture w a s  
t e s t ed ,  and  it performed very sat isfactor i ly .  How- 
ever,  t he  seal sur face  must be lu 
talcum powder t o  dec rease  the friction as the  seal 
is forced into place.  

Process Equipment Development 

pment of process  equipment concepts  con- 
t inued, and many prototype units a r e  be ing  fabri- 
ca t ed  and tes ted.  An ion exchange column mockup 
was  opera ted  in which t h e  
hydraulic piston. Flow ra 
optimum condi t ions  for loading and unloading the  

resin.  Process liquid-flow metering and control 
dev ices  were success fu l ly  
diaphragm sampler  pump n demonstrated 
adequate  performance and adequate  life for Has te l -  
loy C or Zircaloy-2 diaphragms. Two sampler  
pumps were fabricated and tes ted  for the 4507 
installation. T w o  e l ec t r i c  impact wrenches were 
t e s t ed ,  a long  with e ight  torque-limiting ex tens ions  
made by machining s tandard  socket  wrench ex- 
tens ions  t o  thinner springlike c ros s  sec t ions .  

er wrench with socke t s  p lus  ex- 
tens ions  calibrated and matched to  bolt sizes 
w a s  recommended to avoid bolt shear ing  or thread 
damage. 

T e s t i n g  of a la rge  number of tantalum disconnect  
samples  showed tha t  the machined 
for t he  m a l e  core  and the flared t 
superior to other des igns  tes ted.  B 
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seal su r faces  with hardened s t e e l  rol lers  mini- 
mized t h e  problem of galling. Misalignment of 
less than O S o  under load was obtained for com- 
mercially fabr icated disconnect  c lamps when t h e  
upper contact  su r f ace  was  machined a t  1.S0 to  
counteract  the  s t ra in  from loading. Initial a t tempts  
to  form tantalum bel lows for process  valve seals 
by appl icat ion of magneforming, explosive forming, 
and hydraulic forming were not successfu l .  Fab -  
rication by hydraulic forming at ORNL and by a 
commercial vendor present ly  appears  promising. 

4.6 TRU - EVALUATION OF PROTECTIVE 
COATINGS 

Radiation-damage tests were made on protective 
coa t ings  t o  determine the upper tolerable  l imits  of 
exposure in air and in deionized water (at 40 t o  
SOT) t o  Co60 gamma rays at a n  intensity of about 
1 x l o 6  r/hr. T h e  coa t ings  were considered t o  be  
potentially useful  in the  TRU faci l i ty ,  where ra- 
d ioac t ive  elements  must be  contained or e a s i l y  
removed from structural  sur faces .  
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C: COATING ON CONCRETE 
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A - EPOXY 1 - AMERCOAT CORP. 4 - PITTSBURG PLATE GLASS CO 
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7 - WISCONSIN PROTECTIVE COATING CO 

Fig. 4.36. Protect ive Coat ings Res is tant  to >lo9 r of Gamma Radiation. 
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Fifty-four protect ive coat ings were irradiated; 17 
were res i s tan t  a t  and above I O 9  r while submerged 
in deionized water  (Fig.  4-36), and 40 were re- 
s i s t a n t  in a i r  a t  IO9 r. At 4 x l o 9  r, four coat ings 
(epoxies  or epoxy-phenolic formulations) were s t i l l  
s e rv i ceab le  in deionized water,  and 26 in air. In 
general ,  the  coat ings were less affected by ra- 
diat ion when exposed in air than when immersed 
in deionized water.  

T h e  polyamide cured epoxy coat ings had the 
b e s t  radiation res i s tance  while immersed in  de- 
ionized wa te r .  Of the 17 coa t ings  res i s tan t  to 
greater than l o 9  r i n  deionized water,  ten were 
epoxies ,  three were epoxy-phenolic formulations,  
three were modified phenol ics  (probably of the 
epoxy-phenolic fotmulation), and one w a s  an in- 
organic coating. Most of the fai lures  a t  the  higher 
radiation leve ls  resul ted from embrittlement and 
chalking of the  top seal coat ,  l o s s  of adhesion,  
and a marked d e c r e a s e  in impact res i s tance .  T h e  
coat ings reinforced with F ibe rg la s  fabric re ta ined 
r e s i s t a n c e  t o  impact much bet ter  than the  unre- 
inforced coat ings.  Experimental  formulations by 
the  Sika Chemical  Cotnpany and  the Carboline 
Company, i n  which a dispers ion of F ibe rg la s  
pigment was  included in the  coating, did not ap- 
preciably improve their  res i s tance  to radiation 
damage. T h e  most s e v e r e  at tack on the submerged 
coat ings occurred a t  the air-water interface,  where 
extreme chalking,  erosion,  and so f t en ing  were 
evident  on most of the  coat ings.  

Decontamination factors  (DF) were determined 
for the  various coat ings by a water f lush and a 
3 .RI HNQ, sc rub  a t  room temperature t o  remove 
mixed f i ss ion  products (predominately C e - P r I 4  4, 
Zr-Nbg53 and Ru1O6) with an in i t ia l  activity '  of 
about 3 r/hr. T h e  highest  DF,  9,33 x IO3, w a s  
obtained on a vinyl coa t ing  - U.S. Stoneware, 
R0221 with s i l i cone ,  and TP216  top coat .  An 
epoxy, Amercoat No. 66 g loss ,  gave the second  

'Data of A. B. Meservey et a t . ,  Chemical Develop- 
men t  Section A, ORNL. 

highest  D F  (6.3 x lo3). T h e  highest  and average 
DF's for the  various types  of coat ings were as  
follows: 

Epoxy: Highest ,  6300 (Arnercoat No. 66 gloss) ;  

Modified Phenolic: Highest ,  1730 (Carboline eo . ,  
No. 300-finish,  white); average of 11 coat ings ,  
415 

average of 19 coa t ings ,  872 

Polyester: Highest ,  2700 (Prufcoat,  epoxy modi- 
f ied polycster);  average of three coat ings,  1850 

Vinyl: Highest,  9330 (U.S. Stoneware, RO-221 with 
s i l i cone ,  TP216 top coat);  average of 16 coat ings,  
988 

Inorganic: One coat ing tes ted ,  63 (Amercoat, Dime- 
c o t e  No. 3) 

4.7 CALCULATIONS FOR THE lRRADlATBON 
OF PROTOTYPE HFlR TARGETS 

Calculat ions for irradiating three prototype TKU 
HFIR ta rge ts  in the Materials T e s t i n g  Reactor 
were completed.  Each target is 24.5 in. long and 
5 in. in diameter and has an ac t ive  fuel  length of 
14.3 in. T h e  fuel  pe l le t s  a re  made of a cermet,  
Pu0,-A1 (about 17  vol % Pu02). A psak unper- 
turbed nvt of 6.4 :< l o 2 '  was requested for the 
three rods; however, it  may he desirable  to  remove 
two of the  ta rge ts  for examination aft.er shorter  
irradiation periods.  T h e  peak nvt can  be obtained 
af ter  441 d a y s  by moving the targets  to  higher 
f luxes three t imes  during the irradiation (desired 
peak neutron flux will  vary between 1.8 and 
4.4 x At the peak nvt, the  average larget 
burnup should be about 760,000 hlwd per metric ton 
of plutonium. Assuming 1.00% re lease  of gaseous  
f i ss ion  products,  the  maximum pressure inside the 
c a p s u l e  wil l  b e  750 ps ia ,  which will c rea te  a 
s t r e s s  of 2900 p s i  a t  the end-plug welds.  T h e  
average su r face  hea t  flux of the  target c a p s u l e  is 
about 600,000 Btu hr-.' ft-'. 

8 



5 .  c u r i u m  Processin 

5.1 FLOWSHEET TESTS FOR T H E  PROCESSING 
OF P u ’ ~ ~ ,  AMERICIUM, AND CURIUM 

T h e  program under which the recovery of pluto- 
nium and transuranium elements  from highly itmdi- 
a ted Pu.-Al alloy fuel rods w a s  s ta r ted  h a s  been 
descr ibed in a previous report. P r o c e s s i n g  h a s  
been completed in c e l l  1, Building 4507, with the  
recovery of 30 g of specif icat ion-grade plutonium 
a s s a y i n g  gieater  than 75% P u Z 4 ’  from eight  fuel  
rods. Decontamination of plutonium from gross f i s -  
s ion  products by a factor  of 2 x l o 5  w a s  obtained. 
T h e  dissolut ion i a t e  of t h e  al loy in th i s  eight-rod 
lot  w a s  about the same as  that  obtained in ear l ie r  
processing of s imilar  f u e l ,  aveiaging 0.7 mg min-’ 
cm-‘. Process l o s s e s  were high; 20% of the  proc- 
e s s e d  plutonium sorbed irreversibly on t h e  anion 
exchange resin,  res i s t ing  even aqua regia, t h e  
s t ronges t  e lutr iant  tried. T h e  resin on which the 
irreversibly sorbed plutonium w a s  loaded a l s o  re- 
ta ined ruthenium, rhodium, and palladium, under t h e  
most dras t ic  elution condi t ions.  Reducing t h e  
loading-scrubbing-elution cycl  c3 time decreased  the  
radiation damage to t h e  resin and h e n c e  t h e  fraction 
of plutonium that sorbed irreversibly. Sorption and 
scrubbing l o s s e s  t o  the  flowing s t reams across 
two c y c l e s  of ion exchange were 5 and 3%, respec-  
tively. 

T h e  plutonium-free “was te”  from the  plutonium- 
recovery operation, containing f i ss ion  products, 
aluminum, americium, and curium, w a s  further proc- 
e s s e d  by anion exchange to recover americium and 
curium free f rom alurninum. Only about 70% of 
t h e s e  t ransi ianium e lements  were recovered, a long 
with most of t h e  rare earth f i ss ion  products, with 
t h e  condi t ions given i n  the  f lowsheet  (Fig. 5.1). 
T h e  loss of americium and curium could have  been 
reduced to 5% if the americium and curium con- 
ta ined in t h e  pre-ion-exchange f i l ter  c a k e  wash had 
been recycled. T h e  h ighes t  l o s s  w a s  in the  feed 
clar i f icat ion s tep ,  where 25 t o  30% of the transu- 
ranium elements  were retained on the  moist filter 

It w a s  s tored  for la te r  use as feed in  the  develop-, 
ment and demonstration of amine so lvent  extract ion 
separat ion of t h e  transuranium e lements  from lan- 
thanides .  Our experience during t h e s e  runs,  us ing  
highly s a l t e d  so lu t ions  of very high act ivi ty  leve ls ,  
ind ica tes  tha t  ion exchange p r o c e s s e s  a r e  not 
des i rab le  and, in fact ,  may b e  imposs ib le  for the  
more difficult separa t ions  required in t h e  ’Transu- 
ranium Program. 

A total  of 30.4 g of plutonium containing less 
than 0.5% PuZ3’ was recovered f iom eight  highly 
i i radiated Pu-.A1 alloy flwl rods that  were proc- 
e s s e d  according to an anion exchange  flowsheet. 
T h e  f lowsheet  inc ludes  dissolut ion of t h e  alloy in  
6 FINO3 containing 0.05 M H g 2 +  atid 0.03 M F- 
as  c a t a l y s t s ,  adjustment of t h e  plutonium to t h e  
te t ravalent  s t a t e ,  coagulation of so luble  s i l i c a  
(both f rom the fuel  alloy and from neutron capture  
in  aluminum) by digest ion with 10 ppm of geiat in ,  
c lar i f icat ion by filtration through a sand  bed filter, 
final adjustment of t h e  f i l t ra te  t o  7 M FINO3, soip- 
tion of the  plutonium on 23- to 50-mesh Permutit 
SK anion r e s in ,  scrubbing the loaded resin with 
7 M I-IN03-0.05 M F-, and downward elution with 
0.7 M HN03.  

Oissolution of the  alloy proceeded a t  a n  average 
ra te  of 0.7 mg min-’  c m - 2  and w a s  conducted in  
t h e  presence  of an undissolved metal  hee l  equiva- 
len t  to  s i x  rods. This metal hee l  w a s  required to 
obtain even minimum dissolut ion rate. Two sue- 
c e s s i v e  c y c l c s  of ion exchange were u s e d ,  and t h e  
overall sorption and scrubbing losses averaged 5 
and 3%, respect ively.  T h e  recovered plutonium 
product w a s  decontaminated f rom gross f iss ion 
products by a factor of 2 x l o 5  and had t h e  follow- 
ing  isotopic  composition: 

cake .  Ion exchange sorption and scrubbing losses Isotope 

P U Z 3 8  

elements ,  was separa ted  from aluminum by a factor PU’39 

P u  240 

averaged 0.2 and Q.1%, respect ively.  T h e  re- 
covered product, containing 4 g of transuranium 

of 70 and from f iss ion products  by a factor  of 10. 

W r  % 

1.10 

0.35 

15.25 

7.80 

ORNL-3314, p 156. P”242 75.50 

___ - p” 2 4 1 
‘CReni. Technol. Uzv. Ann. Pro&. Rept. June 30, 1962, 
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Only 63% of t h e  plutonium es t imated  t o  b e  pres- 
e n t  i n  t h e  processed  rods w a s  recovered as product. 
T h e  high losses during sorpt ion a n d  scrubbing were 
attributed to  t h e  low concentrat ion of plutonium in 
t h e  feed solut ion,  part.ia1 des t ruc t ion  or masking of 
ac t ive  exchange  sites on the  res in  a s  a resu l t  of 
radiat ion degradation, and probable contamination 
of the  resin bed  with a s m a l l  f ract ion of cat ion 
resin a t  the  d ischarge  end  of the  bed (possibly 
there from a previous program i n  which cat ion ex- 

change  was used). Examination of samples  of the 
s p e n t  resin af ter  exhaus t ive  elut ion with 1 to 7 M 
FINO3, which contained from 0 to 0.02 M F ,  and 
with reducing agents  showed t h e  top 20% of t h e  
7.5li ter bed to b e  almost  black and the remainder 
to b e  darker than freshly prepared resin. Chcmicx l  
examination of t h e s e  samples  gave the following 
r e s u  I t s  : 

PL.IJTON!UM PROCESS 
LvASris 

0.4-0.5 M A I  
5-  7 M  V N O j  

.... 

"PO 
HN03 __ .................. 

FEED ADJUSTMENT __ 
REFLUX TEMPERAl-UHE 

# 

............ ......... 
TO 'WASTE 
D I S PO S ii L. 

Amount on Res in  

(g/l iter) 
Constituent ._ 

Top 20% of Bed Bottom 80% of Bed 

I-'11 3.2 

A I  0.5 

Pd 0.14 

liilh 0.03 

0.07 

None of t h e  above cons t i tuents  could lw corn- 
pletclly eluted from the s p e n t  resin i n  extended 
e lu t ions  with 0.7 M FINO3 or with stronger reagents ,  
including aqua regia. 

T h e  w a s t e  effluent from the f i rs t  ion exchange 
c y c l e  was s tored  for subsequent  process ing  to re- 
cover  americium and curium. 

0.1 -r.on/ O i l  
Am,  C m ,  F. P.'s 

ION EXCHANGE RESlh BED 

TO WASTE 
DlSPOSClL 

UNCLASSIFIED 
O W - D W G  G3-2885 

7.5 liters 50-100 MESI-I OOWEX I- !OX 
ITEMPERATURE 60- -  7 O 0 C  

.~ - .................. ................ 

0.5 mi mi"-' cn?-' 

LOADIN( 

CONDENSATE ' I - WASTE 

TO 1 \STE 
DISPCSAL 

................. I 
O . O e M  A I  
4 . O M  L i  

Fig, 5.1. Chemical F lowsheet  for Recovery of Ameri ,c ium-Curium.  
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Recovery of Americium and Curium from Flutomiurn- 
Aluminun~ Alloy Process ing  Waste 

A total  of 2.6 g of Am241,  25 mg of C m 2 4 2 ,  and 
1.7 g of C m 2 4 4  w a s  recovered from 4000 l i te rs  of 
w a s t e s  generated in  two plutonium recovery pro- 
graiils processing highly irradiated Pu-A1 alloy. 
T h e  iecoveIy process  for t h e  transuranium e lements  
w a s  conducted according t o  a f lowsheet  (Fig.  5.1) 
featuring concentration of the w a s t e  effluent from 
t h e  plutonium recovery operation by evaporation, 
adjustment  of t h e  concentrate  to  feed specif ica-  
t ions,  sorption on anion resin;  scrubbing with 8 M 
L i N 0 3 ,  and elution with 0.7 M H N 0 3 .  

Feed Preparation. - Raw plutonium-recovery 
w a s t e  of the coinposition shown in Table  5.1 mas  
concentrated by evaporation in  the c e l l  1 dissolver .  
T h e  w a s t e s  were added in divided portions (with 
evaporation between additions), until a total  of 
340 l i t e r s  had been added,  af ter  which the  tempera- 
ture w a s  raised to 14OoC. All t h e  ni t r ic  ac id  and a 
portion of t h e  chemically bound ni t ra te  was re- 
moved, resul t ing in a solut ion that  w a s  about  4 t o  
4.5 M in  A13+ and 0.5 to  2 N acid def ic ient .  Con- 
d e n s a t e  w3s  discharged to was te .  

Sol ids  generated in the  evaporation s t e p  were 
generally present  in  greater quantity i n  runs where 
t h e  evaporator hea t ing  sur faces  were exposed  to  
t h e  vapor during evaporation for long  per iods of 
time. T h e s e  runs were character ized by feeds  tha t  
were more ac id  def ic ient  than usual .  T h e  increased  

Table 5.1. Cornpasition of Row Plutonium- 

Recovery Woste 

Program 

Previous  24-Rod Presen t  %Rod 
___IIp.--- Constituent 

Al ,  M 0.35 0.50 

H N 0 3 ,  M 

P u ,  mg,/liter 

5.2 

1.0 

6 , 2  

1.5 

Amz4’ ,  m?g/liter 2.3 

C m  2 4  ‘, mg/liter 0.007 0.07 

~ m ~ ~ ~ ,  mg/liter 0.12 3.9 

Gross a, 4.4 x 10’ 6.2  X 10’ 
counts m i n - l  iiil-I 

Gross 7 ,  2.0 x l o 9  4.0 x lo9  
counts  min-’ m 1 - l  

a c i d  def ic iency w a s  attributed t o  a s team leak  that  
occurred during the second p h a s e  of t h e  program 
in t h e  lower of the  two  steam coi l s .  (Steam had 
been re leased  into the  evaporat ing solut ion,  re- 
su l t ing  in an increased  ra te  of ni t r ic  ac id  removal 
from the  solut ion during the  f inal  s t a g e s  of t h e  
evaporation s tep.)  

l h e  concentrate  was diluted with water to a 
reflux temperature of 119OC t o  obtain a solut ion 
that  w a s  then f i l tered through a bed of Ottawa s a n d  
(12 in. in  diameter and 2 in. deep)  that  had  been 
precoated with filter aid. Sampling t h i s  solut ion 
w a s  difficult - t h e  high s a l t  content ,  as well as 
the  p r e s e n c e  of precipi ta ted so l ids ,  often l e a d s  to 
plugging of the sampling unit. In addition, inho- 
mogeneous samples. were common. Concordant 
analyt ical  data  consequent ly  were  difficult to  ob- 
tain. 

T h e  solut ion filtered s lowly,  and 25 t o  30% of 
the  americium and curium in the feed was l o s t  t o  
the  filter cake. These l o s s e s  were d u e  to  feed 
solut ion tha t  was held in the  moist  f i l ter  c a k e  
rather than to s e l e c t i v e  sorpt ion of the transuranium 
elements .  More than 95% of the  retained material 
could b e  recovered by washing  t h e  c a k e  with 0.5 M 
€ I N 0  and returning t h e  wash to  t h e  evaporator. 
However, t h e  spec i f ica t ions  ca l led  for by t h e  flow- 
s h e e t  for t h e  ion exchange feed (high s a l t  conceil- 
tration and low ac id  concentration) precluded add- 
ing  the  wash solut ion t o  i t ,  and s i n c e  c e l l - 1  equip- 
ment w a s  not designed for returning the  wash 
solut ion routinely, the  recovery w a s  condueted for 
demonstration purposes  only. T h e  clar i f ied feed 
w a s  ad jus ted  with ni t r ic  ac id  to meet spec i f ica-  
tion a s  an ion exchange feed. 

Ion Exchange. - T h e  ad jus ted  feed solut ion was 
pumped to  a heated s tandpipe  from which it fiowed 
to  a d-in.-IB by 4 0 - h - d e e p  bed of 50- to  100-mesh 
Dowex 1-XlO anion exchange resin held a t  60 to  
7 0 T .  F e e d  composition, run condi t ions,  and re- 
s u l t s  a r e  shown in T a b l e  5.2. T h e  feed rate  w a s  
varied from 2 to 6 l i ters /hr  (0.3 t o  1 rnl min-” 
cm-2); t h e  lowest  losses were i n  the  range 2 to  
4 l i ters /hr .  

T h e  higher ra te  was beneficial  in tha t  t h e  resin 
tha t  floated in  t h e  high-density so lu t ions  could b e  
retained in  the  column, with low pressure  drop re- 
sulting. At t h e  lower rate ,  the  resin rose i n  t h e  
s tandpipe,  resul t ing in  a n  effect ively longer res in  
bed with smaller  c ross -sec t iona l  area and conse-  
quently higher pressure drops. Sorption losses 
were not dependent on the ac id  def ic iency of t h e  

I \  
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Table 5.2. Conditions and Resul ts  for the  Anion Exchange W s i n  Run 

Program Run Number 

1 2 3 4 5 6 8 9 10 11 

Feed 

AI, M 

A.D.(OH--), N 

Rate, liters/hr 

Temperature, OC 

Losses, Yo Feed 

Loa ding 

Scrubbing 

Recovery 

Am-Cm Product, 70 of feed 

b Material Balance 

2.2 1.95 2.1 2.7 2.2 2.6 

(0.1 0.4 0.34 1.1 0.6 1.0 

6 G 6 3 2 3.3 

70 70 GO 60 60 60 

14 62 8 1  0.2 32 0.3 

57a 28 17 0.05 50 0.2 

13 15 <1 95 40 70 

84 10.5 98 9.5 122 70 

2.5 2.0 2.8 2.6 

0.47 1.14 1.7 0.38 

3 2.0 2.1 3.4 

60 6 0  60 GO 

0.3 7.0 3.1 0.07 

0.2 5.0 5.0 1.0 

67 62 69 100 

74 74 77 101 

DConcentration of the LiNO in the scrub solution: 6.2 M. 
’Around the ion exchange system. 

3 

solut ion over t h e  range 0.1 to 1.0 N ,  but increased  
s l igh t ly  at va lues  above th i s  range. F e e d  solu- 
tions that  were 0.1 to  0.5 N a c i d  def ic ient  were 
less v i s c o u s  and flowed through t h e  resin bed with 
greater  ease. Indicat ions were that  a t  a c i d  defi- 
c i e n c i e s  above  1.1 N (OH-), suff ic ient  col loidal  
AI(OH)3 w a s  present  to block t h e  flow of feed 
through t h e  resin-bed voids ,  which resu l ted  in both 
t h e  loss of effect ive resin contac t  and ineff ic ient  
mechanical  operation of t h e  column. 

Sorption losses of transuranium e lements  were 
dependent  on aluminum concentrat ions up  to  2.5 M. 
Over t h e  range 2.0 to 2.5 [l/I Al (ac id  def ic iency a t  
0.1 to 1.0 N ) ,  sorption losses d e c r e a s e d  f rom 60% 
to 0.3% of t h e  feed. 

After loading, t h e  res in  bed w a s  scrubbed with 
3 bed volumes (24 l i te rs )  of 8 IVI L i N 0 3  a t  a flow 
rate  of 3 to 6 I i ters /hr  to sc rub  aluminum and l ight  
f i s s ion  products from the  bed. T h e  temperature 
w a s  held a t  60 t o  7OOC. Scrubbing losses were 
dependent  on LiN03 concentrat ion and on t h e  
degree  of loading. When breakthrough occurred 
during loading (as a resul t  of low aluminum con- 

centrat ion or b e c a u s e  of overloading), scrubbing 
losses were high, even with 8 M L i N 0 3 .  Where 
breakthrough had  not occurred, the  scrubbing 
losses were  less than 1%. 

After scrubbing the  loaded res in  almost  f ree  of 
aluminum, the  sorbed rare ear ths  and transuranium 
e lements  were eluted with 2 bed volumes of 0.7 M 
H N 0 , 3  a t  a rate  of 3 liters/hr. ’The column w a s  
maintained a t  60 to 70°C. T h e  product from the  
res in  elut ion w a s  released generally in  a sharp  
“band,”  and the  degree of recovery var ied in  s u c -  
c e s s f u l  runs f rom 70 to greater than 99%. In t h o s e  
i n s t a n c e s  of low recovery on elut ion,  s e v e r e  “tail- 
ing” w a s  observed,  and extended elution w a s  re- 
quired. T h e  c a u s e  h a s  not been determined. 

R e s i n  Damage. - T h e  s p e n t  res in  w a s  removed 
from the  column af ter  e a c h  run. T h e  time c y c l e  
w a s  about  40 hr. Samples  of t h e  s p e n t  res in  were 
examined. Although it re ta ined i t s  bead-l ike shape ,  
the  spent  res in  had sof tened,  become gummy, and 
turned j e t  black.  Its capac i ty  had  decreased  to 
65% of the  or iginal  value. A signif icant  fraction 
of the gamma act ivi ty  in the  feed remained on the 
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s p e n t  resin af ter  elution. T h e  major gamma-ray 
contributors identified were Ru-Rh l o 6 ;  a signif- 
i can t  amount of P d  ( P d ' 0 6  ?) w a s  found on the 
resin. 

T h e  product f ract ions of e a c h  s e r i e s  of runs were 
composited separately and concentrated by evapor- 
a t ion to about 25% of their original volume. T h e  
concentrate  w a s  transferred to  a s torage  tank in  the 
cel l .  T h e  average of the  a n a l y s e s  of t h e  concen-  
t ra ted products of a l l  t h e  runs i s  given in T a b l e  5.3. 

Table 5.3. Average Resul ts  of the Anolyses  of t h e  
Americium-Curium Product from 

Recovery by Anion Exchange 

AI, M 0.08 

Li, M 4.3 

H N 0 3 ,  M 1.0 

Gross alpha, counts min-' rnl-' 2.6 x l o9  

Alpha pulse ana lys i s ,  7'0 of gross a at: 

5.5 M e V  11 

5.8 Mev 47 

6.1 Mev 42 

Gross beta, counts min-' ml- '  1.7 X 10" 

~ r o s s  gamma, counts min.-' m1-I 

Cs 137, d i s  inin-' rfil--' 

Ru lo6, d i s  min- '  ml- 

Zrg5,  diq rnin-l ml"" 

2.4 x l o 9  

2.0 x lo8  
1.9 x 1 o ' O  

8.0 x 10' 

Ce"', d i s  min-' ml- '  1.3 X lo1 '  

Srg5,  d i s  min-' m l - '  5.8 X lo' 

__ .......... 

T h e  hot c e l l  facility in cells 3 and 4 of Building 
4507 is being expanded from its original function 
a s  a "hot" development faci l i ty  for t h e  Transu-  
ranium Program t o  include a l s o  a C m Z 4 '  separa-  
tions plant. T h e  faci l i ty  h a s  been named t h e  
Curium Production Faci l i ty .  T h e  'l'ramex P r o c e s s  
is t h e  b a s i c  f lowsheet  for both operat ions,  making 
the  combined funct ions complementary. T h e  so l -  
vent  extract ion equipment located in c e l l  4 will be  
served  by a d isso lver  and general purpose chemical  
research type  operat ions to  be  ins ta l led  in c e l l  3. 

T h e  ten ta t ive  program scheduled for the  faci l i ty  
in t h e  near  future is as  follows: 

1. Low-level tes t ing  with Am and Cm 44. 

2. Recoveiy,  decontamination from f i ss ion  prod- 
uc ts ,  and separat ion of 9 g of Am243 and 4 g of 
Cm from the ini t ia l  Transuranium irradiations. 
Plutonium recovery and the  aluminum removal s t e p s  
in t h i s  process  performed u s i n g  ion exchange  in 
c e l l  1 a r e  reported in Sec  5.1. 

Recoveiy of up t o  one-third of t h e  A m 2 4 3  and 
Cm244 from aluminum-free raffinate produced a t  
Savannah River during t h e  process ing  of t h e  fully 
irradiated 'Transuranium target  assembl ies  (Batch 
A). Approximately 170 g of and 220 g of 
Cm 2 4 4  

4. Recovery and decontamination of 4 g of 
Ciii from irradiated Am for subsequent  fabri- 
cat ion into a t e s t  SNAP-13 h e a t  source  by t h e  Tss- 
topes  Division. 

5. Recovery of 12 g of CmZ4*  for the  in i t ia l  
SNAP-11 h e a t  source.  Similar sources will b e  used  
in the  Surveyor Program I- which h a s  the  object ive 
of instrumented lunar landings. 

Recovery of the r e s t  of the  t ransplutoniun 
e lements  from Batch A, including the isolat ion of 
microgram quant i t ies  of berkelium and californi-um. 

7. When time permits during F Y  1964, a n  experi- 
mental h e a t  source will be  made. 

8. Prodnction of for SNAP hea t  sources .  

T h e  f i rs t  five operat ions a r e  to  be  done in  F Y  
1965; the  routine production of will follow 
about  s i x  months la ter .  

Modifications of t h e  faci l i ty  for Cm 2 4 2  production 
requited the  enlargement of the c e l l  t ankage  and 
the instal la t ion of equipment fabr icated of spec ia l  
mater ia ls  t o  aqueous  and high-activity leve ls .  
Glass- l ined or tantalum-lined t a n k s  a r e  used ,  and 
process  l i n e s  a r e  of tantalum tubing. T h e  mixer-  
s e t t l e r s  a r e  constructed from I-lomalite, an al lyl  
diglycol carbonate  thermosetting p las t ic .  T h i s  
c l e a r  p l a s t i c  permits observat ion of the  se t t l ing  
chambers .  

T h e  apparatus  shovm in  the equipment f lowsheet  
(Fig.  5.2) is arranged in  c e l l  4 as shown in the  c e l l  
plan and elevat ion (F igs .  5.3 and 5.4). 

T h e  cell was  converted from a gamma-ray-shielded 
faci l i ty  t o  an alpha-gamma call by the instal la t ion 
of seals on a l l  openings and access ports. An 
overhead crane was ins ta l led  i n  the  c e l l  to  permit 
remote l i f t ing and moving of tanks or racks  of 
equipment. 

3. 

a r e  in  the  ent i re  ba tch ,  

6 .  



J
 
i
 

2
 

LL 
0
 

0
 

L
L

 

Y
 
0
 

C
 

cu' 
-? 

2 .- L
 
3
 

V
 

.+- 0
 

cn 
C

 

La 
v
) 
u 0
 

.- e f Q
 m L
 

u
 
c
 

0
 

al 
s
 La 3 

u. C
 

u 

- c
 

:
 

.- 3 5
 

w
 

cu' 
vi d, 
.- 
u. 

t
 

-
 .... 

I
 ... 

_-_ 
............... 

.
.

 __-_ 
... 

.
.

 
-
.
 . -

. 
.

.
.

 
. 



<
 

z
 

-1
 

m
 

...
...

. -
 



14 1 

.... ..... .- 

......... 

I_- ... .J 
--yCONDENSEK RACK 

,,,-VENT FILTERS 

................................ ...................... 1 - 3  7::1:::::::11 :::: 111 ...., - -. I---  

T- 402 

I) H O  C E S S 
' r A r w  

........ 

........... L-qo4 I\----- I 

Fig.  5.4. Arrangement o f  Equipment in Cell 4, Elevation. 



142 i 
+

 
I 

I 
il 



2807 826 227; 

226 F6L 502 

68L 289 2 51: 



6 .  Thariwm Fuel-Cycle 

6-1 SOL-GEL PROCESS DEVEbOPMEWT 

T h e  sol-gel process , '  m 2  developed for the  prepara- 
tion of uranium-thorium oxide par t ic les  su i tab le  for 
loading fuel eleiiients by vibratory compaction, w a s  
tes ted  on a 10- t o  15-kg-per-batch s c a l e  i n  the  
Kilorod Fac i l i ty ,  a pilot plant for the  preparation 
of U 2 3 3 0 , - T h 0 ,  fuel  (U/Th weight ratio = 3/97). 
Engineering equipment for e a c h  s t e p  of the  p r o c e s s  
w a s  designed,  built,  and then successfu l ly  operated 
a.t full s c a l e  outs ide  of shielding,  with U Z 3 '  
nitrate a s  a stand-in for U Z 3 ,  nitrate. Zn the 
engineering-scale demonstration of t h e  completc  
process ,  about  200 kg of the  fiiixed oxide w a s  
prepared for vibratory compaction s tudies .  

'The s t e p s  in  the  sol-gel p r o c e s s  are steaiii 
denitration of thorium ni t ra te  t o  form dispers ib le  
thoria; dispers ion of the  thoria in aqueous uranyl 
ni t ra te  t o  produce a s tah le  s o l ;  evaporation of the 
s o l  to  ge l  fragments; and calcinat ion of the gel  to  
a d e n s e  mixed oxide,  which i s  a sol id  solut ion of 
uranium and thorium oxides  (Uc),+x and Tho, ) .  
Variat ions i n  t h e  procedure produced d e n s e  uraniuin 
oxide-thorium oxide so l id  solut ions containing up 
to  10 mole % uranium, d e n s e  plutonium-thorium 
oxide sol id  solut ions,  s p h e r e s  of thoria, up t o  
10 mole % U0,-Tho,  par t ic les  of 100 to 5000 p in 
diameter, and d icarb ides  of thorium and uranium- 
thorium. 

Preparation o f  Dispersible Thorio by Denitrotion 
o f  Thorium Nitrate w i t h  Superlieated Steam 

Equipment and procedures were d e  d o p e d  for 
t h e  dehydration-denitration of 30- t o  45-kg batches  
of thorium nitrate c r y s t a l s  with superheated s t e m  
at 450 to 475OC, producing 15- to 20-kg b a t c h e s  of 
thoria. T h e s e  products could b e  cons is ten t ly  
d ispersed  to  a s tab le ,  bluish, 2 M T h o ,  sol by the  
addition of 0,07 mole of 0.14 M HNO, per mole of 
Tho, .  JAess than 1% of t h e  oxide remained tin- 
dispersed  as a se t t led  residue af ter  a 2 4 h r  s e t t l i n g  
period. About 700 kg of sat isfactory,  d i spers ib le  

- - 
''0, E. Ferguson et a!., Status and Progress Report 

for Thonum Fuel Cycle  Development for Period Ending 
December 1962, ORNL-3385. 
'I). E. Pcrguson et nl., Preparation and Fabrication 

of Tho, Fuels, ORNL-3275 (June 5, 1962). 

thoria powder w a s  prepared while operat ing the 
electr ical ly  heated rotary denitrator (14 in. i n  
diameter and 31 in. long) at full s c a l e  i n  a t e s t  
demonstration for the  Kilorod Faci l i ty .  

Careful control of the condi t ions of denitration 
i s  required because  differences in  properties of the  
thoria product, not appaieni  from chemical ana lyscs ,  
greatly affect the  dispers ibi l i ty  of t h e  pnwder. T h e  
s t e p s  i r i  the  procedure that  produced cons is ten t ly  
d ispers ib le  powder were: (1) hea t ing  the thorium 
ni t ra te  i n  the rotat ing denitrator t o  200°C while 
purgirig lightly with air ,  (2) then changing to  super-  
heated stearn a t  450°C for 4 hr,  while  the  wal l  
temperature of the rotating denitrator w a s  increased  
from 200 t o  475OC, 

T h e  runs  that  produced good products showed 
endotherrnie reac t ions  a t  250, 290, and 33OoC, 
according to temperature-vs-time plots. T h e  
residual  nitrate in  the thoria product w a s  repro- 
ducibly controlled hy the res idence  time above 
450°C. Eleven runs held a t  about  45OoC for 3 hr 
gave products having an NO,'-/ThO, mole rat io  of 
0.027 * 0.009. (The descr ipt ion of the e q u i p m n t  
and a detai led d iscuss ion  of the  procedure a r e  
presented in  another r e p x t .  ') T h i s  procedure 31SO 
produced good thoria from charges  of thorium 
ni t ra te  solution. In another experiment, readily 
d ispemible  3% UO,-%hO, w a s  prepared from 
mixtures of uranyl and thorium ni t ra te  crystals .  

The Preparation of Uran ium-Thor im Oxide Sol 

Proccduies that  a re  be ing  used in  the Kilorod 
Fac i l i ty  for preparing U0,-Tho,  sols were de- 
veloped in laboratory s t u d i e s  and a t  full s c a l e .  A 
full-size (30-liter capac i ty)  cr i t ical ly  safe s l a b  
tank, 12 in. thick,  exact ly  l ike  the  one used  i n  the 
Kilorod Fac i l i ty  except  for a g l a s s  front t o  permit 
observat ion of the s o l ,  was assembled and used for 
the  ful l -scale  sol-preparation s tudies .  T h e  pro- 
cedure adopted was t o  d i s p e i s e  the T h o ,  i n  
UO,(NO,), solut ion a t  8OoC and then to adjus t  the 
pI1 of t h e  sol with NI1,OI-I. A precisely measured 
volume of uranyl ni t ra te  solut ion (50 g of uranium 
per liter and a n  NO,-/U mole rat io  of 2.4 t o  2 ,5 )  
w a s  diluted, adjusted i n  nitrate content  t o  a n  
NO ,-/ 'rho inole ratio of 0.077, and then circulated 
by a centr i fugal  pump through t h c  tank and a h e a t  
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exchanger  t o  r a i s e  the temperature to  8Q°C, T h e  
ThO, powder w a s  f lushed with water  into tlhe 
adjusted UO,(MO,), solut ion as the circulat ion 
and hea t ing  were cont inued for 1 hr to complete  the 
dispers ion.  D i h t e  MH,OH solut ion (0.017 mole 
of Nf13 per mole  of ThO, j  was  added to t h e  Cuction 
linie of the  centr i fugal  pump in order to  a d j u s t  t h e  
XI+ concentrat ion to to IO---" M ,  which is tile 
optimum for uniform dis t r ibut ion of  the uronium 
on t h e  thoria surface.  Sols iip t o  5 M in Tho, 
prepared by t h i s  method were fluid and e a s i l y  
h;mdled, but for the Kiiorocl project, a 2 M 'ThO, 
sol w a s  adopted. A de ta i led  descr ipt ion of the 
appxa tus  and a n  account  of the development 
program for s o l  preparation a re  presented in another 
report, With t h i s  procedure, t h e  m a x i m u m  deviat ion 
of t h e  uranium/thorium atomic ratio from the  mean 
of the ent i re  ba tch  was 1% for all  par t ic le  s i z e s  o f  
final product. 

When uranyl ni t ra te  was  obtained as a product 
of so lvent  extract ion,  the minimum m o l e  ra t io  
(,NO,-/BJ) cons is ten t ly  achievable  w a s  2.4. By 
the descr ibed procedure, the zmount of urariiurn 
that c a n  be  incorporated while maintaining 
uniformity of the uranium/lhorium mole rat io  in the 
~ciiduct is therefore limited to 3 mole "%,. However, 
sols containing up to 10 at. 75 uranium were made 
by sdding  3 mole "% uranium as uranyl ni t ra te  and 
then t h e  remainder as ammonium diuranate. 

Evaporation of the So1 PO a Gel  

T h e  ad jus ted  sol is evaporated i n  b a t c h e s  in  
t rays  under a s t ream of hea ted  a i r  a t  80 to 90°C. 
In the  Kilorod Fac i l i ty ,  t h e  t rays  a r e  arranged in  
c a s c a d e  so that t h e  s o l  from t h e  top t rays  over- 
f lows to  t h o s e  below. 'The depth of  the  sol (34 to  
1 in.) is controlled by the height of the overflow 
pipe i n  order that  the  dried ge l  f rom a l l  t rays  may 
be equal  i n  weight, densi ty ,  and volatile-matter 
content  and have  nearly uniform th ickness  (about 
'4 in.). Drying for 48 hr a t  85 to 90°C prevents  
t h e  formation of bubbles  and removes the  vola t i le  
m:itter f rom the  gel  e x c e p t  for a res idue  of  4 to  6%. 
The densi ty  of the dr ied gel is 6 t o  7 g/cc; t h e  
volume concentrat ion factor during drying is  about  
1.0. 'The gel  product i s  f ractuted during drying to 
par t ic les  ranging from 0.5 t o  0.005 in. i n  diameter. 
'The fragment-size distribution w a s  shown t o  b e  
dependent  upon the  flow rate  and the humidity of 
t h e  drying a i r  and upon the temperature of the  

s o l i d s  after the ge l  had formed. The back-addition 
of ahout  10% o f  ifs weight i n  water  at room temper- 
a ture  c a u s e d  the gel  to fracture  t o  par t ic les  s u c h  
that  55% by weight was -4 to t 1 G  U.S. mesh size, 
and 95% was -4 to +IO0 mesh. A blend, composed 
ob 75% of this  s ize  distribution with 25% of -200 
U.S. mesh s i z e ,  obtained from ba i l  milling gel, 
w a s  mixed anti fired according to the  sol-gel 
procedure. 19 sinall ba tch  of the  product W a t j  

vilxatorily packed t o  86.1% of its theoret ical  
densi ty  i n  3 inin by a s m a l l  Navco vibrator. A 
larger batch (420 g) w a s  vibrated to 89.5% of 
theoret ical  dens i ty  by the Branford vibrator. Since 
comminution of par t ic les  to sizes s u i t a b l e  for 
vibratory compaction loading prior to Firing h a s  
many advantages  over the convent ional  postf i r ing 
crushing and grinding, these s t u d i e s  wil l  be 
pursued further. 

In the ptocedure developed for t h e  Kilorod 
Faci l i ty ,  a batch of dried gel (about 11 kg) i s  
loaded from t h e  geldrier t rays  by spec ia l ly  de- 
veloped tray-dumping equipment into Alundum 
cruc ib les  and air-fired a t  a temperature-rise ra te  of 
100"C/hr up to 50O"C, then  a t  300°@/hr up to 
1150OC. After holding a t  1150°C for 1 hr, the a i r  
is swept  out of the retort with argon, and then a 
s l o w  stream of 4% W2-Ar (which i n  a i r  makes a 
noncombusi ible mixfure) is p a s s e d  through the 
furnace retort for 4 hr to reduce the  higher  oxides  
of uranium to UO,. ' h e  charge is then cooled 
under argon until the  temperature i s  below 2OO0C,  

Studies  were made of the  e f fec ts  of blanket  
a tmospheres  that were used  during firing and 
ccol ing  arid of furnace time c y c l e s  on the  qual i ty  
of the  oxide products. The  cr i ter ia  for adequate  
quality of the oxide product for the Kilorod 
Fac i l i ty  are  a s  follows: par t ic le  dens i ty  (by 
toluene immersion), greater than 9.9 g/cc;  
oxygen/uranium ratio, less than 2.1; and to ta l  
g a s e s  re leased  when heated to 1200°C in a 
vacuum, less than 0.05 cc per gram of oxide. In 
laboratory s t u d i e s  with 5.S-g samples  of oxide and 
well-controlled furnace atmospheres ,  a1 1 the  
quality cr i ter ia  were met and surpassed  by the u s e  
of argon, nitrogen, or 4% FI,--Ar as blanket g a s e s .  
In a furnace l ike  that  used iri the  Kilorod Faci l i ty ,  
furnace atmospheres  could not b e  so wel l  con- 
trolled, and t h e  values  obtained a s  shown in 



Table  6.1 are representat ive of what c a n  be ex- 
pected by u s e  of argon, 4% H2-Ar, or nitrogen a s  
blanket  gases .  Dens i t ies  were greater than 9.9 
g /cc  for a l l  blanket g a s e s  used.  Only ba tches  
fired in 4% H,-Ar were sat isfactory with respec t  
to  oxygen/uranium ratio and g a s  evolution. 
Therefore, t h e  4% M2-Ar w a s  adopted a s  a blanket  
g a s  for the  Kilorod Faci l i ty .  Other experiments  
showed that  if t h e  oxidcs  were withdrawn from the 
furnace direct ly  into a i r  a t  temperatures  exceeding  
200°C, reoxidation of the uranium occurred. More 
detai led d a t a  and d iscuss ion  are presented in 
another report.' 

The Preparation of Sphe-rs of Thoria and 
Uranium-Thorium Oxide 

T h e  above-described sol-gel  procedure used  for 
preparing fragments of thoria and uranium-thorium 
oxid? s u i t a b l e  for vibratory compaction w a s  a l s o  
used  for preparing sol-gel spheres  of the same 
chemical  composition. The dried gel fragments 
we113 comminuted by tumbling to  su i tab le  s i z e s ,  

and the  par t ic les  yere rounded by milling them 
with 120OCC-fired, sharp,  sol-gel-prepared thoria  
fragments. Figure 6.1 s h o w s  samples  from 
kilogram ba tches  of thoria and 3% U0,-ThC3, 
s p h e r e s  of 0.2-in.-diam iTlade by th i s  procedure. 
Both products had extremely low attrition r a t e s  
when tes ted  in  a s tandard spouted bed: 0.04%/hr 
for thoi ia  s p h e r e s  and 0.005%/hr for uraniurn- 
thorium oxide spheres .  T h e s e  r a t e s  were below 
t h e  acceptable  ra te  of 0.0§%/hr. 

PJetnls and Ceramics  Division personnel  produced 

prepared by the Chemical Technology Division. 
Controlled l inear  shr inkage of t h e  microspheres  
w a s  demonstrated by firing them to 503 or lOOO@C, 
depending on  the  degree  of shr inkage desired.  
T h i s  shr inkage control  w a s  shown t o  be useful  in 
incorporating fuel  par t ic les  into pressed  or e x -  
truded oxide matr ices  (e.g., UeO) and then firing 
without the  danger  of inducing cracking by the  
mismatched shr inkages of diss imilar  materials. 

200- to  500-;1 s p h e r e s  f rom 3% UO,-ThO, gel 

3 ~ ,  C. Dean and C. E. Schilling, Preparation of 
Thorium Oxide and  Uranium-Thorium Oxide Spheres by 
the Sol-Gel Process ,  ORNL-3384 (in preparation). 

T a b l e  6,l .  Oxygen-to-Uranium Ratio and Residual Gas Contcnt of Calcinad k;.odasct 

Batch s i i z :  5 - 7  kg 
Composition: 
Firing procediire: 

Uranium oxide-thorium oxide, 3/97 uraniuinj'ihoiium by weight 
300@C/hr to 1150@ arid held for 1 hr in air; calcined in 
indicated gases  4 hrg cooled i n  same gas  to < l O O c C  

Gas Release  a t  I ~ O O ~ C ,  in  Vacuum 
(std cm3/g) .......... ......... __ ___ Oxygen/Uranium Ratio Calcination 

Atmosphere ~ .......... ... 

+16 Mesha 16-35 Meshb -35 MeshC r16 Mesha 16-35 Meshb -35 MeshC 

Argon-470 H, 2.026 2.027 2.019 0,004 0.004 0.067 

Nitrogen 2.099 2.087 2.157 0,018 0.055 0.120 

Argon ?. 220 2.267 2.308 0.030 0.047 0.050 

aCornprises -92 wt 7'0 of product. 
bCoinprises "5 wt 70 of product. 
CComprises "'3 w t  ".'c of product. 
dCooled in argon containing no hydrogen. 
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F i g .  5.1. Sol-Gel-Process Spheres of  High Density and High Attrition Resistance.  

6.2 PROP ERTl ES F SOL-GEE OXIDES 

Examination of the  uranium-thorium oxide products 
by x-ray diffraction (phase ident i f icat ion and 
la t t ice  parameter measurement), metallography, 
petrography, and electron micrography gave evi-  
dence  that they a re  s ingle-phase mater ia ls  and 
also a r e  probably so l id  so lu t ions  of U 0 2 , x  in  
'IrhO,. P roduc t s  t h a t  contained 7 or less ai. % 
uranium and which were  prepared by the procedure 
descr ibed in S e c  6.1 had uniform m o t e  ra t ios  of 
uranium to  total metal. Homogeneous physical  
s t ructure  and chemical  compositions are  des i r ab le  
in  fue ls  in ordcr to  produce uniform power dens i ty  
from point to point. 

Homogeneity of Sol-Gel Oxides 

The  sol-gel process produces uranium-thorium 
oxide of high uniformity i n  the mole ra t io  of 
uranium to total  metal throughout e a c h  par t ic le ,  
from par t ic le  to par t ic le  (regardless of par t ic le  
s ize) ,  and from batch to batch. Tab le  6.2 shows  

tha t  for a s ingle  batch the deviation of the mole 
rat io  of uranium to total  metal from size fraction 
to s i z e  fraction WJS within kl%, with one minor 
exception. Since the variation of the W/(U t Th) 
mole rat io  between s i z e s  w a s  i 1% after grinding a s  
wel l  a s  before, i t  was concluded that  the compo- 
s i t ion  of the par t ic les  was  uniform. Sufficient 
uniformity from batch to  batch h a s  been obtained 
t o  show that a product can  be made with only a 
tr 1% variation in uranium content;  th i s  specif icat ion 
w a s  imposed on the oxide fuel product of the 
Kilorod program. 

Photomicrographs of polished s e c t i o n s  of sol- 
gel-prepared oxide par t ic les  a t  lS0X show no 
evidence of grain s t ructure ,  extraneous phases ,  
g ross  voidagc, or other inhomogeneity (see 
Fig. 6.2). Pol i shed  and etched s e c t i o n s  a t  5QOX 
give minimal evidence of grain s t ructure  but show 
a uniform distribution of very fine c losed  porosity. 
Electron micrographs of a replica of a freshly 
fractured su t face  showed c lose ly  packed gra ins2  
SO00 to 7500 .4 in diameter.  T h e  preparation 
represented in Fig.  6.2 released only 0.5% of the  
Kr8'  formed during neutron irradiation to 14,800 
Mwd/metric ton at a linear hea t  rating of 47,500 
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Table  6.2. Uniformity of Uranium Distribution in Sol-Gel-Prepared Umniurn-Thorium Oxides 

Weighted mean U/(U + Th) mole ratio for a l l  s i ze  fractions 7 0.0650 
...... ~. ...... __ ....... ___ ~ 

___ ___ .... ..... 

Deviation f rom Mean 

Production Size R a q e  

( 7 0 )  

U/(U + n) Hatch Par t ic le  Size, U.S. Mesh 
Mole Ratio 

U/(U + Th) 

(%) 

Mole Ratio 

__ ~- ~ 

35-1 t 1 6  (unsizedf 

35-1-G -6 +16 (sized)b 

90-93 

60 

0,0648 

0.0652 

-0 .3  

+o. 3 

35-1 -16 +35 (unsiied)a 4-6 0.0642 -1.3 

35-1-G -50 I 140 (sized)’ 15 0.0655 +O. 8 

3 5 - 1 4  -200 (ball-inilled) b 25 0,0651 10.2 

..... ___. ...... ____...... -. ..... ...._______.. 

asample was  prepared by screening the product removed from the calcination furnace. 
bSanlples from s i ze  fractions prepared for vibratory compaction by crushing, grinding, and screening. 

Btu hr-’ ft-’ (ref 4). Studies  will be made to  
determine the  possibi l i ty  of a relat ion between 
t h e  very small, widely dis t r ibuted c losed  pores ,  
whose combined volumc is less than 1% of that  of 
t h e  so l id  and the  fission-product-gas r e l e a s e  of 
the  sol-gel oxide. 

Phys ica I Properties 

For typical  sol-gel-prepared oxide products  t h a t  
are composi tes  of a l l  par t ic le  s i z e s ,  the  spec i f ic  
sur face  a r e a s  of the unsized oxide as removed 
f rom the  calcinat ion furnace varied from 0.003 to 
0.03 m2/g, depending on par t ic le-s ize  distribution. 
When ground and s i z e d  for vibratory compaction, 
they varied f rom 0.05 t o  0.25 m 2 / g  (Table  6.3). 
T h e  average d e n s i t i e s  of par t ic les  (by the  toluene 
immersion-pycnometric measurement) were from 
99 t o  99.9% of theoret ical  (10.035 s /cm3).  In 
addition to having high individual par t ic le  dens i ty ,  
ox ides  prepared from s o l s  that  were optimally 
adjusted with respec t  to the  NO,-/Tho, and 
NH,OH/ThO, mole rat ios  had s ignif icant ly  higher 
powder s i z i n g  and “compactability ” when packed 

,S. A. Kabin e t  al., “Thorium Fue l  Cycle Irradiation 
Prograrn at  the Oak Ridge National ILaboratory,” in 
Proceedings of Thorium Fuel  Cycle Symposium, 
Gatlinburg. Tennessee. December 5--7, 1962. 

by t h e  b e s t  vibratory packing procedures than 
those  prepared from unadjusted sols. Compact- 
abi l i ty  is thought to be  a function of the s h a p e  
and sur face  roughness  of the  par t ic les .  

Heat ing an oxide sample  in vacuum and co l lec t ing  
t h e  evolved g a s e s  a t  predetermined temperatures  
up t o  12OOOC provides an out-of-pile means  of 
predict ing the  amounts, par t ia l  p ressures ,  and 
speci-es  of non-fission g a s e s  expected to be  
evolved within the element  during thermal cyc l ing  
i n  serv ice .  T h e  cneasiirement of the  total  volume 
of g a s e s  evolved a i d s  i n  giving a n  es t imate  of the  
internal  pressure of a fuel  e lement  t h a t  will con- 
ta in  t h e  oxide. T h e  a n a l y s i s  of t h e s e  g a s e s  a i d s  
in  pr2dicting chemical  e f fec ts  of the  oxide on the  
c ladding  mater ia l  (e.g., I12-Zircaloy interact ion)  
while in service.  Calcined oxides  tha t  have  not  
been ground and s i z e d  evolve a total  of 0.005 t o  
0.05 s t d  cm3/g when h e a t e d  to 1200°C in  vacuum 
(Table  6.3). Oxides that  have been s i z e d  by 
grinding (particularly by bal l  milling) in  a i r  evolve  
0.1 t o  0.4 s t d  cm3/g  under l ike treatment. 

Cheniccsl Properties 

Sol-gel ox ides  are qui te  free from contaminants  
that  would parasi t ical ly  capture  neutrons. One 
large batch containing U 2  prepared for irradiation 
and s i z e d  for vibratory compaction ( s e e  T a b l e  6.4) 



Fig. 6.2. Sol-Gel E: Th02-4.5 w t  76 u(;bz Powder. No impurit ies were found i n  this material ,  Small surface 
cracks may be seen i n  the particles. Etchant: boil ing HN03--HF, At higher 
magnif ication the part i c l e s  show a very f ine  natural porosity and extremely f ine ccystal l i tes (spheroidal white 

particles).  No large grain boundaries are evident. 

(a) 15OX. A s  polished. (b) 500X. 



150 

Table  5.3. Phys ica l  Properties  of Typica l  Sol-Gel Urnnium-Thoriunl Ox ides  

Calcination procedure: in air, 25 to 1150°C a t  300°C/hr; in calcining atmosphere, 
4 hr at 1150OC; in cooling atmosphere to 100°C 

.... ~ ..... . . .  ...... ._.___ .......... __ ...... -. -- 

Total Gases  
Evolved a t  

Specific BET (N,) 25-1200'C in 
Furnace Atmosphere Surface Area Density (g/cifi3) Vacuum 

(m2/g) ___ Par t ic le  Packed  (std cm3/g) 
Batch  NO.^ ___ 

Calcination Cooling 
.......... - 

Unsizedb Sized' Unsized Sized 

26 470 H,--AI Ar 0.032 0.047 9.98 8.50 0.006 0.206 

35-2 4% M2-Ar Ar 0,005 0,213 9.91 8.95 0.005 0.101 

E AT 0.015 9.92 8.65 0.027 

Ar 0.2 9.94 8.71 0.125 A 

S 4% H, -Ar Ar 0.15 10.00 8.84 0.055 0.400 

35-1 Air Air 0.003 0.196 9.94 9.00 0.498 0.354 

0.004 0.24 1 9.97 8.90 0.029 0.114 35-3 

H 2  

N2 N2 

aWeighted average of property da ta  for three sizes t o  give properties of composite mixture. 
bUnsized, as  removed from calcination furnace, not crushed. 
'Crushed and ball  milled to  s i z e s  su i tab le  for vibratoiy compaction. 
dParticle density, pycnornetric (toluene 

Table 6.1, Chemical Properties of Sol-Gel-Prepared Uranium-Thorium (Prides 

Prepared for irradiation tes t s ;  contain fully enriched uranium 
Calcination procedure: in air, 25  to 115OOC at 30O0C/hr; i n  calcination atmosphere, 

115OoC, 4 hr; in cooling atmosphere to 100°C 

Furnace Atmosphere Oxygen/Uianium Gases  Evolved by Heating in Vacuum at 
U C Ratio 25 to 12OO0C. (std ~ m ~ / g ) ~  

Batch Nosa -~ 

Calcination Cooling (wt (ppm) ___ .~ ...................... 
Unsized Sized 11, H,O N, -I CQ 0, CO, 'rota1 

26 k% H2-Ar AI 5.52 

35-2 4% !i,-Ar Ar 5.12 

AT 4.31 A 

35-1 Air Air 5.13 

N, 5.05 35-3 

H Z  

N, 

40 2.026 2.025 0.100 0.003 0.083 0.001 0.011 0.206 

47 2.035 2.031 0.028 0.004 0,032 0,002 0.026 0.101 

20  2,005 0.002 0.062 0.008 0.0 0.051 0.125 

73 2.400 2,403 0.005 0,014 0.009 0.248 0.069 0.354 

59 2.175 2,160 0.003 0.022 0.006 0.012 0.070 0.114 

aSamples coiiiposed of a mixture of particles having a size distribution suitable for vibratory compaction. 
bFor oxides crushed and ba l l  milled (sized) to sizes su i tab le  for vibratoiy compaction, 



had only 1050 ppm gross  ion ic  impurit ies,  640 of 
which were iron, aluminum, and s o d i t ~ r n . ~  The  
macroscopic c r o s s  sec t ion  of the total impurit ies 
was  equivalent  to  tha t  of 5 ppm boron. The iron 
and aluminum were traced to pickup in the  grinding 
arid ball-milling equipment. Other chemical 
properties of typical  sol-gel oxides  a re  presented 
in Tab le  6.4. T h e  O/U rat ios  of products ca l c ined  
in 4% H2-Ar (recommended in the optimized flow- 
s h e e t  d i s c u s s e d  in Sec  6.1) were 2.02 t o  2.03 and 
were not  s ignif icant ly  affected by grinding. Ex- 
perimental  ba t ches  fired in a i r  or in  nitrogen in  a 
large furnace in which atmospheres  could not be  
wel l  controlled had,  typical ly ,  O/U rat ios  of about  
2.4 and 2.2. In f i r ings where t h e  atmosphere w a s  
carefully controlled,  oxides  calcined in  nitrogen or 
argon had  O/U rat ios  of less than 2.1. For a 
homogeneous uranium-thorium oxide preparation 
containing 3 mole '% uranium, an O/U rat io  of 2.3 
is equivalent  in e x c e s s  oxygen to a pure UO, fuel 
having a n  O/W ra t io  of l e s s  than 2.02 (ref 4). 
T h i s  indicates  that  less-expensive nitrogen or 
argon atmospheres  may be  used for calcinat ion in a 
well-sealed,  l a rge  futnace,  

Gases Evolved from Pro ucts  on Heating i n  
Vacuum. - For the ox ides  calcined in  4% H,--Ar or 
in  pure hydrogen, t h e  major gaseous  components 
evolved on hea t ing  them in a vacuum up to 12OOcC 
are  hydrogen and carbon monoxide (Tab le  6.4). 
A l ikely sou rce  of m o s t  of the hydrogen appea r s  
to  be  the  react ion between water  and carbon 
sorbed as CO, from the a i r  by the  thoria at  any 
s t a g e  of p rocess ing  sols or gels.  Pyrolyt ic  carbon 
may be  co l l ec t ed  from the  calcinat ion blanket  gas .  
When t h e  oxides  are ca l c ined  in argon or nitrogen, 
the major g a s e s  evolved are water,  carbon dioxide,  
and oxygen. Of t h e s e  components,  hydrogen and 
water a re  known to corrode Zircaloy-2 cladding if 
they a r e  present  a t  s ignif icant  par t ia l  p re s su res  
ins ide  the  fuel  element.  At gas-evolution va lues  
of 0.1 s t d  cm3/g  for oxides  calcined in H,-Ar or 
H,, hydrogen par t ia l  p re s su res  a t  mean fuel  tem- 
peratures  corresponding to those  in the Con- 
sol idaied Edison reactor would be  50 to 250 ps i , "  
To ta l  p re s su res  within the element would be  about  
500 psi. The to ta l  pressure would b e  tolerable ,  
but the  hydrogen content  would be destruct ive to 
Zircaloy-2. Under s imilar  conditions,  oxides  
calcined in  argon or nitrogen give about 500 p s i  
to ta l  pressure consis t ing,  in part, of 25 p s i  of 
H,O and about 200 ps i  of 0,. These condi t ions 
would l ikewise be  destruct ive to Zircaloy-2 a t  

reactor  operating temperatures.  Experience indie 
c a t e s  that  g a s  evolution of less than 0.05 s t d  
cm3/g appears  to be necessa ry  for good behavior 
of the  oxide within the  cladding. When oxides  are 
ground (particularly when they a r e  ball milled), 
they sorb large volumes of CO, and H,O. T h e s e  
reac t  with the carbon present  in the oxide to 
generate CO and !I,. B e c a u s e  af t h i s  react ion,  
fired oxide fue ls  sEiould be ground in dry, CO,-free 
a i r  or unfired oxides  should be ground prior to 
calcinat ion.  

Since the s t a r t  of th? ORNL T h ~ i i ~ m  Uti l izat ion 
Fuel Cyc le  Piogram, 32 c a p s u l e s  containing 
different size fract ions of e i ther  sol-gel or arc- 
fused oxide fuel. have been fabricated by vibratory 
compaction for irradiation tes t ing  in the NKX, 
MTR, and ORH. T h e  peak l inear  hea t  ra t ing 
of the c a p s u l e s  varied between 25,000 and 60,000 
Rtu br-l ft-'. As of Apr. 1, 1963, the in-pile 
tests had been completed on 18 c a p s u l e s ,  and the 
present  accumulated postirradiation d a t a  indicate  
that sol-gel oxide is a sat isfactory potent ia l  
reactor  fuel ,  Ten  additional sol-gel 'I'hO,-UO, 
c a p s u l e s  are  being prepared for irradiation in the 
MTK and ETR t o  s tudy the effect of higher l inear  
hea t  ratings.  

Thirty noninstruniented c a p s u l e s  have  been or 
are  being irradiated in thc MRX and MTR a t  csti- 
mated average cladding temperatures of 200 to 
210°C. T h e  cladding is of type 304 s t a i n l e s s  
s t e e l ,  with a '/1 ,-in. OD and a 0.025-in. wa l l  
thickness .  Sixtet-n of t h e s e  c a p s u l e s  at peak 
l inear  h e a t  ra t ings of 25,000 (NRX groups I and II) 
and 40,000 to 45,000 (MTR group I> Btu hr-' ft- '  
have  been removed for examination. T h e s e  ex-  
aminations,  performed by t h e  Metals and Ceramics  
Division, include dimensional measurements,  
gamma radioactivity s c a n s ,  f iss ion-gas-release 
amounts and identification, fuel  burnup measure- 
ments,  and metallographic examinations of the fuel  
and cladding. T h e s e  resu l t s  are d i s c u s s e d  in  
more  de ta i l  e l s e w h e w .  IJimensional measurements 
ind ica te  negligible changes  a s  a resu l t  of the 
irradiation, and the  f iss ion-gas re lease  from sol-gel 

D. E. Ferguson ct  a l . ,  Status and Progress Repor t  
f o r  Thorium Fuel  Cycle  Development fot Period Endzrig 
Decerrzbcr 1562, OWL-3385. 
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oxide compares favorably with g a s  r e l e a s e  d a t a  
from arc-fused oxide and UO, pel le ts .  Burnup 
measurements on the  irradiated material range 
f rom 5000 t o  17,000 Mwd per metric ton of Th and 
U. Although the  -200-mesh oxide par t ic les  
agglomerated, there  is no metallographic ev idence  
of sintering. 

'Two 22-in.-long c a p s u l e s  (MTK groiip 111, con- 
ta ining sol-gel S Tho,-UO, vibratorily compacted 
t o  a bulk densi ty  of 8.8 g/cm3,  were inser ted in 
the  11I'TR on Jan. 1, 1963. T h e s e  spec imens  are  
scheduled t o  remain there  until the burnups reach 
100,000 to 120,000 Mwd per metric ton of Th and U 
(about 2-5 yr). 

l w o  instrumented c a p s u l e s  were irradiated in  the 
ORR a t  average cladding temperatures of 1000 and 
1300OF. Between January and September 1962, 
t h e s e  c a p s u l e s  had accumulated iiieasirred burnups 
of 4200 and 5400 Mwd per metric ton of 'Th and U. 
T h e  c a p s u l e s  ( type 304 s t a i n l e s s  s t e e l ,  '4 in. i n  
diameter) had been loaded with sol-gel D Tho,- 
UO,, vibratorily compacted to a bulk dens i ty  of 
8.6 g/cm3, and were designed io opera te  a t  a 
l inear  h e a t  ra t ing of 40,000 Btu hr- '  ft-' with an 
ac t ive  fuel length of 5.5 in. T h e  cent ra l  fuel  
temperatures of the  two c a p s u l e s  were 2600 and 
3500°F. Based  on the  des ign  heat-generation 
rate ,  the effect ive thermal conduct ivi t ies  of the 
compacted oxide were 1.7 and 1.2 Btu hr-' 
f t - '  O F - '  for respect ive average fuel  temperatures 
of 1800 and 2400'F. Due to  d iscrepancies  in 
thermal-neutron flux measurements, the  instanta-  
neous  heat-generation rate  could not be determined 
experimentally; however, based  on fuel burnup, 
t h e  es t imates  of respec t ive  thermal conduct iv i t ies  
of the  oxide were revised to  1.2 arid 1.0 Ktu hr"" 

Ten  noninstrumented type 304 s t a i n l e s s  s t e e l  
c a p s u l e s  containing sol-gel  Tho,-UO, a re  be ing  
prepared for irradiation in the PJTR (group 111) and 
ETR (group I) a t  peak l inear  hea t  ra t ings of 85,000 
and 135,000 13tu hr- l  ft...' re spect ively.  In addi- 
tion t o  the higher  l inear  h e a t  ratings, a n  object ive 
of the  i r radiat ions is to s tudy the  e f fec t  of furnace 
atinosphere on the  in-pile performance of sol-gel 
Tho,. Three  firing atmospheres  (air, 4% Wz--Ar, 
and nitrogen) were used  in preparing the  oxide. 
Then ,  the s i z e d  sol-gel oxide w a s  vibratorily 
packed to  bulk d e n s i t i e s  of 8.8 to 9.0 g/cm3 in 
c a p s u l e s  12 in. long and t 6  in. in diameter. T h e  
est imated peak central  fuel temperature in  the  
MTR group-I11 c a p s u l e s  will  b e  5000 t o  5200°F, 

I \  

ft-1 O F - '  

and t h e  center  temperature of thc ETR group4 
c a p s u l e s  should reach the melting point of thc 
oxide. 

6.3 THE KILOROD FACILITY 

Seep of Kilorod Program 

OKNE w a s  recently ass igned  a development 
program to prepare Zircaloy-2-clad fuel  rods for 
zero-power cr i t ical i ty  experiments  t o  be  performed 
a t  Brookhaven National Laboratory (BNL). About 
900 rods, e a c h  containing 890 g of oxide (3 wt % 
U233--97  w i  % Th), and 200 rods, e a c h  containing 
310 g of the  same mixed oxide, a re  t o  be  made. 
T h e  BNL rods wil l  b e  made in  the Kilorod F a c i l i t y 6  
us ing  the sol-gel process  7 p 8  for inixed-oxide prepa- 
ration, and vibratory c o m p a ~ t i o n ~ * ~  for rod loading. 
T h e  U 2 3 3  feed wil l  be  prepared and purified of 
U 2 3  decay products by so lvent  extraction. ' 
The faci l i ty  w a s  designed t o  produce about 10 rods 
a day. This  is a joint  program with the ORNL 
Metals and Ceramics  Division. 

T h e  Kilorod Fac i l i ty  is a vi ta l  part of the  ORNL 
Thorium Fuel Cycle  Program, Development 
programs conducted in  the  faci l i ty  will extend 
thorium fuel-irycle technology by providing valuable  
process ing  and fabrication exper ience  as  well a s  
d a t a  on worker radiation exposuie  while process ing  
~ 2 3 3  

Radiation Dose Predictions 

Thc col lect ion of radiation d a t a  a t  e a c h  s t e p  of 
the  Kilorod process  is important s i n c e  the d a t a  
will help determine t h e  leve l  of radiation that  
m i g h t  be  expected from other  arrangements of the  
same operat ions and from the process ing  of U 2 3 3  

6Chern. Technol. Div. Ann. Progr. R e p t .  May 31, 1962,  

7D. E, Fprguson, 0. C. Dean, and P. A. Haas, Prcpa- 
ration o f  Oxide Fuels for Vibratory Compaction by the 
Sol-Gel Process ,  ORNL TM-53 (Nov. 27, 1961). 

E. Ferguson ef al., Preparation of High-Pcnsity 
Oxide and Vihrafory Cornpaction in Flue1 T u b e s ,  O H N L -  
2965 ( J a n .  27. 1961). 

'J. T. Lamartine and A. L. Lotts, T h o r i e ~ m - U ~ ~ ~ F u e l  
Rod Faci l i ty  .-Wescription of the Faci l i ty  and Fuel Rod 
Fabrication Process ,  ORNL CF-62-2-26 (Apr. 27, 1962). 

''E. C. Moncrief et  al., Hazards Evaluation for the 
H N L  Kilorod Program, ORNL CF-62-11-16 (Nov. 8, 
1962). 

ORNL-3314, pp 180-81. 

'D. 
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contai:ning higher concentrat ions of U Z 3  ’. Also, 
t h e  experimental  d a t a  will  a s s i s t  in determining 
shielding requirements and l imits on  semiremote 
operat ions at higher concentrat ions of U2 3 2 .  

Calculat ions were  made’ to determine the  
gamma dose to the h a n d s  of the operators at e a c h  
s k p  of the  p rocess ,  u s ing  a sh ie ld ing  c o d e 1 2  on. 
the IBM-7090. Twelve gamma-source s t rengths  
above 0.25  lev'^ were used  i n  the code,  7~hich 
a l s o  permitted the se lec t ion  of a source  geometry 
representat ive of the ac tua l  equipment gennet.ry. 
In the calculat ions,  d a t a  by Arnold14 of buildup 
and decay  fac tors  for members o f  the  U 2 3 2  decay 
cha in  were used. B a s i c  assumptions used in the 
ca lcu la t ions  were  (I) UZs2 daughters  were com- 
pletely removed during so lven t  t?xtraction purifi- 
ca t ion  of the  U 2 3 3 ;  (2) the purified U 2 3 3  contained 
no f i ss ion  products;  (3 )  dose-rate contributions 
from T h Z 2 *  in  the ThO, were neglected ( this  
contribution will b e  evaluated during cold tes t ing);  
(4) be ta  d o s e  was neglected;  ( 5 )  R a 2 2 8 ,  ~ a ” ~ ,  
and Wn2 O evolution during processing was  
neglected;  (6) uranyl ni t ra te  f eed  not  used duririg 
t h e  two-week operating c y c l e  wil l  be repurified; 
(7) ten  10-kg sol-gel ba t ches  will be prepared 
during the  two-week operating cyc le ;  and (8) there  
would De negligible holdup of U 2 3 3  in any eyuip- 
rnent, compared with the  p rocess  throughput. 

The maximum hand-exposure case w a s  evaluated 
in which a s i n g l e  operator w a s  assumed to perform 
all operat ions in the  Kilorod Fac i l i ty  over the 
two-week operating period. Although not an oper- 
a t ing  procedure, the  case represents  the  maximum 
probable gamma d o s e  to hands expected from 
gloved-hand operat ions in the  faci l i ty .  A maximum 
d o s e  to hands  of 1000 millirems would be  obtained 
during the second  week of the operating cycle .  
T h i s  d o s e  is below the maximum permissible  
weekly hand exposure (1500 milfirems/week). 

_~ 
“F. W. Davis  and E. C, Moncrief, Gamma Dose Rate  

Calciilations f o r  the B1VL Kilorod Program, OKNL 
TM-407 (Mar. 21, 1963). 

‘’EB D. Arnold and B. F. Maskewitz. SDC --- A 
Shielding Des ign  Calciila tion Code for Fuel hlaridlitig 
Facili t ies,  ORNL-3041 (in press). 

13D. Strominger, .J. M. Hollander, and 6. T. Seaborg, 
Rev.  Mod. Ptiys.  30, 585 (1958). 

14E. D. Amold, Buildup and D e c a y  Factors for 

nilernhers of the W 2 3 2  Decay  Chain, QRNL CF-58-7-122 
( J u l y  31, 1958). 

Solvent Extraction Operations 

Process Flowsheet.  -.- ‘The U 2 3 3  feed t o  the 
sol-gel p rocess  was  purified of U 2  it decay products 
amd ionic  contaminants by solvent  extiactiotl .  
T h e  so lven t  extract ion system used In the  Kilorcd 
program cons i s t ed  of one c y c l e  of solvent  ex- 
t ract ion using 2.5% di-seebutylphenyl  phosphonate 
(IISBPP) in diethylbenzene (DEB) dilnent, followed 
by product concentration by evaporation. Existitig 
so lven t  extract ion equipment was  modified to 
accommodate the  flowsheet.  F e e d  to the so lven t  
extract ion plant was  uranyl ni t ra te  solut ion or 
uZ3,  metal. 

Equipment modifications to the pl-. dnt  were com- 
pleted,  f inal  f lowsheet  condi t ions were se lec ted ,  
and a cr i t ical i ty  and haza rds  review of the system 
was  made. Cri t ical i ty  control w a s  ensured (many 
individual uni ts  used in the  solvent  extract ion 
sys t em are  not geometrically safe)  by s t r i c t  control 
of m a s s  .and concentrat ion of the U 2 ” .  In cer ta in  
c a s e s ,  nuclear poisoning in the form of boron- 
g l a s s  Kaschig rings w a s  used  as a secondary 
control i n  nonsafe  geometries.  

b o w - A c t i v i t y - l e v e l  Tests. --- Thorium and gross  
gamma decontamination factors  of 1100 to 25,000 
and 200 to 500, respect ively (Tab le  6.5), were  
obtained in  four t race- level  and two intermediate- 
leve l  (uranium concentration about one-tenth tha t  
of ful l  f lowsheet  concentration) t e s t s  under flow- 
s h e e t  condi t ions (Fig.  6.3). Uranium loss to  t h e  
extraction-column w a s t e  was l e s s  than 0.07%. 
The resu l t s  corifirmed development work and indi- 
ca t ed  that  sa t i s fac tory  decontamination factors ,  
uranium recovery, and product quali ty could be 
obtained in full-level runs. 

Metal Dissolution. - Dissolut ion of U 2 3 3  metal 
w a s  demonstrated by us ing  4 M FINO, under 
dissolut ion f lowsheet  conditions (Fig.  6.4j. 
Cri t ical i ty  sa fe ty  was  maintained by concentration 
( U 2 3 3  less than 10 g/liter) and soluble-poison 
control (u”””/T~ ra t io  less than 0,025). Complete 
dissolut ion of the metal ( a  4-kg sec t ion  of the 
J e z e b e l  assembly)  was  achieved under reflux 
condi t ions (about 108°C) in 40 hr. T h e  uranium 
material  ba l ance  was 100 f 1%. 

Product Quality.  - Satisfactory sol-gel product 
depends on strict  control of the concentrat ion of 
t h e  ni t ra te  ion in the sol .  T h i s  e s t a b l i s h e s  an 
upper limit on the nitrate-to-uranium rat io  (NO, -/U) 
in t h e  so lven t  extract ion product (in the Kilorod 
p rocess  this ra t io  is 2.5). 
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Table 6,5. Suinmory af Kilorod Solvent Extraction T e s t s  

Overall Decontamination Fac to r s  

Gross y Thorium 
_ .......... . ......... .- Run  NO.^ 

Distribution of Uranium L o s s e s b  (%) 

AW euw C W  

CT-2 100 1100 

CT-3C 130 2 . 5 ~  io4 

C’1‘-4 100 3400 

HK-1 500 1700 0.07 0. qd < 0.005 

HR-2 1900 0.05 0. jd < 0.005 

.... ......... .................... ___ . . .  ....... ~ - 

aRui, CT-2 and CT-3: column pulse  amplitude, 0.8 in.; pulse  frequency, SO cpm. 
Run CT-I :  pulse  amplitude, 1.0 in.; pulse  frequency, SO cpm. 
Run HR-1 and HR-2: pulse  amplitude, 1.0 in.; pulse  frequency, 58 cpm for extraction, 50 cpin for stripping, 

bUraniurn l o s s e s  during C’1’ runs were  ilot significant. 
‘Three-column operation (sepaiate  extraction, scrub, and s t r ip  column). 
dHig;h l o s s e s  attributed to entrainment in evaporator. CUW l o s s e s  were < 0.01% in  second half of run IIR-2 when 

water reflux w a s  added to evaporator top plate. 

UNCL4SSIFlFD 
OKNL-DWG 1 4 9 6 3 R 4  

~ FEED 

I u 5 g / ~ i t e r  
T h  200 g / l i t e r  
P N 0 3  2.4M ............ 

Fig. 6.3. Uranium-233 Purification Flowsheet for the  Ki lorod  Program. 
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Product  from the  so lvent  extract ion sys tem 
normally c o n t a i n s  a cons tan t  concentrat ion of 
e x c e s s  ni t ra te  ion (ni t ra te  from s o u r c e s  other  than 
uranyl nitrate). As a resul t  t h e  nitrate-to-uranium 
rat io  is high at the beginning and a t  the e n d  of a 
so lvent  extract ion run, s i n c e  t h e  uranium concen-  
tration is low a t  t h e s e  times. Consequent ly ,  a n  
off-specification product is obtained for a period 
at the beginning and one at the end  of e a c h  run. 

During operat ions a “product cu t”  is col lec ted  
(Fig. 6.5) as feed to t h e  product evaporator. T h e  
nitrate-to-uranium rat io  in the composi te  product 
i s  controlled by divers ion of the  product between 
t h e  product tank and t h e  recyc le  tank. 

In case 1 (product co l lec ted  in K-3 beginning 4 hr 
af ter  hot  feed on), the product must  be  diver ted to 
R-2 (recycle  tank) n o  la ter  than 13 hr after the  
deplet ion of hot feed if the  NO,-/U rat io  in t h e  
accumulated feed is t o  b e  below 2.5. About 97% 
af t h e  uranium wi l l  b e  co l lec ted  as product in  th i s  
case. For  case 2, the  product should  be  diver ted 
back  to  R-2 n o  la te r  than 11 hr af ter  deplet ion o f  
hot  feed, in which case 98% of the  product wil l  be  
col lected.  T h e  higher  recovery in  case 2 r e s u l t s  
from t h e  fac t  t h a t  l e s s  uranium w a s  recyclcd a t  the  
beginning of the  run. 

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

R A D I A T I O N  40 r /hr  

Sol-Gel Operations 

E q u i p m e n t  Performance. -- Construct ion of the 
sol-gel f x i l i t y  and preliminary tes t ing  of the  
equipment were completed. Extensive al terat ions 
were required on the uranium measuring tank to 
avoid thermal-stress breakage,  and on the tray 
evapotator  to meet minimum capaci ty  requirements. 
T h e  minimum operating-cycle time for the batch 
ca lc iner  w a s  26 hr rather than the 18-hr c y c l e  
originally specif ied.  T h e  26-hr c y c l e  time w a s  
contingent on removing t h e  product frvm the  
furnace a t  300OC and placing it i n  a n  argon 
atmosphere. Thus ,  t h e  ca lc iner  cont inues  to  b e  
t h e  production-limiting p iece  of equipmpnt in the  
production c y c l e  (10 kg per day,  five d a y s  a week). 
T h e  ca lc iner  must b e  operated s e v e n  d a y s  a week 
t o  meet t h e  des i red  weekly capac i ty  of SO kg for 
plant. 

Experience with t h e  ca lc iner  prototype indicated 
a furnace-element l i fe  equivalent  t o  200 k g  of 
oxide production. Preliminary Kilorod experience 
indicated only 50 k g  per  furnace element. T h e  
furnace was modified t o  improve element  perform- 
ance. 
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Fig.  6.5. El'fec? on Product Nitrate-to-llraniurn R a t i o  o f  Diversion of Solvent Extrnct ion Product Between Col- 
lection and Recycle.  

Cold Preparation of Oxide. - Six cold runs were 
made i n  the sol-gel faci l i ty  with thoria powder 
(prepared by the hydrothermal denitration of 
thorium ni t ra te)  and depleted uranium as feed. 
The  65 k g  of product prepared met spec i f ica t ions  
and w a s  transferred to the  Metals and Ceramics  
Division for the  fabrication of fuel rods. 

Denit iat ion Operations. -. A to ta l  of 450 kg of 
specif icat ion-grade T h o ,  powder w a s  prepared for 
feed to  t h e  sol-gel process .  T h i s  is equivalent  
t o  30% of the  total  T h o ,  reqnirements for the 
Kiiorod program. 

Rounded par t ic les  of ThC,  and Th@,-UC, were 
prepared by a modified sol-gel process .  Spherical 
dicarbide par t ic les ,  when coated with pyrolytic 

carbon or graphite and d ispersed  in a graphite 
matrix, a re  preferred as fer t i le  and fuel  mater ia ls  
for advanced, high-temperature, gas-cooled nuclear  
reactors .  

Description of Process 

Carbon, having a mean par t ic le  size of 90 A and 
a spec i f ic  sur face  area of 670 m 2 / g ,  w a s  d ispersed  
in  an aqueous sol of thoria of s imilar  par t ic le  s i z e  
and having a spec i f ic  sur face  a r e a  of about 80 
m 2 / g .  T h e  carbon-to-metal m o l e  ra t io  w a s  varied 
from 4.3 t o  6.8 (the s toichiometr ic  ratio for com-  
p le te  conversion to dicarbide being 4.0). The  
resul tant  thoria-carbon s o l  w a s  dried t o  a gel  that  
w a s  fired to  obtain conversion t o  T h e , ,  Typica l  
f i r ing condi t ions for 98% conversion of TRO, to  
T h C 2  were 2'4 hr a t  1650 or 1'4 hr a t  1'7SOOC 
in vacuum. Complete conversion w a s  obtained in  
2'4 hr at 1775OC in vacuiim. T h e  par t ic les  of 
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reactant  Tho,-C gel  shrank  in volume by approxi- 
mately 30% as carburizat ion proceeded, producing 
carb ide  par t ic les  having  e s s e n t i a l l y  the  s h a p e s  of 
t h e  reactant  par t ic les ,  T h e  free-carbon content  of 
t h e  product T h C z  varied from 1 to 17%, depending 
on the  ini t ia l  carbon-to-metal ratio. Uranium- 
thorium dicarbide with a uranium content  of 3 t o  10 
mole % w a s  prepared by the  s a m e  procedure as 
thdt used  t o  prepare thorium dicarbide. 

Reaction Rate Studies 

A study of t h e  k ine t ics  of the  carburizat ion of 
thoria and a l s o  uranium-thoriurn oxide  w a s  under- 
taken to  determine the e f f e c t s  on  reaction r a t e s  of 
the  carbon-to-metal ratio, uranium-to-thorium rat io ,  
size of reactant  par t ic les ,  and degree of d i spers ion  
of the reac tan ts  in the  s o l  s t a t e .  Information on 
react ion r a t e s  w a s  obtained by measuring t h e  
volume of t h e  evolved carbon monoxide with a 
posi t ive-displacement  g a s  meter. T h i s  information 
w a s  used  t o  obtain t h e  apparent  react ion rate ,  
order, ra te  cons tan ts ,  and act ivat ion energy. 
F igure  6.6 is a plot of the  volume of carbon 
monoxide evolved in  a typical  run v s  time and a 
plot of t h e  negat ive natural  logarithm of the  
fraction of unreacted Tho, v s  time. T h e  l inear i ty  
of this plot indicated a first-order or a pseudo- 
first-order react ion,  having the  equat ion 
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where x i s  f ract ion of ThQ, reacted,  C, is ini t ia l  
concentrat ion o l  ThQ,, and k is rate  constant .  T h e  
va lue  for t h e  apparent ra te  c o n s t a n t  k may be  ob- 
ta ined from the s l o p e  of the plot of -In (1 - x) v s  
time. An Arrhenius plot of In k' v s  the reciprocal  
of the  temperature is presented in Fig.  6.7. 
T a b l e  6.6 is a summary of the  d a t a  on react ion 
r a t e s  for s e r i e s  G12, in which ThQ,-C gels with a 
C/Th mole rat io  of 4.3 were carburized at various 
temperatures. On the  b a s i s  of t h e s e  d a t a  and 
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similar  d a t a  for other gels ,  the rear t ion  appears  
t o  be  first order with respec t  t o  thorium oxide. 
T h e  apparent  act ivat ion energy (for both ThC,  and 
lhC:,-UC,) ranges from 110 to 170 kcal  per mole 
of Tho, .  T h e s e  resu l t s  pertain to the react ion a s  
i t  i s  carr ied out in vacuum in the  par t icular  ex-  
periniental apparatus  used.  

, T  

Preparation of Rounded Thorium Dicarbide and 
Uranium-Thorium Bicarbide Microspheres 

Imperfectly rounded par t ic les  of thoria-carbon 
g e l s  were prepared from the sol by c rushing  the  
gel ,  sc reening  t o  obtain par t ic les  approximately 
250 p in  diameter, and then tumbling to  round them. 
T h e  method had limited s u c c e s s  in  that  it produced 
rounded par t ic les ;  but the  yield w a s  low (15 t o  
20%), and the amount to  b e  recycled w a s  large. 

An al ternat ive method i s  being developed on a 
laboratory s c a l e .  In t h i s  method, smal l  spheres  of 
sol a re  formed by d ispers ing  t h e  sol in  carbon 
tetrachloride. A paddle  agi ta tor  is used t o  prepare 
the  dispers ion.  ‘The resul tant  spher ica l  droplets  
are then s e t  t o  ge ls  (Fig.  6.8) by extract ion of 
water  from them by isopropyl a lcohol  added t o  the  
carbon tetrachloride af ter  dispers ion of the  s o l .  
As soon as the  gel  s p h e r e s  a r e  firm enough to  
support their  own weight, they a re  separa ted  from 
the  CC1,-isopropyl alcohol and further dried i n  
air. T h e s e  s p h e r e s  may then be  fired to  produce 
t h e  dicarbide (Fig. 6.9). 

In s i x  experiments with two s o l s ,  one  a thoria- 
carbon and the  other a urania-thoria-carbon sol, in 
which t h e  metal concentrat ions were 2 M and the 
nominal carbon-tn-metal mole ra t ios  were 5.0, the 
diameters  of s p h e r e s  were found to b e  exponent ia l  
funct ions of the rate  of travel of the t ip  of the  
s t i r rer  blade in the  CCI, (Fig. 6.10). Modified 
Reynolds  numbers, D 2 N / y ,  where B i s  diameter of 
c i rc le  desc i ibed  by t ips  of agitator blade (cm), 

N is agi ta tor  s p e e d  (rps), and y i s  kinematic 
viscosi ty  of d ispers ing  medium (Stokes), were 
used to descr ibe  the flow condi t ions a t  the t i p s  of 
the  stirrer blade. A s  modified Reynolds numbers 
were varied from 2.2 x l o4  down to 1.48 x PO4, 
t h e  geometric mean gel  par t ic le  s i z e s  varied from 
100 t o  250 p,  with geometric s tandard devia t ions  
of 1.15 t o  3.29. 

Shinnar” found droplet size t o  vary inversely 
with rotational speed  ra i sed  to powers up t o  
‘4 for liquid-liquid dispers ions.  T h e  considerably 
higher dependence found here  s u g g e s t s  that  the  
non-Newtonian propert ies  of the sol a r e  important 
in  determining t h e  dependence of droplet size on 
rotational speed.  T h e s e  flow propert ies  a r e  
diff icul t  to  reproduce from sol t o  so l .  Increas ing  
t h e  uranium content  i n  thoria-carbon s o l s  i n c r e a s e s  
viscosi ty  t o  a n  abnormal degree,  inducing thix- 
otropy. A s  the concentrat ion of s o l i d s  and uranium 
increases ,  thixotropy also increases .  Thixotropic 
s o l s  d o  not follow the  descr ibed  relation in an 
orderly manner (note s c a t t e r  of points  for the  sol  
containing uranium). 

The commercial high-surface-area carbons con- 
ta ined about 6% volat i le  matter a t  100 t o  200OC. 
T h e s e  volat i le  materials were ac id ic  and  strongly 
increased the  s tab i l i ty  and v iscos i ty  of the sols. 
Froin conductometric t i t ra t ions with sodium hydrox- 
ide,  t h e  carbon w a s  est imated to have  on i t s  
sur face  (about 700 rn2/g) about  PO meq of a c i d  per 
mole of carbon. However, the  volatile-matter 
content  w a s  not uniform from batch to  batch of 
carbon in e i ther  quantity per mole or composition, 
and because  of th i s  the  behavior of urania-thoria- 
carbon is not reproducible. Apparently, the  volat i le  
components res ide  on the  sur face  of the  carbon 
and affect  the  flow condi t ions and s tabi l i ty  of 
the  sols by a mechanism not c lear ly  understood a t  
present .  Studies  a r e  being made to  determine 
optimum methods for controlling t h e s e  properties. 

5Reucl Shinnar, J. FIuid Mech. 10, 259 (1961). 



159 

Fig. 6.8. Spheres o f  Thorium Oxide-Carbon G e l .  Carbon/thoriurii mole  rat io : 5; prepored from Th02-carbon sol; 

formed in  CC14-isopropyl alcohol. 
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6.5 DESIGN OF THORIUM-URANIUM 
FUEL-CYCLE DEVELOPMENT FACILITY 
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Fig.  6.10. Size of Dispersed Th02-Carbon Spheres in 
CCI4; C/Th = 5/1. 

T h e  Ti t le  I des ign  w a s  completed for the 
Thorium-Uranium Fuel-Cycle Development Fac i l i ty  
(TUFCDF) to be  built  in  Melton Valley for 
demonstration and evaluat ion (on a n  engineer ing 
scale) of the  ent i re  thorium fuel cycle .  T h i s  
faci l i ty  is designed to house  equipment for 
p rocess ing  of fully irradiated reactor fuel  a s s e m -  
b l i e s ,  and for the  reconsti tution of fue ls  and 
fabricat ion of new fuel elements.  Shielding of the 
c e l l s  (generally normal concrete  5'4 ft thick) is 
suff ic ient  to permit the  p rocess ing  and fabrication 
of highly irradiated fuels  by p r o c e s s e s  achieving 
only minimal decontamination from f i ss ion  products. 
Design of th i s  faci l i ty  i s  a joint  program with the  
Metals and Ceramics  Division. 

T h e  TUFCDF c o n s i s t s  of four operating c e l l s  
and two serv ice  cells, a n  unshielded but s e a l e d  
glove maintenance room, plus  support ing a r e a s  for 
equipment and workers. A plan of the first-floor 
area ( s e e  Fig. 6.11) shows  the  layout of the cells 

Fig. 6.1 1. First-Floor P l a n  of Thorium-Uranium FuelSCycle Development Fac i l i ty .  
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and serv ice  a r e a s  a t  t h i s  level. F igure  6.12 is a 
s e c t i o n a l  e levat ion of thc  four operat ing cells, 
showing t h e  s p a c e s  and some of the  manipulative 
equipment. T h e  second-  and third-floor p l a n s  a r e  
shown in F igs .  6.13 and 6.14. 

F i v e  of the  s i x  cells e i ther  a r e  or c a n  b e  
maintained ent i re ly  by remote d e v i c e s  (F ig .  6.13). 
The clean-fabrication c e l l  is the  except ion be- 
c a u s e  i t  is t o  rece ive  fue ls  only after they a r e  
encapsula ted  in t u b e s  or other containers .  In t h i s  
c e l l  the instal la t ion and repair  of equipment wi l l  
b e  accomplished by contac t  methods. Ei ther  
remote or contac t  maintenance may b e  used i n  the 
chemical  ce l l .  A removable wall sec t ion  i s  to b e  
provided s o  tha t  the  chemical  cell c a n  be  ei ther  
i so la ted  from or joined with the  mechanical  
process ing  ce l l .  If the  wall s e c t i o n  i s  removed, 
t h e  overhead crane and mechanical  arm bridges c a n  
en ter  the  chemical  c e l l ,  and large objec ts  c a n  b e  
transferred in  and out. 

The in-cell transportation sys tem c o n s i s t s  of a 
pair of overhead bridge c r a n e s  that  c a n  t ravel  
over e s s e n t i a l l y  a l l  t h e  a rea  in  t h e  glove mainte- 
nance  room and the decontamination, contaminated- 
fabr icat ion,  mechanical  processing,  and chemical  
c e l l s  (Fig.  6.14). A s p e c i a l  transfer bridge sys tem 
is to b e  provided i n  the decontamination c e l l ;  t h e  
bridge c a n  move i n  three p l a n e s  and wil l  provide 
for e a s y  movement of a hois t  from one area to  
another and wil l  also allow removal of the 
operating-cell br idges to the glove maintenance 
room for repair. All moving par t s  of t h e  c rane  
sys tem located in  the  operat ing c e l l s  c a n  b e  
remotely removed for maintenance. C r a n e s  a re  
a l s o  provided for the  clean-fabrication cell and 
t h e  s torage  ce l l .  T h e  clean-fabrication cell 
bridge and hois t  can  b e  l i f ted from the c e l l  into 
t h e  cell roof a r e a  for maintenance. The storage-  
cell h o i s t  can  b e  removed into t h e  decontamination 
c e l l  and glove maintenance room for repair. 

UNCLASSIFIED 
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Fig. 6.13. Methods of Cell Maintenance. 
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Three bridge-mounted mechanical  arms wil l  be  T h e  operating c e l l s  and t h e  decontamination 
provided for  the  c e l l  complex. Two of t h e s e  wi l l  c e l l  a r c  la id  out on a modular pattern - about  
operate  in  the  c e l l s  for contaminated fabrication, 8 x 10 f t .  Figure 6.15 i s  a view of a typical  s p a c e  
mechanical processing,  chemical  operat ions,  and within the  sh ie lded  area. With some except ions,  
decontamination. The  third unit wil l  operate  in  e a c h  module is provided with a window liner, 
the  clean-fabrication ce l l .  All un i t s  wil l  be  h o l e s  for master-slave manipulators, five 1-in. 
mounted for ready removal t o  a maintenance area, s t a i n l e s s  s t e e l  p i p e s  leading t o  the  serv ice  area, 
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FAFJRICATION 
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3EMO'JABLE 

SECTIOY 
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FIXED TRACK 
~~ y- I 

Fig. 6.14. Cel l  Oridge-Crone System. 
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ten bent-tube serv ice  access s l e e v e s ,  th ree  
s tepped  plugs for the  p a s s a g e  of replaceable  
s e r v i c e  l ines ,  two 1500-w iodine-quartz lamps, 
plus  a number of precisely located foundation pads  
in  the  floor for mounting the  equipment. At 
a l te rna te  modules, s t a t i o n s  a re  provided for w a s t e  
col lect ion,  hot off-gases, and future per iscope 
instal la t ion.  Windows and manipulators wil l  be  
provided for about half the window l iners  and 
manipulator holes ,  and the  remaining o n e s  wil l  be  
plugged b e c a u s e  it appears  that  there  will b e  no 
no need for th i s  number of windows and manipu- 
la tors  in the  initial. p h a s e s  of operation. T h e  
floors, wal ls ,  and ce i l ings  of the chemical ,  
mechanical  processing,  and contarninated-fabri- 
ca t ion  cells are  to b e  l ined with s t a i n l e s s  s tee l .  

The  remotely maintained portion of the  c e l l  
complex is to b e  except ional ly  well s e a l e d  in  order 
t o  confine radioact ive mater ia ls  and t o  allow for 
future u s e  of a n  iner t  atmosphere. All  openings,  
whether ihey a re  for viewing windows, doors ,  or 
s e r v i c e  access, wil l  b e  tightly sea led .  In order to 
maintain a cons tan t  s e a l ,  somewhat  s p e c i a l  de- 
s i g n s  a r e  being used for windows, se rv ice-access  
s l e e v e s ,  manipulators, and other devices .  

T i t l e  I design w a s  ini t ia ted in January 1953 by 
ORNL and by Giffels and Rose t t i  of Detroit. 
The  T i t l e  I design work was concentrated on t h e  
less-conventional items in the faci l i ty ,  s u c h  a s  
t h e  c ranes  and electromechanical  manipulators, 
shielding doors ,  viewing windows, vent i la t ion 
system, and serv ice-access  dnvices .  Minirnal 
effort w a s  expended on convent ional  problems 
s u c h  as archi tecture  and s t ructure .  Experience 
h a s  indicated that  c o s t s  for the less-convent ional  
components in a faci l i ty  frequently c a u s e  ex- 
penditure overruns because  of insuff ic ient  defi- 
nition ear ly  in the  project. Preliminary des ign  of 
equipment for the  sol-gel vibratory-compaction 
p r o c e s s e s  w a s  accomplished,  es tab l i sh ing  the 
number and functions of t h e  various equipment 
p ieces ,  their s p a c e  and s e r v i c e  requirements and 
t h e  approximate cos t .  T h e  cr i ter ia  used i n  the  
determination of the des ign  and choice  of equip- 
nient or process  items were tha t  the  item must be af 
a type su i tab le  for a large-scale  production plant  
and tha t  i t s  operation b e  e s s e n t i a l  t o  a meaningful. 
demonstration of the feasibi l i ty  of the  remote 
fabrication of fuel  a s s e m b l i e s  by the  sol-gel  
vibratory-compaction process .  

7. Chemistry  0%: L a n t k  
I u to n iu m E le me nts 

Although extraction by tertiary amine ch lor ides  
from concentrated lithium chlor ide so lu t ions  
(Tramex process)  g ives  bet ter  separat ion between 
t h e  t ransplutoniun and lanthanide groups than any 
other  known method, t h e  poss ib i l i t i es  of finding 
bet ter  methods from the s tandpoint  of operation and 
equipment design cannot  be  ignored. Also, the  
Tramex p r o c e s s  is not useful  for separa t ions  within 
t h e  transplutonium group, except  for separa t ing  
americium and curium from t h e  heavier  e lements ,  
Consequently, studi.rrs of t h e  chemistry of lantha- 
n ides  and transplutonium e lements  are being con- 
t inued in  search  of differences that  might b e  used  
i n  new methods for making group and intragroup 
separat ions.  

CT18W OF TRIVALENT 
LANTHANIDES AND ACTisSiDES 

Comparisons of t h e  ex t rac tab i l i t i es  of americium 
(and curium) with t h o s e  of t h e  lan thanides  showed 
some s y s t e m s  in  which t h e s e  transplutonium ele- 
ments  were  s imilar  to  the  l igh tes t  lanthanides  and 
other  s y s t e m s  in  which they were l i k e  t h e  heavies t  
f i s s ion  product rare ear ths ,  which a re  in  t h e  
middle of t h e  lanthanide s e r i e s ,  r h e s e  resu l t s  
s u g g e s t  that  a two-cycle pioCeSS, uti l iz ing two 
s y s t e m s  with suff ic ient ly  different separat ion 
properties, might be appl icable  t o  group separa-  
t ions .  P a r t  of Sec  7.1, containing addi t ional  
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information on t h i s  subjec t ,  is reported i n  ORNL- 
3452, suppl  1. 

With a quaternary ammonium ni t ra te  (Aliquat 336 
nitrate) t h e  extract ion coeff ic ients  for cerium and 
americium from 6 /rb Al(NO,), were  greater than 
tha t  for europium by fac tors  o f  *., 20 and * 2 respec- 
tively. I t  is reinarkable that  in previous t e s t s  with 
a :similar compound, te t raheptyl  ammonium ni t ra te  
(THAN), t h e  separat ion fac tors  (somewhat smaller) 
were i n  t h e  opposi te  direction. 

Extract ion by Aliquat 336 carbonate  from very 
d i lu te  potassium bicarbonate  gave  high extract ion 
of all ac t in ides  and lanthanides  t e s t e d ,  and no 
useful  separa t ions  were obtained. A tertiary amine, 
in t h e  carbonate  form, gave insignif icant  extrac-  
tions, 

A few of t h e  marly phosphonates  and amides  
t e s t e d  gave  preliminary ind ica t ions  of unusual  
differences between americium and t h e  lanthanides  
in  ex t rad . ions  from 6 N LiNO,. 

7.2 EXTRACTION OF HEXAVALENT 
AM ERI CI UM 

T h e  chemistry of hexavalent  americium is being 
s tudied  in  a s e a r c h  for new methods of separa t ing  
arnericiuin from curium. As part  of t h e s e  s tud ies ,  
a comparison w a s  made of t h e  extract ion of Am(II1) 
and Am(V1) by various organophosphorus and 
organonitcogen reagents .  In nearly a l l  cases 
AmCVI) w a s  considerably less ext rac tab le  1 ban 
Am(III), the  reverse  of t h e  usual  behavior of t h e  
acr in ides  tha t  c a n  have  t h e s e  valences.  Differ- 
e n c e s  i n  extract ion coeff ic ients  exceeded  a factor  
of LO4 when extract ing with D2EHPA from d i lu te  
HNO,. Differences up to  a factor of 100 were 
obtained i n  extract ion by tri-n-octylphosphine oxide  
(TOPO) from lithium ni t ra te  and  up to 30 with TWP 
from sodium ni t ra te  so lu t ions  (Fig. 7.1). In ex- 

t rac t ions  by a tertiary amine, Am(VI) w a s  more 
ex t rac tab le  than Am(1ll) from lithium ni t ra te  below 
4 N and less extractable  at higher concentrat ions.  
Extract ion by a dialkylptiosphosic acid appears  
espec ia l ly  promising for t h e  separa i ion  of curium 
from aiiiericium a s  Am(VI). T h e  separat ion attain- 
a b l e  will probably b e  controlled by the amount of 
Am(V1) that is reduced with hydrogen peroxide 
produced frvrri t h e  a lpha-t~diat ion-induced radioly- 
s is  of water. 

x? 
0.01 

0.004 

I 

@ 0.2 M ~rr)P0-DIIS0PROIS'(l.R~N7EPJt, 0.1 N HN05, 
LiN!13, Am I11 

0 0 . 2  M T0P0--DIISCPR0P'/I.R~~JZEPJEI 0.1 N HNO, 

A 1 M TRP - LiMSCO 125-82, N o N Q g ,  Am 111 
A 1 M TBP - OMSCG 125-32, NoN03, A m  VI 

L.IN0, n m v 1  

' 
0.1 1 I O  

rOi%t. NI-[HA-rE ( N )  

Fig .  7.1. Extract ion o f  Am(l1l) and Arn(V1) by TOP0 
and TBP from Ni t ra te  Solutions. 



xtract isn Technology 

New solvent  extract ion a g e n t s  are being devel-  
oped for wider appl icat ion of solvent  extraction 
technology, particularly in radiochemical proc- 
ess ing .  T h e  ini t ia l  intent  of t h e s e  s t u d i e s  was to  
extend the appl icat ion nf t h o s e  s o l v e n t s  which 
were developed in  the  former ORNI, raw mater ia ls  
program and which a r e  used commercially in 
many ore  process ing  plants .  T h e s e  include 
cat ion and anion exchange extractants ,  utilizing 
t h e  pr inciples  of ion exchange technology on a 
liquid-liquid b a s i s ,  as  well a s  so lvents  extract ing 
by var ious other mechanisms. More recentl.y, 
additional useful  ex t rac tan ts  have  been  discovered 
a s  a resul t  of cont inuing eva lua t ions  of new 
reagents ,  In general ,  i t  i s  apparent  that  the  
extract ion of a large number of metals  from a 
wide variety of aqueous so lu t ions  i s  poss ib le  
when extraction piopert ies  a re  controlled by the 
appropriate choice  of reagent s t ructure .  The 
present  program includes a sys temat ic  experi- 
mental survey of t h e  potential utility of t h e s e  rea- 
gents in  fixel processing,  waste treatment, f i s s ion  
product recovery, transuranium recoveries ,  and other 
heavy-metal separa t ions .  Several pract icable  
p r o c e s s e s  have  already been developed a s  an 
outgrowth of t h i s  work. 

Fundamental invest igat ions,  aimed a t  under- 
s tanding  the  mechanisms of metal extract ion by 
the var ious  reagents ,  a r e  also in progress ,  and 
reagents  intended for u s e  with highly radioact ive 
so lu t ions  are being examined for radiation s tab i l i ty  
and methods of reinoving de le te r ious  degradation 
products. 

Information already obtained about  ex t rac tan ts  
containing different functional groups a l s o  s u g g e s t s  
utility ou ts ide  t h e  field of liquid-liquid extract ion,  
as i n  ion exchange r e s i n s  or “liquid-gel” sorbents .  

8.1 FINAL-CYCLE PLUTONIUM R E i B W E R ” f  
BY AM!NE %%TRaACTlON 

As p r w i o u s l y  reported, cont inuous counter- 
current t e s t i n g  of t h e  proposed flowsh-et for 

- 

‘Chem ‘I‘echnol. D I P .  Ann .  Progr.  Rept.  June 30, 
1862, ORN1,-3314, p 96. 

f inal-cycle  plutonium concentrat ion and purifica- 
tion by tertiary amine extract ion showed unsat is-  
factorily low gamma-decontamination factors  from 
ac tua l  but aged Purex plant so lu t ions ,  although 
plutonium recovery and physical  operat ions were 
excel lent .  Subsequent batch extract ion t e s t s  
showed that  t h e  aged but not the  fresh Purex 
plant solut ions contain zirconium-niobium s p e c i e s  
highly extractable  by the  hydrocarbon d i luents  
u s e d  with amines and other ex t iac tan ts ,  sufficient 
t o  account  for the observed low decontamination 
factors. Batch t e s t s  with fresh process  solut ion 
showcd separa t ion  and decontainiiiation factors  
high enough for u s e  in t h e  projected purification 
process .  

,.?” 1 he zirconium-niobium extract ion f r o m  aged 
solut ion (Purex 1RP solut ion a t  -2 M HNO,, s tored 
i n  s t a i n l e s s  s t e e l  a t  ambient temperature for 
severa l  weeks) i s  attributed t o  t h e  s low formation 
of effect ive ex t rac tan ts  by degradation of tributyl 
phosphate  (TBIJ) and hydrocarbon di luent  dissolved 
or entrained in the  solution. Up to  15% of t h e  
gross  gamma act ivi ty  w a s  extracied f rom t h e  aged 
solut ion i n  s ing le  equal-volume contac ts  with 
the  hydrocarbons diethylbenzene (DEB), Amsco 
125-82, a i d  n-bodecane. The extract ion of gamma 
act ivi ty  w a s  decreased  tenfold w k n  tridecanol 
and tridecanol plus  trilaurylarnine, in conceri- 
t ra t ions typical  for process  u s e ,  were added to  
the hydrocarbon. However, t h e  extract ion of 
ganiina act ivi ty  w a s  s t i l l  higher than tolerable  and 
high enough t o  account  for the  poor decontamina- 
tion in  the cont inuous countercurrent t e s t s  with 
aged solut ions,  a s  noted abaove. 

Individual batch extract ion tests with fresh 
Purex  plant  1BP solut ion,  completed within 70 
hr after it w a s  withdrauln from the  plant process  
s t ream, s h o v e d  extract ion coef f ic ien ts  for gamma 
act ivi ty  l e s s  than 0.01 with DEB a lone  and less 
than 0.005 with 0.05-0.15 M trilauiylamine in 
DEB. Separation fac tors  for plutonium from gamma 
act ivi ty  weie greater  than l o 4  in  t h e  individual 
t e s t s ,  and the decontamination factor for plutonium 
from zirconium-niobium was 2 x lo4 in  a batch 
c a s c a d e  elctraction-scrub-r;trip tes t .  
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8.2 METAL NITRATE EXTRACTION 

In t h e  s tudy of t h e  extract ion of nitrosylruthenium 
complexes,  one  of i h e  f i ss ion  product meta ls  impor- 
t a n t  i n  ni t ra te  so lu t ions ,  ex t rac t ions  by a quater- 
nary amine and a primary amirie were compared 
with t h e  tertiary amine ex t rac t ions  previously 
reported,, and t h e  ex t rac t ions  were used  to pro-. 
vide further information about  t h e  nitrato nitro- 
sylrutheniurn complexes in  aqueous  nitric ac id  
solut ions.  Extraction by Aliquat 336 ( t r i foctyl ,  
decyl]methylamrnonium) w a s  qual i ta t ively s i m i l a r  
to extract ion with trilaurylamine (Fig. 8. I), but 
with coeff ic ients  about  t e n  times greater. T h e  
extract ion coefficient. varied with about t h e  0.5 
power of t h e  quaternary ainine concentrat ion 
in cont ras t  to t h e  1 t o  1.5 power of t h e  ter t iary 
amine concentration. 

Extract ion by the  primary amine Primene JMT 
w a s  considerably different. Extract ion w a s  low 
near  1 M HNO, and rose  ins tead  of fal l ing with 
increas ing  nitric a c i d  concentrat ion,  unt i l  it  
exceeded  extract ion by the quaternary a t  above  
8 M ISNO,. 

i n  t h e  presence  of sodium ni t ra te  u s e d  to main- 
ta in  t h e  to ta l  aqueous  ni t ra te  concentrat ion a t  
6 M ,  ext rac t ions  with both t h e  tertiary and t h e  
quaternary amine were s imilar  to t h o s e  shown in 
Fig. 8.1. a t  high a c i d i t i e s  but  rose with decreas ing  
acidi ty  down t u  around 0.5 M FINO,, ins tead  of 
level ing of€ and dropping at below 2 M IINO, as 
when no salt w a s  present .  Extract ion with the  
primary amine w a s  also higher  with than without 
sal.t-, but only to  a n  e x t e n t  that  kept  i t  nearly 
cons tan t  as  t h e  acidi ty  decreased  from 6 to 0.5 
iM HNO,, with total  n i t ra te  cons tan t  a t  6 M .  

Extract ion with and without ni t ra te  s a l t  showed 
bet ter  correlat ion with t h e  e x c e s s  ni t r ic  a c i d  
found i n  t h e  organic p h a s e  than  with t h e  aqueous 
ni t r ic  ac id  or to ta l  aqueous  ni t ra te  concentration. 
T h i s  may b e  explained on t h e  b a s i s  that t h e  e x c e s s  
organic  nitric ac id  concentrat ion i s  i tself  a direct  

'Work done by the  Department of Nuclear Engineering, 
Massachusetts Insti tute of Technoloyy, under subcon- 
t ract .  

3Chem. Techaof .  D i v .  Ann. Pro@. Rept .  June  30, 

4T. 1-1. Tirnmins and E. A. Mason, T h e  Effec t  of 
Alkyl Amine Type  on the Extraction of Nitric Acid 
and Nitrosylruf~isniurxi  Nitrato Complexes ,  MITNE-30 
(Subcontract No. 1327) (Apr. 1, 1963). 

1962, ORNL-3314, p 102. 

function of t h e  aqueous ni t r ic  ac id  act ivi ty  in both 
acid and acid-sal t  so lu t ions  (Fig, 8.2). 

Since equilibration is relat ively s low among 
aqueous  ni t ta to  nitrosylruthenium complex s p e c i e s ,  
both the  extract ion coef f ic ien ts  of individual com- 
plex s p e c i e s  and their  re la t ive coracentrations a t  
equilibrium in aqueous so lu t ions  c a n  b e  determined 
by a technique of rapid dilution acid extract ion ai. 
varying p h a s e  rat ios .  In agreement with other  
s t u d i e s  of t h e  ni t ra to  nittosylruthenium sys tem,  ' 
amine ex t rac t ions  showed t h a t  two (unidentified) 
s p e c i e s  are s ignif icant ly  extractable ,  both ira- 
c r e a s i n g  in re la t ive concentrat ion and decreas ing  

............-... ~~ __-- 
5J.  M. F le tcher  e t  al., J ,  Irrorg. NucI.  Chem. I ,  378 

(1955). 

IJNCLGSSlFIED 
OHYL- DW4 6 3 - 2 8 9 f  

0.1 ! 1c 
FINAL AQlJEOlJS hNOg CONCENTRATION ( M )  

Fiy. 8.1. Extract ion of  Nitrato Nitrosylruthenium by 
Amines i n  Toluene.  Twenty-four hour extraction from 

aged aqueous solution. 
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UNCL&SSIF,EC 
0RNL-C”rG 65-2232  

01 I 10 
FINAL GCbEObS JNDISSOCIbTED -NOi 4CTm’JlTY lM1 

Fig .  8.2. Extraction of Excess N i t r i c  Acid by Amine 

Nitrates. Acid and sal t  concentrations shown by circlesI 

tr iangles, and squares are those i n  the aqueous phase. 

LNCLbSS ‘IED 
O R Y L  D W t  6 3  2893 

BPUEOUS EQUlLlBRATlOY HY03 CONCENTRATION (Ml 
2 4 6 8 1 0  

EXTRACTION POlJEOlJS HN03 COn.ICENTRATION (441 

Fig. 8.3. The Two Most Extractable Nitroto Nitrosyl- 

ruthenium Species. Mole fraction (heavy l ines)  in aque- 

o u s  solution vs  equilibrium ni t r ic  acid concentration, 

and single-species extraction coeff ic ients ( l ight  l ines)  

v s  n i t r ic  acid concentration as  adjusted for  rapid ex- 

traction with 0.26 M trilourylarnine in  toluene. 

in  re la t ive extractabi l i ty  with increas ing  nitric 
acid concentration (Fig. 8.3). hh le  f rac t ions  as 
determined from qnatprnary extract ions agreed well 
with those  from tertiary extract ions.  

8.3 METAL CHLORIDE EXTRACTION 
BY AMBHES 

In view of t h e  increas ing  prac t ica l  ut i l izat ion 
of amine ex t rac tan ts ,  a sys temat ic  survey i s  being 
made of t h e  extract ion behavior of most representa-  
t ive metals  from a variety of aqueous sys tems.  
T h i s  is silliilar t o  the  s t u d i e s  already reported 
on anion exchange res ins .  

Data  are showti in Fig.  8.4 for t h e  extract ion of 
twenty different metals  from LiC1-0.2 M HCI 
over the range 0.5 to 10 !M total  chloride. Extrac- 
t ions  of iron were reported previously.6 In a l l  
cases the so lvents  were  0.1 M so lu t ions  of repre- 
sen ta t ive  primary, secondary,  tertiary, and quater- 
nary amines  in diethylbenzrne.  With few excep-  
t ions,  t h e  extraction power of the amines for the  
var ious meta ls  varied i n  t h e  order Aliquat 336 
(quaternary amine) i Alamine 336 (tertiary amine) ? 

Amberlite LA-1 (secondary amine) > Primene JM 
(primary amine). For iilost meta ls  t h e  extract ion 
coef f ic ien ts  increased with increase  in  chlor ide 
coiicentration, Metals that  extracted strongly 
(maximum E : ,  >lo) included V(IV), V(V), Mn(II), 
@o(II), Cn(II), Zn,  Ga, Ge(IV), Mo(Vi), Hu(IV), and 
Se(IV). Extract ions of Sc,  Ti(III), Ti(IV), As(III), 
As(V), Zr9 Nb, arid Ru(II1) were moderate (maximum 
E:, 0.1 to  lo), whereas  ex t rac t ions  of Cr(III), 
Ni(II), Rb, Sr, and Y were very weak or negligible 
(E:, c0.1). 

In paral le l  extract ions from unsal tcd hydrochloric 
acid ( resu l t s  not reported here), t h e  s h a p e s  of t h e  
curves  were  s imilar ,  but t h e  extract ion coeffi- 
c i e n t s  were usual ly  s l ight ly  1ov:er than t h o s e  
shown in F ig .  8.4 for t h e  acid lithium chlor ide 
system. 

6Cheni. Technol. Div.  Ann. Progr.  Rept. June 30, 
1952. ORNL-3314, p 104. 
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Cursory t e s t s  were made of t h e  extract ion of 
uranium(V1) and niobium from hydrofluoric acid 
with representat ive primary, secondary,  and ter- 
tiary amines. With a l l  the  ainines the  extract ions 
of  both urariium and niobium were effect ive and 
decreased  with increased hydrofluoric a c i d  con- 
centrat ion in  the  range 1 to 3 M EIF (Fig. 8.5). T h e  
primary amine extracted uranium best ,  and the  
tertiary amine extracted niobium bes t .  Extract ions 
of both metals  were poorest with t h e  secondary 
amine. 

U N C L A S S I F I E D  
O R N L  D'NG 63-2895 

- 
!? 
U LL 

0" 1 0 2  

2 10' 

Iu" 100 

U 

z 
+ 
111 
I- 
X W 

0 

1 2 3 

HYDROFLUORIC ACID 

1 2 3 

CONCENTRATION (MI  

Fig, 8.5. IJronium(VI) and Niobium Extroct ion from 

Hydrofluoric Ac id  Solution wi th  0.1 M Amines. lo - 
primary amine [l-nonyldecylarnine in  Amsco 125.821; 
2 O =  secondary amine [b is( l - isobuiy I -3 ,5-d imethy lhexyI ) -  
amine in  Amsco 125-521; 3' 2 tert iary amine [tr i lauryl-  

ornine i n  Aiiisco 125-82, 3% tridecyl alcohol]. Aqueous 

phase: 1 g of  IJ per l i ter or 5 g of Ih per l i ter in i t ia l ly .  

Contact: equal phase ratios, 10 min, room teinperature. 

linprored Amsco 125-82 Stabil i ty 

Although Amsco 125-82, a spec ia l ly  prepared 
aviat ion naphtha, i s  considered to be one  of the  
m o s t  s t a b l e  of t h e  commercial a l ipha t ic  hydro- 
carbons,  it  c a n  be degraded severe ly  by heat ing 
or i r radiat ing in  t h e  presence  of nitric acid.  T h i s  
i s  attributed t o  t h e  fact  that  it i s  composed of 17 
or more cuiiipounds in t h e  C I 2 - C i 4  range, many 
of which a re  highly branched and are react ive 

toward nitric ac id .  F o r  improved perforinance in  
radiochemical process ing  the s tabi l i ty  of Alilsco 
c a n  b e  improved by destroying most of t h e  react ive 
s i t e s .  Expeiimentally t h i s  h a s  been done (1) by 
pretreat ing with concentrated sulfur ic  ac id ,  and 
(2) by preliminary degradation in  ni t r ic  acid 
followed by a treatment with sulfur ic  acid.  T h e  
sulfur ic  ac id  treatment i s  most effect ive a t  in- 
c reased  ternpcrnture or  when very concentrated 
ac id  is obtained by t h e  addition of oleum. 

In Fig.  8.6 resu l t s  a r e  shown for t e s t s  in  which 
untreated Aiiisco and h s c o  t reated with sulfur ic  
ac id  weie  made 1 M in  fresh 'rl-3P and then degraded 
by boi l ing with 2 iM HNO, for periods up to  21 hr, 
T h e  extent  of degradation w a s  monitored by the  
usua l  t e s t s ,  which involved mea~urenien t f j  of 

7Chern. 'I'echnol. Div.  Ann. Progr. Rept .  May 31, 
1961, ORNI,-3153, p 109. 

U N C L A S S I F I E D  
O R N L - L R - O W G  76338A 

I t M P E R A T U R E  

SCRUBBED WITH 100% IH2S0, 
AT ROOM TEMPERATURE 

O R  
105% 1H2S04 AT ROOM 
TEMPER AT U R E 

9 5 . 8 %  H 2 S 0 4  AT 5 0 ° C  

BOILED WITH 2 M  HN03 AND 

OR 

OR 

0 '0 20 30 

. i lk l t  REFLUXED WITH 2 M  H N 0 3  AFTEFi TREATMENT ( h r l  

Fig.  8.6. Puri f icat ion of A m s c o  125-R:! by Treatment 

with Sulfuric Acid. 
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H f  '* extractabi l i ty* af ter  convert ing t h e  nitro- 
paraffin in t h e  solvent  to the  enol  (most react ive)  
fo rm by t reat ing with sodium carbonate  and cal- 
cium hydroxide. Whereas the  so lu t ion  in  unpre- 
t reated Amsco, af ter  8-hr nitric ac id  degradat ion,  
showed a hafnium extract ion coeff ic ient  of 16, 
t h o s e  i n  Amsco pretreated with 96, 98, or 100% 
sulfur ic  a c i d  showed coef f ic ien ts  of 0.3, 0.15, 
and 0.03, respcxtively. Solut ions in  Amsco pre- 
t reated with 100 and 185% a c i d  at room tempera- 
ture and with 95.6% a c i d  at 50°C for 30 min 
had extract ion coef f ic ien ts  of only * d o .  15 eve11 
af te r  a 24-hr degradation. 'The sulfur ic  a c i d  
apparent ly  a c t s  t o  destroy the react ive s i t e s  by 
sulfonat ion to sulfur ic  a c i d  so luble  by-products or 
by rearrangement of t h e  molecule to a more s t a b l e  
configuration. No sulfur h a s  been  de tec ted  i n  t h e  
diluent af ter  treatment. 

Amsco degraded with nitric ac id ,  scrubbed with 
concentrated sulfur ic  acid a t  room temperature, 
m a d e  1 M i n  TBP, and then boi led for 24 h r  with 
2 1311 HNO, w a s  as s t a b l e  as Amsco pretreated wit.h 
100 and iOS% sulfur ic  a c i d  a t  room temperature or  
with 95.6% a c i d  at e leva ted  temperatures .  Ir! t h i s  
treatment the: sulfur ic  ac id  s c r u b s  the  nitroparaffins 
from the  unreacted Amsco. Such scrubbing is not 
prac t ica l  on degraded s o l v e n t s  containing TBP 
sitnce t h e  TBP also d is t r ibu tes  to the sulfur ic  
acid. 

Other t e s t s  were made t o  determine whether 
additional treatment would further improve t h e  
Ariisco petfurmance. FOK example,  Amsco w a s  
recovered from the 24-hr-degraded 1 11% TBP solu- 

t ions  by extract ing t h e  TRP and nitroparaffin with 
concentrated sulfur ic  acid. 'The recovered Amsco 
w a s  again made 1 iM in  fresh '1'3P and subjec ted  
to a n  addi t ional  24-hr degradat ion with 2 M nitric 
acid.  After t h i s  treatment t h e  hafnium extract ion 
coeff ic ient  w a s  s t i l l  .74.15. Repetition of the 
c y c l e  four additional t imes  produced t h e  s a m e  
resul ts .  Apparently, af ter  t h e  ini t ia l  t reatments  to  
remove or deac t iva te  t h e  s i t e s  s u s c e p t i b l e  t o  e a s y  
nitration, t h e  remaining Amsco degrades  a t  a 
cons is ten t ly  low rate. I t s  behavior  is very s imilar  
to that  of the  relat ively s t a b l e  n-dodecane. 

Aromatic Di luents to Improve Selective Uranium 
Extraction by TBP 

It w a s  shown previously' that  TBP when used  
in  aromatic rather than a l ipha t ic  d i luents  gave 
improved performance with regard t o  radiation 
s tab i l i ty ,  uranium extract ion power, and separa-  
tion of uranium from f i ss ion  products. Similar 
r e s u l t s  have  now been obtained with a wider range 
of aromatic  di luents .  Solut ions of TBP i n  diethyl- 
benzenes ,  butylbenzerie, or t r imethylbenzenes 
extracted uranium from 2 M nit r ic  a c i d  with coeffi- 
c i e n t s  about  50% higher than  t h o s e  obtained with 
TBP in Amsco 125-82 solut ions.  Separat ion 
fac tors  of uranium/hafnium were aboui. 2 t imes 
higher (Table  8.1). 

~ ............................. ~ .... 

'E. S. Lane, Degraded TBP-Kerosene Cleanup Using 
Afkanolnmines and Related Compounds, AERE-M-80'3 

'Chem. Technnl. Div. Ann. Progr. R e p t .  May 31. 

(January 1961). 

1961, URNL-3153, p 111. 

Table 8.1. Uranium and Hafnium Extraction by 1 fM TBP in  Aromatic or Aliphatic Diluents 

2 M I-IN03 init ially,  wlth 0.8 
1 M T B P  in indicated dilirrnt 
equal volumes of aqueous and organic phases; 10-min contact a t  room temperature 

Aqueous phase: 
Organic phase: 
Test conditions: 

U(VI) per liter, or l o 4  Hf 18' gamma counts sec-'ml-' 

Diluent 
Calculated 

Separation Factor, Extraction Coefficient, E: 

Uranium Hafnium 
........................ 

S F - - : E  / E  u H f  

Diethylbenzene 

1,2,3-Trimethylbenzene 

Iz-Dutyltenzene 

Solvesso-100 

Arnsco 125-82 

n-Dodecane 

65 

65 

6 0  

55 

50 

40 

0.07 

0.09 

0,09 

0.08 

0.12 

0.12 

950 

7 00 

650 

700 

400 

35 0 
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Stability of Aromatic Diluents 

Further  s t u d i e s  have  been  made of the  s tabi l i ty  
of t h e  alkyl  side c h a i n s  of di- and polyalkyl- 
benzenes  toward degradation by ni t r ic  acid.  T h e  
p i e v i ~ u s l y  reported l o  instabi l i ty  of a mixture of 
t h e  i s o m e r s  of diethylbenzene w a s  shown t o  be  a 
property of only the ortho and para  isomers. T h e  
meta isomer w a s  about as  s t a b l e  a s  n-dodecane 
(Table  8.2). Except  for isodurene,  severa l  poly- 
methylbenzenes tes ted  were equal ly  s tab le .  

"Chem. Techno]. Div. Ann. Progr. Rept. June 30, 
1962, QKNL-3314, p 108. 

Measurements of nitration of the benzene  ring a re  
not complete, but the  extent  of t h i s  reaction under 
most process  condi t ions is expected t o  be  low. 

Several of t h e  s t a b l e  aromatic d i luents  have  
f lash points  acceptab le  for u s e  in  most p lan ts ,  
that  i s ,  14O0F. 'Those showirig t h e  bes t  propcrties 
a r e  not commercially avai lable .  However, t h e  
commercial mixture of d ie thylbenzenes  ('Table 
8.2) i s  being used i n  t h e  separat ion of thorium 
from uranium i n  t h e  BRNL fuel recycle  pilot plant 
( s e e  Sec 6) and h a s  given sat isfactory physical  
performance. T h i s  material i s  ava i lah le  a t  $1.40 
per gallon a i d  i s  high in the  meta isomer (-70%). 
With a n  es tab l i shed  demand i t  should be  poss ib le  
to obtain preferred d i luents  a t  a reasonable  cost .  

Table 8.2. Performance o f  Degraded Diluents 

Diluent F la sh  Point,  
Open Ciup ( O F )  

Calcium Tes ta  
(counts sec 'm~.--') 

-. 

1.2-Diethy lhenzene 

1,3-Diethylbenzene 

1,4-Diethylbenzene 

Comnrrcial  diethylbenzene 

l-~etliyI-.l-isopropylbenzenf 

1,2,3-Trirncthylbenzene 
(Hemimellitene) 

1,2,4-Trime thylbenzene 
(Pseudocumene) 

1,3,5-Trimethylbenzene 
(Mesitylene) 

1,2,3,4--Tetrarnethylhenzene 
(Prehnitene) 

1,2,3,5-Tetramethyibenzene 

(Isodurene) 

n-Dodccane 

Amsco 125-82 

138 

-138 

-138 

-138 

124' 

b 125 

163 

1 5 s  

165b 
b 128 

4000 

100 

,6000 

4000 

4000 

120 

100 

100 

200 

1400 

12s  

4000 

aCalciurn test:  1. Boil, under reflux, diluent containing 1 M TBP with equal  volume 2 M I~IN03,  for 4 hr. 
2. Scrub twice  with equal volume 0.2 M aqueous Na,CQ 
3. Contact for 30 inin with solid calcium hydroxide, about 50 g solid/l i ter .  
4. Contact with Zr-Nbg5 tracer solution in 2 M HNO,, l o 4  gamma counts  ~ e c ' ~ - ~ m l - ~ .  
5. Count Zr-Nbg5 y activity of diluent. 

3' 

bClosed cup. 
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8.6 SEPARATION 0% ALKALl METALS 

Extract ion and separa t ion  of t h e  a lka l i  meta ls  i s  

being  s tudied  with s e v e r a l  different t y p e s  o f  re- 
a g e n t s  including subs t i tu ted  phenols ,  mono- and 
dialkyfphosphoric a c i d s ,  sulfonic  ac ids ,  carboxyl ic  
a c i d s ,  and mixtures of s o m e  of these.  

T h e  favorable  separa t ions  a t ta inable  with 4-sec:- 
h . 1  yl-2(iz-methylbenzyl)phenol (BAMBP) a r e  shown 
in Fig.  8.7a. At pII 1 2  t o  13, where extract ion 
coef f ic ien ts  a r e  re la t ively high,  t h e  order of ex- 
t ractabi l i ty  is Cs ’.> Rb > K > Na > Li. In the  
s a m e  pIH region, separa t ion  fac tors  a r e  %20 for 
both c:esium/rubidium and rut)idium/potassiurIi. 

Hanford workers’  h a v e  d iscovered  that  c o m -  
b in ing  a small  concentrat ion of di(2-ethylhexy1)- 
phosphoric a c i d  (D2ECWA) with WAMBP great ly  
e n h a n c e s  cesium extract ion from relat ively ac id ic  
liquors where extract ion with HAMBP alone  is 
inappreciable. A s  shown in Fig. 8.76, cesium 
and rubidium extract ion coef f ic ien ts  in  the  pM 
range 3 t o  8 for 1 ill BAMBP-0.1 M D2EHPA in 
di.isopropylbenzene a r e  2 to 4 orders  of magnitude 

e 10 12 

higher  than for 1 M BAMBP alone.  T h e  separat ion 
factors ,  cesiurn/rubidiurn and rubidiurn/potassium, 
were -.,IO and “5, respect ively,  ovt:t the  to ta l  
pFI range. It should be  noted that  t h e  magnitudes 
of  many of the extract ion coef f ic ien ts  shown in 
Figs .  8.7a, 8.76, and 8 .7~:  are limited by l o a d ~ t l g  
of t h e  e x t r x t a n i :  with a lka l i  metals .  

Combination of a sulfonic  a c i d  s u c h  as dinonyl- 
riaphtlialeriesulfonic a c i d  (DNNSA) with a phenol 
also synerg izes  ex t rac t ions  of a lka l i  metals .  With 
1 M Santophen-1 (4-cbloro-2-benzylpheno~) plus  
0.1 M DNNSA in di isopropylbenzene (Fig. 5.7c), 
t h e  extract ion coef f ic ien ts  showed l i t t l e  dependence 
on pI-1 in t h e  p1-I range 1 to 10. T h e  d e c r e a s e  in 
extract ion at higher  pH i s  attributed io the  loss 
o f  phenol to  t h e  aqueous  phase .  The separa t ion  
factors  for cesium/rubidium and rubidiuirv’potassium 
were in  the range 5 to 7, whereas  there  w a s  l i t t l e  
difference i n  extract ion coef f ic ien ts  for potassium, 
lithium, and  sodium. Combination of dodecylphos-  
phoric ac id  o r  Neo-Tridecanoic acid with t h e  
phenol extractant  gave synergized a lka l i  metal  
extract ions,  but t h e  e f fec t  w a s  less pronounced 
than with D2EIIPA or DNNSA. 

In ex t rac t ions  with 0.5 iM DNNSA alone in 
di isopropylbenzene,  extract ion coef f ic ien ts  for 

IJ N C L A S S I ’I ED 
ORNL-DWG 63-2896 .......... ~~~~ ........... ..... 

.... I. T -~ ................ [:-------c. . . . . . . . . .  , 

1 M 8 A M B P -  0 1 M DZ€,HPA t 
........... 

........................... 
2 4 6 8 10 12 

FINAL OH 

1 IM SAhlT0”Hl  N -1  - 0  1 M DNNSA 

Fig. 8.7. Extraction of Alkali Metals with Phenols. Organic phase: (a) 1 hl BAMBP, (b)  1 M BAMBP-0.1 M 

Aqueous phase: solut ion containing 
Phose 

D2EHPA, or ( 6 )  1 M Sontophen-1-0.1 IC1 DNNSA in diisopropylbenzene diluent. 

0.1 M CsN03, 0.2 M R b N 0 3 ,  0.4 M KNO3*  0.4 M NaN03, 0.4 M LiN03; pH adiustrnents m a d e  with S O X  NaOH. 
ratio: 1/1 .  
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t h e  a lka l i  metals  (again under condi t ions of high 
solveiit loading) ranged from 0.2 t o  0.8 and were 
not appreciably affected by change  in  pI-1 from 1 to 
13. T h e  extract ion order w a s  Cs > R b  i K : Na = 

Li, but separat ion factors  between C s  and K, N a ,  
and I,i were < I .  With 0. 5 M dodecylphosphoric acid 
in diisopropylbenzene, t h e  extract ion order was 
similar ,  but t h e  extract ion coef f ic ien ts  were much 
lower and t h e  separat ion fac tors  were s l ight ly  
higher. 

r v %  

8.7 CESIUM RECOVERY FROM QREF 

T h e  phenol extract ion (Phenex)  process ,  which 
w a s  developed for recoveriiip, f iss ion product 
cesizim from reactor process  w a s t e  solut ions ( s e e  
Sec  9.1), h a s  been applied to t h e  recovery of 
cesium from o r e s  and i t s  separat ion from other  
a lka l i  metals. N e w  u s e s ,  for example,  i n  plasma 
thermionic power generators  and as  a fuel  for 
ion rocket engines ,  a r e  expected to  c r e a t e  a large 
demand for cesium in the next few years .  

T h e  most important source of cesium i s  the 
mineral pol luci te  (2Cs 20.2A1 2 0 3 . 9 S i 0 2 - I I  zC). I t  
c a n  b e  decomposed by treatment with concentrated 
ac ids  01 by roast ing with a lka l ine  f luxen” and 
leaching  with water.  T h e  la t ter  treatment i s  the  
bet ter  choice  for u s e  with the  Phenex  process ,  
which i s  appl icable  only to  alka!ine liquors. In 
t e s t s  with a pol luci tc  ore  containing 22.9% Cs, 
0.64% Kb, 0.98% K, 1.45% N a ,  0.21% I,i, 17.5% 
A 1 2 0 3 ,  and 48.5% SiO,, -99% of t h e  cesiuni viis 
recovered by roas t ing  one  part of t h e  pulverized 
ore  for 2 hr a t  800°C with 1 . 8  par t s  of N a 2 C 0 3  
and 1.2 pa i t s  of NaCl aild then leaching with 
water. 

In a batch countercurrent test with 1 M 4-sec- 
bulyl-2-(a-iiiethylbenzyl)phenol (BL4MBP) in  d i i so-  
propylbenzene, 99.4% of t h e  cesium w a s  recevered 
froiii a pol luci te  liquor usiiig f ive  extract ion and 
two scrub s t a g e s  (Table  8.3) .  Rela t ive  flows of 
organic/aqueous feed/scrub (0.02 M NaOld) were 
1/1.5/0.2. More than 95% of t h e  cesium was 
str ipped f rom t h e  scrubbed extract  in a s ingle  
contac t  with 0.8 M HC1 to give a solut ion con- 
ta ining about  100 g of cesium per liter. Evapora- 

“V. E. Plyushchev and I. V. Shakhno, “Interaction 
of Minerals Containing Rare Alkali Elements with Salts 
and Oxides in thc Caking and Melting P r o c e s s , ”  Chem. 
A b s t r .  53. 1260Gd. 

tion of th i s  solut ion to  dryness  gave cesium 
chlor ide product containing (0.2% of t h e  other  
a lka l i  metals: 

Beco n t nm in at i o n f JC to r 

(from feed solution fa Sinal Product 

Aitialysis (%) product), Cs/rnetol 

cs 82.1 

X b  0.011 

K 0.137 

Na 0.021 

L i  (0.01 

Si < 0.02 

230 

610 

16,000 

>10 

>3000 

T h e  potassium content  of the product i s  higher 
than expec ted  i r i  pract ice  s i n c e  the  feed liquor for 
t h i s  t e s t  w a s  inadverteatly contaiiiinated wit.h 
potassium t o  about  20 t imes t h e  usual  amounts. 

T h e  Phencx  process  h a s  a l s o  been appl ied to 
t h e  recovery of cesium from Alkarb, a mixture of 

Yable 8.3.  Rceovexy of Cesium from Pol luc i t r  

Liquor with BAMBP 

1 M B A X E P  in diisopropylbenzene 

liquor prepared by roasting pollucite 
ore with Na , C 0 3  -NaC1 and leaching with water; 
liquor adjusted pII 13.1 with caus t ic ;  ana lys i s  
resiilts expressed in grams per liter, 9.0 Cs ,  0.28 
Rb, 9.1 K, 37.5 Nn, 0.01 Li, 0.01 Fe, 0.05 Al, 7.2 
Si, 27 C1, and 11 C03 ;  traced with C S ’ ~ ~  

Organic phase: 

Aqueous  phase: 

Scrub: 0.02 M NaQII 

Contact: batch countercurrent; 5-min contacts 

Relative flows: organic/feed/scrub - 1/1.5/0.2 

C s  Concentration 
Stage PI1 (gj’liter) 

Organic Aqueous 

Scrub-2 
Scrub-1 
Aqueous feed 
Extraction-] 
Extraction-2 
E x  trac tion-3 
Extrac tion.4 

Ext rac t ion4  

12.8 
12.8 
13.1 
13.1 
13.1 
13.1 
13.1 
13.1 

13.5 9.3 
15.0 12.1 

9.0 
15.3 8.5 
13.9 5.9 
9.3 2.1 
3.3 0.36 
0.49 0.04 
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aZkali metal  carbonates ,  which is a by-product of 
the  lithium industry.  The feed ,  prepared by d i s -  
so lv ing  Albarb i n  water and ad jus t ing  t o  pH 13.3 
with c a u s t i c ,  contained,  in grams per l i ter ,  1.9 
Cs, 1.8 Rb, 37 K, 7.4 N a ,  and 0.18 El. In a batch 
countercurrent t e s t  with 1 hf BAMBP in diiso- 
propylbenzene, cesium recovery w a s  98.5% using 
four extract ion and three sc rub  s t a g e s .  The 
organic/aqueous feed/scrub (0.01 M NaO'ti) ra t ios  
were 1/2/0.5. The  extract  w a s  s t r ipped cpant i ta-  
t ively by a single contact  with 0.5 1l.I FINO, a t  an 
organic/aqueous phase  rat io  of 8.6 to 1 to give a 
product solution of t h e  following composition: 

Decontamination 

Factor (uqueawa deed Strip P r o d u c ~  

(g ' ' i t er )  to st r ip  product), Cs/metal 

CS 38.8 

Rb 5.25 7 0  

K 0.01 8800 

Na 0.086 1500 

Li <0.00005 ?70,000 

T h e  high rubidium content  of the  product could be 
reduced by inc reas ing  t h e  number of scrub stages 
or us ing  ii lower concentrat ion of c a u s t i c  for 
scrubbing. T h e  rubidium c a n  also b e  recovered 
from the  cesium p rocess  raffinate by extract ing 
with BAMBP after  appropriate feed adjustment.  

S tudies  of sulfur ic  a c i d  recovery from Sulfex 
p rocess  was te  so lu t ions  were reported previously. 
The relatively weak-base s te r ica l ly  hindered 
tert iary amines were preferred for i h i s  u se  s i n c e  
they could be  stripped to the free-base form with 
water  to give a relatively concentrated ac id  pro- 
duct  so1ut.ion. Recent t e s t s  showed the  uti1it.y of 
tert iary amines  for the  recovery and purification 
of phosphoric acid from the highly contaminated 
wet-process acid produced i n  the  fer t i l izer  industry.  
F o r  t h i s  appl icat ion,  more b a s i c  amities such  as 
Alamine 336 (tri[octyl,r4ecyllamine), or preferably,  
benzyldilaurylamine, a re  required for extraction. 
Mixtures of amines of different b a s i c i t i e s  can  a l s o  
be used t o  obtain the hest ba lance  between extrac- 
tion and water stripping. 

Isotherms for the  extracl.ion of phosphoric acid 
from pure 5 M H,PQ4 solut ion S ~ Q W  that  a n  acid 
recovery of bet ter  than 90% and a 1.5 kf t13P0, 
water-strip product c a n  be obtained in  about four 
idea l  extract ion and four idea l  s t r ipping s t a g e s  
with Alaniine 336 or benzyldilauty1;lmine (Fig.  
8.8). For comparison, only about 50% of the  phos- 
phoric ac id  c a n  be  recovered i n  four idea l  extraction 

13 

13Chem. Technol. Div.  Ann. P r o g r .  K e p t .  June 30, 
1962, ORNL-3114, p 104. 

urd c1.b s SI  FIFO 
G R N I ~ - D W G  6 3 -  2 8 9 7  

~ _ _ .  . .. . . . . . . . . . 

Fig .  8.8. Extroct ian o f  Phosphoric Acid  from 5 M H j P O j  wi th  0.25 iM Amine in 84% Amsco 125-82-16% Is0- 

decanol  at -25OC. 
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s t a g e s  with di(2-ethylhexy1)hexylamine. However, 
with th i s  amine, water s t r ipping would produce a 
3.5 t o  4 M H,PQ, product. 

T e s t s  with a synthe t ic  wet-process  phosphoric 
ac id  solut ion showed almost negl igible  iron and 
aluminum extract ion,  indicat ing a high degree of 
purification. If desired,  ammonium phosphate  
rather than phosphoric acid c a n  be  produced as  a 
product by s t r ipping t h e  amine with ammonia. 

Niobium and tantalum have  been  recovered and 
separa ted  by extract ing from alkal ine so lu t ions  
with qua t rmary  amines such  as 0.1 N Aliquat 336 
(tri[octyl,decyl]niethylanmonium carbonate) in  95% 
A m s c o  123-153% tridecanol. T h e  aqueous feed 
so lu t ions  for t h e s e  t e s t s  were prepared by d i s -  
so lv ing  reagent-grade potassium niobate  and 
potassium tan ta la te  in  K , C 0 3  or K,CO,-KOH 
solut ions.  Extraction coeff ic ients  decreased  
rapidly with increase  in  carbonate  concentrat ion 
but were sufficiently high up to  0.4 to 0.5 M 
carbonate  to  permit eff ic ient  recovery. Niobium 
w a s  extracted preferentially, t h e  separa t ion  
factor (Nb/Ta) ranging from 5 t o  10. Solutions 
of N a 2 C 0 3 ,  NaOPI, (NH,),CO,, K2C:0,, chlor ide 
s a l t s ,  and ni t ra te  s a l t s  were effective str ipping 
agents .  With s t r ip  so lu t ions  containing sodium, 
t h e  niobium and tantalum precipi ta ted direct ly  
from t h e  solvent  a s  their  sodium s a l t s .  These 
precipi ta tes  se t t led  rapidly in  the  aqueous phase  
and did not c a u s e  emulsions. 

Unfortunately, in la ter  t e s t s  with ore l iquors ,  
prepared by fusing a niobium-tantalum ore with 
K2C0,-KCH and leaching  t h e  fused  m a s s  with 
water, t h e  niobium and tantalum were extracted,  
but n o  s ignif icant  separat ion factors  w e r e  ob- 
ta ined.  Likewise, s ignif icant  separat ion fac tors  
were not obtained if so lu t ions  of the  pure s a l t s  
were heated on a steam bath or if t h e  rliobiuiii a i d  
tailtalum in  t h e s e  solut ions w e r e  precipi ta ted and 
redissolved i n  carbonate  prior to  extraction. 

T h e  inconsis tent  resu l t s  are attributed t o  the  
complex chemistry of n ioba tes  and tan ta la tes ,  
which are affected by t h e  preparation history- of the  
solution. If future t e s t s  do not show ways for 
obtaining separable  s p e c i e s  from ore liquors, 
appl icat ion of the  p r o c e s s  will be  limited. It may 
b e  useful  for t h e  combined recovery of niobium 
and tantalum with separat ion from other e lements .  

8-10 NEW EXTRACTA 

Amides 

A number of amides,  espec ia l ly  phosphoramides, 
examined severa l  years  a g o  a t  OXNL, gave good 
uranium extract ion from sulfate-ni t ra te  and phos- 
phate-nitrate so lu t ions  of t h e  type encountered 
in ore  processing. Work e l sewhere  showed 
N,N-dibutylacetnmide, a carboxyl ic  amide of 
moderate miolec~lar weight, t o  b e  a useful  extract- 
an t  for uranium from ni t ra te  solut ions.  ' Although 
many of t h e s e  compounds were not iceably hydro- 
lyzed during u s e ,  their uranium-conplexing prop- 
er t ics  have  encouraged s tudy of a wider variety 
of possibly more s tab le  compounds. Consequently 
a number of different amides,  covering a range of 
s t ruc tures  (Tabie  8.4), were examined with regard 
to their  extraction of uranium, thorium, and severa l  
other  s o l u t e s  from nitric ac id  solut ions.  T h e  
resu l t s  ind ica te  that ,  i n  comparisoir with TBP, 
t h e  N,N-dialkylamides extract  in the  s a m e  manner, 
a re  somewhat weaker  uranium extractants ,  but 
have  potential for considerably greater select ivi ty .  
(They a l s o  resemble T B P  in synergis t ical ly  
enhancing tiraniurn extraction by di(2-ethylhexy1)- 
phosphoric acid.)  Extracted uranium was str ipped 
with water or with d i lu te  nitric ac id  (50.1 ,M>. 

Consider ing f i rs t  t h e  d imethylan ides  of fat ty  
a c i d s  (Fig.  8.9), t h e  pat terns  of uranium extraction 
a i d  thorium extract ion v s  nitric a c i d  concentration 
are considerably different. Uranium extract ion 
power var ies  considerably with length of acid 
chain,  while  each  curve is rather s imilar  in  shape  
t o  t h e  TBP and di-sec-butyl phenylphosphonate 
(DSPJPP) reference curves.  In cont ras t ,  the  thorium 
extract ion power var ies  only s l igh t ly  with cha in  
length but t h e  curves  a r e  much s teeper  than the 
TBP and DSBPP curves,  offering a wide range of 
relat ive uraniur~i and thorium exiractabi l i t ies .  
Still different pat terns  are shown by a hranched- 
chain amide [CgH lgC(CH ,),CON(CH,),, F igs .  
8.9 and 8.101, which shows much lower extract ion 
a t  low a c i d i t i e s  throughout, but moderately high 
uranium extract ion and hence  very high ikndicated 

14K. H. Brown,  Progress R e p o r t :  Uranium Clicmistry 
of Rain Materials Scction, ORNL-1308 (May 23, 1952); 
ihid. ,  ORNL-2366 (Sept.  4. 1957). 

M. Feder  and h l i l t o r i  Ader ,  Solvent Extraction of 
Uranium Values ,  U.S. Patent,  2,872,285 (patent applied 
for  Sept. h ,  1956). 
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se lec t iv i ry  for uianium at high acidity.  Sonic corn- 
pounds with larger a lkyls  a t tached  to the  nitrogen 
a l s o  show higher indicated se l ec t iv i t i e s  (Table  
8.4). 

Preliminary tests with diisopropylpropionamide 
and te t raethylphthalamide showed potent ia l  for 
s epa ra t ing  the  t tansplutonium group f rom lantha-  
nides. Extract ion w a s  low for uranium and thorium 
from hydrochloric and  sulfuric ac id  so lu t ions ,  and 
for strontium and cesium from nitrate solut ions.  

Nitric ac id  w a s  exhtacted readily,  reaching m o l e  
ra t ios  of about 2.5 nioles of I INO,  per mole caf 
amide with some of the  fatty ac id  dimethylamides 
in contac t  with 12 M 3-IN03. 

No hydrolysis  of the amides was noted during 
the  extract ion t e s t s .  In preliminary s tab i l i ty  
t e s t s ,  fatty ac id  dimethylamides were extensively 
hydrolyzed by the  seve re  treatment of boiling 
with 2 X-IN0,3. Stabili ty under moderate condi- 
t ions  and  effects of s t ructure  are be ing  tes ted .  

T a b l e  8.4. Uranium and Thorium Extract ion with 1 M Amide-Diethylbenzene 

Solutions from 1.7 M HNQ3 (Equi l ibr ium Aqueous Concentration) 

Amide Consti tuent 
Extraction 
Coefficient 

. . ~ ~ ~  _-__ ................. 
Carboxylic Acid 

~ ........__ ~ ~~ ............ 

U N-Alkyls Pri tic i p a1 Average Number  of Th 
Components Carbon Atoms 

Calculated 
Separation 

Factor,  U / T h  

Dimethyl 

Diethyl 

Di-n-propyl 

Di 4sopropy 1 

Di-n-butyl 

Te t rame thy 1 

Tetramethyl 

T U P  

Caprylic-capric 

Lauric 

coco  ac idsa  

Myristic 

Palmitic-s tearic 

Tallow ac ids  

Oleic 

Neo-Tridec-anoic' 

Capric 

Propionic 

Propionic 

Acetic 

b 

8.8 

12 

12.5 

14 

16,9 

17 

17,6 

13 

10 

3 

3 

2 

5.0 

6.6 

5.5 

6.1 

16 

5.3 

7 

0.7 

2.7 

5.4 

PPt 

21 

Diamides 

MDimer 34 14 

Phtha l ic  8 0.1 

Organophosphorus Reference Standards 

27 

DSBPP (xylene) 38 
___.I__ -I-.__..-_ 

aPrincipally lauric and myristic ac ids .  
b ~ r i n c i p a ~ ~ y  palmitic and stearic acids. 
cC 9H ,C(CH 3)  ,CON(CH 3) 2. 

dArnide groups approximately 16 carbon a t o m s  apart. 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

a. 0 1 
0.0.5 

0.013 

<0.0P 

0.8 

0.5 

<o. 002 

1.1 

0.1 

50 

66 

56 

61 

160 

53 

70 

' 7 0  

54  

410 

26 

28 

25 

380 
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F i g .  8.9. IJranium a3d Thorium Ext rac f ion  from N i t r i c  

A c i d  by 1 P’4 Solut ions o f  N,N-Dimethylamides i n  Di- 
ethylbenzene. Code numbers are the average carbon 

atom numbers from column 3 o f  T a b l e  8.4; C 1 3  i s  

branched; a l l  others are straight-chain compounds. 

Carboxylic Ac ids  

,4 sys temat ic  survey  program w a s  s ta r ted  of 
ca t ion  exchange extract ion by high-molecular- 
weight carboxyl ic  ac ids .  A nuinber of s u c h  a c i d s  
have  been obtained (Table  8.5), including some of 
recent  cornniercial avai labi l i ty ,  and s o m e  new a c i d s  
synthes ized  for th i s  program. (See a l s o  “Strontiurn 
Recovery,”  Sec  9.3.) Their  extract ion cbaracter-  
i s t i c s  were compaied f i rs t  by two-phase t i t ra t ion 
with sodium and potassium hydroxides, which 
piovides  a convenient  indicat ion of the  relat ive 
s t rength of e a c h  ac id ,  its se lec t iv i ty  between 
sodium and potassium, and i t s  phys ica l  behavior. 
T h e  a c i d  e s t e r s  l 6  (the l a s t  th ree  a c i d s  i n  Table  
8.5) are of particular in te res t ,  s i n c e  t h e  e s t e r  
carboxyl conjugated with t h e  ac id  carboxyl makes 

them considerably s t ronger  t-han the  s imple  carbox- 
y l i c  a c i d s  and h e n c e  potent ia l ly  usable over  a 
wider range of condi t ions.  Further  a c i d  e s t e r s  
with other  a l c c h o l s  and other dicarboxylic a c i d s  
are be ing  prepared. 

Wydraxamic Acids 

Hydroxaiuic acids ,  

O H  
I I  I 

RC-N-OH , 

16Extraction w i t h  ac id  e s t e r s  of tetrahydrophthalic 
acid w a s  suggested by R. Emmrt Keid, Baltimore, Md., 
i n  private communication to  G, H. Cartledge, Jan. 14, 
1963. 

Fig. 8.10. Ex t rac t ion  of Zirconium, Hafnium, and 
Emopiwrn from N i t r i c  A c i d  by 1.0 M SoIutionS of N,N- 
Dirnethylamidas in Diethylbenzene. Code numbers are 

the  average carbon atoms from column 3 o f  T a b l e  8.4; 
C 1 3  i s  branched; a l l  others are s?raight-chain com- 

pounds. 
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Table 8.5. Alkali  loci Extraction by Carboxylic Acids 

Extraction from 2 - 5 4  ikf chloride solutjons by "-0.1 hf ac ids  in diethytk~enzene 

HA -1- M+ MA -t I I  + (ref a )  ... . . *  

K = (H +I(MA)/(M+)(HA) 
......... ...... - ____ - ....... ........... 

aK rb 
__I ...... ....... 

K +  
+ Acid 

Na 

Oleic 

Palmitic 

Diheptylacetic 

Neo-Der-anoic 

Neo- Tridecanoic C9H ,,(CW,)2C-c0,H 9.9 

Abietic (plus congeneric ac ids)  \2 I I \ 9.4 

Lauryl maleic CH3(CH2) 10,C--CH:CN-c02M 5.6 

CII CH ,C-(CH ,)CCH zc I12cH 

(CW 3 )  ,CHC: ClIC: GHCH 2CH-(CM ,)C-CO 2H 
9.6 

5.4 

Lauryl phthalic c H 3 ( c € 1 2 ) l  ,O,C--(C)-CO2W 6.6 

Tridecyl phthalic C,,I-T270,C-(Z)-C0213 7.1 
...................... ... .......... .- 

"Dots indicate the organic phase.  
'Measured at the half-neutralization point in two-phase titration: pK'= pH t log ypMc., assuming y M A  I= Y H A .  

previously reported by workers a t  I-larwell 1 7  to 
complex zirconium arid hafnium, showed poi entia1 
for  extract ion of zirconium, niobium, hafnium, and 
strontium. Octanohydroxamic a c i d  w a s  readily 
soIuble in hexone, and i n  Amsco 125-82 containing 
1 M TBP, but to less than 0.1 M in Amsco 125-82 
a lone  or in  xylene.  It and other  ava i lab le  hydro- 
xamic a c i d s  decomposed when exposed  to nitric 
acid or a lka l ine  solutrons,  as shown by s low de- 
c r e a s e  of extraction coef f ic ien ts  a n d  of charac-  
te r i s t ic  infrared absotption. However, they appeared 
to be  s t a b l e  in extract ion from hydrochloric acid,  
and may prove t o  b e  s t a b l e  i n  other  nonoxidizing 
acid sys tems.  Since presumably the c a t i o n s  a r e  
extracted rather than their  complexes  with ni t ra te ,  
e ic , ,  observat ions i n  t h e  n i t ra te  sys tem should 
also indica te  their  general  behavior i n  extract ion 
from other  acids .  

17E. S. Lane, "Performance and Degradation of 
Diluents for T U P  and the Cleanup ot Degraded Solvent%," 
presented at  the Solvent Extrat-tion Chemis t ry  Sym- 
posiom, Gatlrnlwrg, Tenn , Oct. 23--20, 1962. 

Addition of 0.1 M hydroxamic acid to 1 N TBP 
solu t ion  in  Amsco 125-82 did not a l te r  uranium, 
thorium, ruthenium, or europium extract ion,  but  the  
combination did show synerg is t ic  enhancement  of 
zirconium extraction. Strontium w a s  extracted by 
0.1 M octanohydroxamic a c i d  i n  hexone from 0.5 M 
NaNO,, with a maximum extract ion coeff ic ient  of 
E: - 8 and separat ion factor  (SF) from sodium of 
SF:', =- 50 a t  pH 10-5. Cesium w a s  not extracted.  

Others 

A number of subs t i tu ted  phenols  were examined 
a s  potent ia l  ces ium ext rac tan ts ,  and severa l  have  
been ex tens ive ly  s tud ied  in  the  F i s s i o n  Product  
Kecovery Program, lead ing  to ces ium recovery 
p r o c e s s e s  (see S e c s  8.6 and 9.1). Several  phe- 
nol ic  monomers and polymers, of spec i f ic  s t ruc tures  
sugges ted  by t h e  previous s t u d i e s ,  a r e  being pre- 
pared on subcontract. 

__.__ ......... __ 
18Monsanto Research Corp., Dayt.on, Ohio. 
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Four potent ia l  ex t rac tan ts  of a new type,  high- 
molecular-weight bicycl ic  or "cage-structure" 
phosphates  and  phosphi tes ,  were prepared on 
subcontract .  " T h e  bicycl ic  phosphate  of 1,1,1- 
trimethylolnonane 

CH,(CH,),C~-CH,O .-;P -30  

'CH ,O' 

showed high extract ion power for thorium and high 
se lec t iv i ty  for thorium over uranium. The extract ion 
coef f ic ien ts  were E: : 6 fur uranium and E: > 200 
for thorium in ex t rac t ions  from '2 M HNO, with the  
c a g e  phosphate  reagent a t  1 M in diethylbenzene.  

The poss ib le  s y n t h e s i s  of phosphinic  acid and 
phosphine oxide polymers is being invest igated,  '' 
and some related monomeric phosphinic  a c i d s  have  
been  submit ted fot tes t ing.  

Continued s t u d i e s  of strontium extract ion from 
sodium ni t ra te  so lu t ions  by di(2ethylhexyl)phos-  
phoric a c i d  (HA, ex is t ing  in  benzene solution as  
t h e  dimer [PIA],) and i t s  sodium s a l t  (NaA) con- 
firmed the  previously sugges ted  reaction '' 

Sr2' + 3[HA] , ;Ir SrA2.4HA + 2 H t  (1) ...... ......... 
and also the  corresponding react ion 

Na ' - t  2[HA], NaA-3HA + H t  (2) ...... ........ 
wheil t h e  extractant  is preponderantly in  the  ac id  
form- 2 o  T h e  stoichiometry of t h e s e  extracted 
s p e c i e s  is of particular in te res t ,  being markedly 
different from t h e  usua l  stoichiometry MAx-xI-IA, 
or M(A 2H)X, found in  most extracted-metal s p e c i e s  
previously identified. 

Whcn t h c  extractant  conta ins  s ignif icant  amounts 
of t h e  sodium s a l t ,  Eq. (1) must b e  modified, and 
t h e  generalized equation 

S r Z +  + (n/y)[aHA.bNaA]y ;=t ................ 
SrA ,.(n-2)[a11AsPNaA] + 1%' + j N a t  , ..................... 

a i -  b -  1,  a +  8 -  1, i +  j . .  2 ,  (3) 

h a s  proved t o  b e  a su i tab le  model at least up to 
50% salt form. Experimental evaluat ion of i from 
H+-concentration dependence,  n/y from extractant-  
concentration dependence,  and y from vapor pres-  
s u r e  measurements ( s e e  following Sec "Solvent 
Extraction System Activity Coefficients") l e a d s  to 
ca lcu la ted  v a l u e s  of n in  t h e  range 4 to 6, indi- 
c a t i n g  that  t h e  extracted strontium is in t h e  form 
of SrA 2m411A or  analogous adducts  throughout t h i s  

The nature  of t h e  d i luent  used  with di(2-ethyl- 
hexy1)phosphoric ac id  h a s  moderate to  large 
e f fec ts  on i t s  extract ion of strontium nitrate. In 
particular, workers a t  HAP0"  observed n syner-  
g i s t ic  enhamcement of t h e  strontium extract ion on 
addition of TBP to a kerosene diluent. F igure  
8.11 compares  t h e  effects of t h i s  and severa l  
other  s ing le  and mixed di luents .  In severa l  cases, 
espec ia l ly  with benzene and benzene  plus addi t ives ,  
t h e  main e f fec t  appears  t o  be  3 shift of the  E-vs-pH 
curve along t h e  pH scale with l i t t l e  change  in t h e  
maximum value of E .  In t h e s e  c a s e s ,  p lo ts  of the  
extractant  composition rat io  [NaA]/x[A] v s  pM 
would vary i n  much the  same way, with l i t t l e  
change  i n  E v s  [NaA]/C[A]. With n-nonane, how- 
ever, there  a r e  r e a l  synerg is t ic  (TBP) and antago- 
n is t ic  (dodecano!) changes  of E i n  addition to t h e  
shif t  v s  pH. T h e  maximuill enhancement  by TBP 
occuired at [NaA]/C[A] = >,, with addition of about 
0.2 iM TBP to 0.1 M H A  (Fig. 8.12). 

region. 

Thor ium Sulfate Complexes 

Evaluation " w a s  completed of the  forrudeion 
cons tan ts  for t h e  thorium tr isulfate  and te t rasu l fa te  
anionic  complexes,  on t h e  b a s i s  of amine extract ion 

"Chem. Technol. D i v ,  A x : ,  Pro&. Irlept. June 30, 

*OW. J. McDowell and C. F. Coleman, J. Inorg. Nucf. 

1862, ORNL-3314, p 112. 

Chem. 25, 234 (1963). 

'Private communication from W. D. Schiiltz, Hanford, 

"K. A. Allen and 'A'. J. McDoivell, J. Phys. Chem. 

Wash., September 1361. 

67, l i 3 8  (1963). 
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Fig.  8.1 1 .  E f fec t  of  Diluent on Strontium Extraction by Di(2-ethylhexyl)phosphoric Acid  (HA). Aqueous phase: 

4 M NaN03, tracer strontium. 

equilibrium data .  A general  method was  dcvel-  
oped for t h i s  evaluat ion.  Its e s s e n t i a l  feature  is 
t h e  experimental  maintenance of cons t an t  chemical  
po ten t ia l s  of extractable  s p e c i e s  in  the  aqueous  
phase ,  controlled and monitored by cons t an t  com- 
posi t ion of the equilibrium organic phase.  The  
aqueous  solut ions were made up a t  var ious com- 
binat ions of sulfur ic  ac id  and sodium su l fa te ,  
e a c h  ad jus t ed  to cons t an t  sulfur ic  acid act ivi ty  
( a H z Y o 4  - 4.4 x 111) according to the  d a t a  
rompiled by B a e ~ . ’ ~  ‘The ac id  act ivi ty  w a s  con- 
firmed to within s . 5% by measurements of the  
equilibrium amine sulfate-bisulfate  ratio, which 
was previously e s t ab l i shed  as a function of the  
sulfur ic  a c i d  act ivi ty .”  T h e  ac tua l  su l fa te  ion 
concentration w a s  a l s o  ca l cu la t ed  for e a c h  solu-  
tion. 2 4  T o t a l  amine molarity w a s  cons t an t  a t  
0.1 I 0.0005, and cons t an t  total  thorium content  
maintained the  organic phase  concentrat ion con- 
s t a n t  to  within 274, t h i s  small  variation being 
corrected i n  t he  final c-slculatioris. With the  

23W. J. McDowell and K. A. Allen, J .  P b y s .  Chern. 

C. F. E a e s ,  Jr.. J. Am. C h i n .  SOC.  79, 5611 (19573. 2 4  

25K. A. Allen, 1. F‘hyhys. Chem, 661, 943 (1956). 

65, 1.358 (1961). 

a c t i v i t i e s  thus  held cons tan t ,  the  varying aqueous- 
p h a s e  act ivi ty  coeff ic ients  were approximated 
by a Debye-iiuckel expres s ion  of t h e  Form: 

log @ =  -0.509 ,l(Z~)I1’z/(l + %11’2) . (4) 

Considerat ion of s t e p w i s e  mononuclear 2’ complex 
formation l e a d s  to a material  ba l ance  relat ion,  

[ZMI = [MAk] + [ M A k ] C G , l ) A - J l f - k K k ,  , (5) 

where M is the  metal ion,  A t h e  complexing anion, 
and G the  combined act ivi ty  coeff ic ients ,  the 
double subscr ip ts  indicat ing the reactant  and 
product s p e c i e s  a t  e a c h  complex formation s tep.  

For t h e  thorium su l fa te  sys t em t h i s  re la t ion 
takes the form: 

[ZThI [Th(St>,>,I 

r [T~(SQ,),] G.5 ?[so4 ’-1- * K 2  

+ [Th(SOJ)21G,,[S0,2-1-’~24 . (4 )  

Simultaneous leas t - squares  a n a l y s i s  (by computer) 
with t h e  thorium extract ion d a t a  gave: 

K - l‘rh(S0,) ’-l/[Th(SO,) L] [SO, ’-1 
~ 5*7 t 1.2, 
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TBP CONCENTRATION ( M )  

Fig.  8.12, Synergistic Enhancement o f  Strontium Ex- 
traction on Addit ion o f  Tr ibutyl  Phosphate to 0.1 M 

Di(2-etAylhuxyl)phcsphoric Acid  in n-Ndlonane. Aqueous 

phase: 4 M N a N 0 3 ,  tracer strontium. 

I$ = [Th(SO4I4 ‘ I]/[ TR(S0 4) 2] [SO ’ 
= 0.054 t_Q.009; 

K = [ Th(S0,) -]/[’l’h(SO 4) ’-3 [SO ‘ -1 
- 0.009 iO.003, 

eva lua ted  at  zero ionic strength.  
T h e s e  cons t an t s  together with va lues  of K o l  

and K from the  l i terature ’‘ were  used  to  ca lcu-  
l a t e  the  fractional distribution of thorium among 
i t s  aqueous  s p e c i e s  (Fig. 8.13) a s  a function of 
ac tua l  su l f a t e  ion concentration a t  constant su l -  
furic ac id  activity. 

Kinetics of Sulfate Tsmsfer During Amine 
Extraction ed Uranium 

Continued investigation ’’ of the  ra te  of tagged 
su l f a t e  transfer from organic t o  aqueous  solution 
during amine  su l f a t e  extraction of uranyl su l f a t e  
gave  ev idence  tha t  both neutral  ~ o r n p l t x  transfer 
and ion transfer contribute to  the  uranium transfer,  
t h e  former predominating i n  extraction from low- 
su l f a t e  so lu t ions  where l i t t l e  of the  uranyl ion is 
complexed, and  the latter becoming important at 
higher su l fa te  conrcnt ra t ions  where most of the  
urailiim e x i s t s  i n  an ionic  complexrs. ‘l’hcse two 

‘%. L. Zebroski, 13. W. Alter, and F. K Hei>manii, 
J .  Am. Chcnr. S O C .  73, 5646 (1951); A. J. Zielen,  ihid., 
81, 5022 (1959). 

”W. J. McDowrll and C. F. Colemac, “Interfacc 
Mechanism for  Uran ium Extraction by Amine Sulfate,” 
144th Ani. Chem. Soc. Meefindi Los Angeles,  .4pril, 
1363, Abstract No.  62, 25K. 
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I t s  Aqueous Species i n  Sulfate Solution. S u l f u r i c  ac id  

act iv i ty  constant at a = 6.4 M. H 2 5 0 4  
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mechanisms cannot  b e  d is t inguished  by any  equi-  
librium measurement (dots  ind ica te  the organic  
phase): 

x(K,,NH),SO, f uo*so, ............ 
U 0 2 ( ~ 3 w 2 x ( S 0 4 ) x f *  , (7) .................... 

x(R,NH),SO, -t uo,(so,),2- .+ ............ 
U02(R3N~~),x(s~4)x+1 +- sod2-- . (8) .................... 

The ext rac tan t  w a s  0.1 iV di-n-decylamine s u l f a t e  
in benzene ,  with the  total-system acidi ty  adjusted 
to maintain it e s s e n t i a l l y  i n  t h e  normal s u l f a t e  
form and t h u s  to avoid complicat ion f r o m  d isp lace-  
ment of b isu l fa te  ion. Transfer  of S 3 ’ 0 ,  2 -  from 
organic  to aqueous  phase  w a s  measured ( s e r i e s  1.) 
during equilibration with so lu t ions  containing 
%.UO1 M H2S0,, plus Na,SQ, a t  0 to 0.1 M and 
at 0.5 M ,  each adjus ted  to approximately M 
i n  W 2 S 0 ,  act ivi ty  and preequilibrated before 
t racer  s u l f a t e  w a s  “spiked” into t h e  organic  
phase .  Corresponding measurements  were made 
( s e r i e s  2) during t h e  extract ion of uranyl s u l f a t e  
ini t ia l ly  a t  0.012 M and (ser ies  3, at low su l fa te )  
with t h e  s a m e  amount of uranyl s u l f a t e  present  
but preequilibrated. 

B e c a u s e  of the back-transfer of s u l f a t e  ion 
shown i n  Eq. (8), if that  react ion is important in  
extract ion then the approach to i so topic  equilibrium 
should  b e  f a s t e r  during uranium extract ion ( ser ies  
2) than it1 t h e  other  series. T h e  i so topic  equi l ibra-  
t ion did prove to b e  f a s t e r  during uranium extract ion 
from the  0.5 11.9 N a 2 S 0 ,  solut ion (Fig.  8.14), where 
about 75% of the uranium w a s  es t imated  to  e x i s t  
as U O , ( S ~ , ) ,  ’- (ref 28). However, i so topic  equi-  
l ibrat ion w a s  s lower  with than without uranium 
extrac:tion from t h e  solut ion containing no sodium 
sul fa te  (Fig. S.lS), where more than half  of the 
uranium w a s  est imated t o  e x i s t  as uncomplexed 
uranyl ion and very l i t t l e  a s  t h e  anionic  complex. 
[The aqueous  su l fa te  concentrat ion changed as  
uranyl s u l f a t e  w a s  depleted from t h i s  solut ion,  but 
paraI le l  s e r i e s  a t  graduated l e v e l s  of sodium 
s u l f a t e  (Fig. 8.15) indicated tha t  this would not 
ser iously d is turb  t h e  fract ional  approach t o  equi- 
librium.] Isotopic  equilibration w a s  slowed only 

*’S. Ahrlatid, Acta  Chern. Scand. 5, 1151 (1931); K. -4. 
Allen,  J .  Am. Chern. S O C .  80, 4133 (1958). 
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sl ight ly  by uranyl su l fa te  present  but already a t  
equilibrium distribution (Fig.  8.15). 

T h e s e  resu l t s  s u g g e s t  that  uranium reaching the  
interface as UQ2(SQ,),2- does indeed d i s p l a c e  a 
su l fa te  ion from organic to  aqueous (in cont ras t  to  
d issoc ia t ing  t o  UO,SO, or U O Z 2 +  and then forming 
a new assoc ia t ion  with amine sulfate) ,  that  uranium 
reaching t h e  interface a s  UO, or U 0 2 S 0 ,  simply 
a s s o c i a t e s  with amine su l fa te ,  and that  the  ex- 
tracted uranium probably a s s o c i a t e s  with further 
amine su l fa tes  while  diffusing inward from t h e  
interface,  thus  appreciably reversing t h e  diffusion 
of tagged su l fa te  outward t o  t h e  interface. 

2 t  

Solvent Extract ion System Act ivi ty  Coefficierrts 

Direct, p rec ise  measurement of di luent  vapor 
pressure differences,  by the  technique previously 
descr ibed ,  2 9  over wet benzene so lu t ions  of di(2- 
ethylhesyl)phosphori@ a c i d  (HA) and i t s  sodium 
s a l t  (NaA) confirined t h e  dimerization of the ac id  
over the  concentrat ion range 0.06 to 0.5 M HA,  
and showed increas ing  polymerization in NaA-HA 
mixtures a s  t h e  proportion of NaA increased (Fig.  
8.16). Several  of the  average polymerization 
numbers (i.e., n in t h e  formula [NaA,HAIn or 
[NaxIIn-xAn]) were confirmed in dry benzene 
solut ion by i sopies t ic  vapor balancing. T h e  
average polymerization number of NaA w a s  13 
a t  0.10 M and about 50 a t  0.25 M NaA at 2OOC. 
T h e s e  polymerization d a t a  a re  used  i n  interpreta- 
tion of t h e  SrA2-NaA-HA extract ion sys tem (Sec 
8.11, f i rs t  paper). 

Triphenylmethane h a s  been used  ex tens ive ly  as 
a reference s tandard in  re la t ive osmotic  measure- 
ments  of organic  so lu t ions  by i s o p i e s t i c  vapor 
balancing. I t s  act ivi ty  Coefficients i n  benzene 
solut ion have  now been determined by prec ise ,  
direct  vapor pressure difference measurements, 
varying froiii 0.98 a t  0.014 m to 0.74 at 0.33 m 
(Fig. 8.17). Activity coeff ic ients  of azobenzene,  
another  useful reference so lu te ,  were  then deter-  
mined i n  b e m e n e  solut ion by i s o p i e s t i c  balancing 
with the  triphenylmethane, varying from 0.96 a t  
0.0134 rn to  0.67 at  0.346 rn. T h u s ,  both of t h e s e  

29Chen. Technol. Div. Ann. Progr. R e p t .  Aug.  31 ,  
1960, QRNL-2993, p 173. 

reference s o l u t e s  a r e  now ava i lab le  for absolu te  
a s  wel l  a s  re la t ive  i sopies t ic  measurements in 
benzene solut ions.  Using t h e  triphenylmethane 
a s  reference, t h e  act ivi ty  coef f ic ien ts  of t r i n -  
octy lamine (free-base form) mere measured i n  
benzene,  ranging from 0.98 a t  0.021 m to 0.55 at 
0.354 m (Fig. 8.17). 

Several organic l iquids  of low vapor pressure 
were cxamined a s  poss ib le  d i luents  for tri-n- 
octylamine (‘f’OA) and i t s  su l fa te  s a l t s ,  with the  
object ive of obtaining n o n ~ o l a t i l e  amine-amine 
salt so lu t ions  in which water act ivi ty  c a n  be  
determined b y  i sopies t ic  vapor balancing. Phenyl-  
cyclohexane (vapor pressure,  60 p at 25OC) and 95 
vol % n-hexndecane --5% dodecanol  (<§ p) showed 
feas ib le  physical  Ferformaiice, together with 
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chemical  propert ies  in  amine-acid equilibrium 
cornpardble to t h o s e  with benzene  as diluent :  

1 /3 
V Q 4  

Acidity, n 
Diluent for 0. 1 M TBA .. 

Half Neutralized Neutra l ized 

Benzene 0 .003~  0.011 

Phenylcyclohexane 0.0093 0"rJl'i 

n-Hrxarlecanr + 0.0040 0.021 
dodacanol 

Development of  new rxttaction a g e n t s  with high 
dis t r ibut ion coef f ic ien ts  offer new methods of 

__ _ 
30K. A. Allen, 4 .  Phys. Chem. 60, 239 (19%). 

recovery and coiiceritration of valuable  mater ia ls  
such  a s  the  transuranium and f i ss ion  product 
e lements  which are  at low concentrat ions i n  proc- 
ess so lu t ions .  Preliminary s t u d i e s  OF pulsed 
columns €or high flow ra t ios  (100:l and 5O:l) have  
been  made, u s i n g  30% TBP-Amsoo to ext rac t  
uranyl nitrate from 4 hl NaNO,. T h e  sys tem was 
c h o s e n  b e c a u s e  t h e  k ine t ics  i s  known to be rapid, 
and the  dis t r ibut ion coeff ic ient  is high enough to 
permit accura te  eff ic iency nieasurernents  at high 
flow ra t ios  of the aqueous  phase to the  organic. 
'The resu l t s  (Table  8.6) show that the s t age  height 
(HETS) a t  f low ratios of 5O:l and 1OO:l. is only 
2 to 3 t imes  tha t  at a convent ional  flow ratio of 5 1  
for  e i ther  t h e  aqueous-continuous operation with 
$jieve plates or t h e  ~ r g a n i c - c o n t i n u o ~ ~ ~  operation 
with n o z z l e  plates .  Fuxtbermore, the  efficiency 
c a n  be increased  by increased pulse  frequency, 
with accompanying lower f low capaci ty .  'Fhe 
flow capac i ty  was virtually indepeiitlent af flow 
ratio. T h e  total flow capac i ty  of fhe sieve piate 
column at a flow rat io  of S0:I increased  from 520 
t.0 3110 gal hr - '  f t - '  as the pulse  frequency w a s  
d e c r e a s e d  f rom 90 to 35 epm; the fiow capac i ty  
of t h e  nozzle p la te  coluruln w a s  s ignif icant ly  less - 
ranging from 186 to 81.6 gal hr-" f t - 2  a s  j d s e  
frequency was d e c r e a s e d  from TO to 35 epm, 

A comparison of ihe two columns s h o w s  a n  
important advantage of operation with the  iiiajor 
p h a s e  (aqueous) con1 inuous b e c a u s e  the holdup 
and consequent ly  the res idence  time of t h e  organic 
phase  i n  t h e  column is signif icant ly  less (0.1 to 
0.5 hr per theoret ical  s t a g e  for aqueous continuous, 
1.8 to 3.0 hr  for organic  continuous) at high aque- 
ous-to-organic flow ratios. This is important in 
determining the  t ime required for the system to reach 
s teady  s t a t e  and in  s y s t e m s  where so lvent  degraada- 
tjon d u e  to radiation or chemical react ion occurs .  

Measurement of drop s i z e  i n  t h e  coliamns showed 
that  t h e  change  of drop size and rxmcomitant 
interfacial  a r e a  with p u l s e  frequency accounted for 
t h e  dependency of stage height o i ~  frequency. At 
t h e  s a m e  pulse  condi t ions,  t h e  interfacial  area 
was  greater with organiccontiiiuoiis operation, but 
this w a s  offset  by ex tens ive  backmixing of the 
cont.inuous phase so that  t h e  overal l  s t a g e  height  
w a s  not signif icant ly  lower than that  with aqueous- 
cont inuous operation. 
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Hydraulic Study of a Pufsed Nozzle-Plate CQIUKII? 

For t h e  des ign  of large pulsed columns it is 
important t o  know the  maximum and rnininiurn 
hydraulic pressures a t  t h e  b a s e  of t h e  column so 
that  cavi ta t ion can b e  prevented in  the  pulser and 
so  that  the  external  a c c e s s o r i e s  and piping can  
be  sized. Data  for 23%-free-area nozzle p l a t e s  
having 0.125-in.4iarn holes  with a 0.04-in. nozzle  
projecting down w a s  obtained by us ing  a s inusoida l  

pulse .  T h e  orifice coeff ic ients ,  ca lcu la ted  a t  the  
maximum and minimum pressures  developed at 
pulse  f requencies  of 30 to 80 cpm, increased  
s l ight ly  with increased pulse  frequency and were 
s l igh t ly  higher for downflow (0.75) than for upflow 
(0.70). T h e  small  d i f f e r e n w  in coeff ic ients ,  
which was confirmed by measuring the  pressure 
drop with water  flow through the  column with no 
pulse ,  i s  not a s ignif icant  deviat ion from that  for 
conventional s i e v e  plates .  

Tabls 8.6.  Effect of Fluw Rutio on Flow Capacity and Eff ic iency o f  Pulsed Columns 

for Extraction of Uranium wi th  30% TBP-Amsco Mixture 

F l o w  Ratio 

A/O 

Pul se  Frequency 

(C PITI) 

F lo odin 
Total  F l o w  

(gal hr- '  f t-?) 

1 With  Sieve Plate (h-in. Hoies, 23% Free Area), Aqueous Phose Continuous 

100 35 

50 

70 1250 

90 

50 35 

50 

70 

90 

3110 

2370 

1220 

520 

5 70 1070 

1 With Nozzle Plate ( 4 - i n .  Holes, 10%Free Area), Organic Phase Continuous 

100 35 

50 

5 

35 

50 

70 

35 

50 

816 

369 

185 

865 

367 

20.0 

18.5 

13.3 

3.9 

13.5 

4.3 

4.3 

6.3 

7.5 

3.5 

aAt 80% of flooding. 



T h e  object ive of t h e  f i ss ion  product recovery 
program is to develop p r o c e s s e s  for recovering and 
purifying megacurie quant i t ies  of f i ss ion  products 
from reactor-fuel process ing  was tes .  The  program 
inc ludes  b a s i c  chemical  research ,  developmen1 o f  
recovery methods, and development of engineer ing 
procedures to  carry out t h e s e  operat ions.  La tge  
quant i t ies  of cer ta in  f i ss ion  product e lements  a re  
now be ing  requested f a  industr ia l ,  space:, and 
other  appl icat ions,  and there  is evidence  that  the  
demand will increase ,  Only relat ively s m a l l  
amounts of t h e s e  e lements  have been  recovered in 
tlre pas t ,  principally by batch precipili3tion 
methrsds. From recent  s t u d i e s  i t  is apparent that 
newer, versa t i le  technologies  ( such  as so lvent  
extract ion and ion exchange)  offer potent ia l ly  
bet ter  methods; for large-scale  appl ica t ions  owing 
t o  the greater  s implici ty  o f  operation and equipment. 

'Thus far, a solvent  extract ion process  us ing  
$i(2-ethylher.yl)-pliosphol.ie: acid (D2EHPA) has 
been  successfu l ly  developed for recovering Sr ", 
for which these is a large demand.. T h e  rare  
e a r t h s  may b e  recovered also. A modifjczil.ion of 
this process  h a s  heen operated in plant s c a l e  a t  
t h e  Wanford Atomic Products  Operation, New 
p r o c e s s e s  h a v e  also ker i  developed on a laho- 
ratory s c a l e  for recovering cesium, zirconium- 
niobium, yttrium, and possibly ruthenium, u:;ing 
ex t rac tan ts  s u c h  as  amines,  phenols ,  atid alkyl- 
phosphoric acids. T h e s e  ex t rac tan ts ,  a lone  or in 
combination, a r e  being considered for USE at 
Han ford 

Combined with previous s t u d i e s  on rare-earth 
separa t ion  and on technetium, neptunium, and 
plutuniunn recovery, the  recent  studies afford a n  
integrated so lvent  extractitin f lowsheet  for the 
recovery of a l l  important f i s s ion  products and 
other components from w a s t e  liquors. Current  
s t u d i e s  a r e  aimed a t  consol idat ing,  optimizing, 
and completing t h e s e  developments  and a t  devis ing  
new p r o c e s s e s  that  will provide even more 
advariti3ges in operations and cost, 

Continued study h a s  confirmed the utility of the  
Phenex  p r o c e s s  for recovering ces ium from 
a lka l ine  so lu t ions  by ex1 [act ing with subs t i tu ted  
phenols  and s t r ipping with d i lu te  acid. T h i s  

p r o c e s s  has  been  demonstrated successfu l ly  i n  
ba tch  or ba tch  countercurrent tests with (1) simu- 
la ted  Hartford Purex w a s t e s  af ter  ad jus t ing  with 
ta r t ra te  and caus t ic ,  (2) Hanford tank-farm 
supernatant  so lu t ions ,  and ( 3 )  c a u s t i c  d i g e s t s  of 
ammonium molybdophosphate that had been used  
as a cesium adsorbent ,  Since the phenols  a re  
highly s e l e c t i v e  for cesium, exce l len t  decontami- 
nation is obtained from other fission products, 
bulk contaminants  of t h e  solut ions,  and other 
a lka l i  metals .  

Continued screening  of a la rge  number of 
phenols  of varying s t ructure  revealed severa l  with 
extract ion charac te r i s t ics  superior  t o  t h o s e  of 
p t l o d t x  y lphenol, o-pkeny I p h e n o l ~  and 4-ch loro-2- 
phenylphetiol descr ibed previously. B e s t  per- 
formance w a s  given by 4-chloro-2-benzylpbenol 
(commercially ava i lab le  as Santophen-1) and 
4-sec-~)utyl-2(n-methylbenzyl)phenol(BAMBI-'j. T h e  
la t ter  extractant  i s  e s p e c i a l l y  a t t ract ive owing t o  
its low react ivi ty  with sodium hydroxide, low loss 
to the aqueous phase,  artd compatibility with a 
wide se lec t ion  of diIgents. 

The  c e s i u m  extract ion coeff ic ient  a s  a funct ion 
of pH is shown i n  Fig. 9-1 For ex t rac t ions  from 
simulated adjusted Purex 1W1V was te  with 1 M 
so lu t ions  of severa l  phenols  i n  diisopropyl- 
benzene,  With BAMBP, the coeff ic ient  is -"2 a t  
equilibrium pH 12, increas ing  t o  6 a t  pH 12.5 and 
22 a t  pH 13. With o-phenylpheno!, 4-chlo~o-2- 
phenylphenol, and San t ophen-1, t h e  coef f ic ien ts  
increase  up t o  pH 1 2  to 12,3 and then decrease.  
The d e c r e a s e  a t  higher pW l e v e l s  i s  due  to loss 
of phenol, as the sodium phenate  s a l t ,  from t h e  
so lvent  phase.  At pW values  of ,::12, where the  
e f fec t  of extractant  ~ O S S  !In Lhe coeff ic ient  i s  
re lat ively small ,  t h e  extract ion power d e c r e a s e s  
i n  t h e  order Santophen-1, 4-chIoro-2-~~henylphenol, 
BAMRP, and o-phenylphenol. 

T h e  measured loss of BAbIUP to ad jus ted  
s imulated 1WW solut ion increased  with increase  in 
pH but w a s  s t i l l  less than O..i g/liter to t h e  
aqueous  phase  a t  pFI 13 (Fig. 9.2). T h e  loss of 
Santophen-1 w a s  (1.5 g/ l i ter  up to p U  115, hut 
increased rapidly beyond tha t  point, reaching 
-15 g/liter a t  a p1-I of "13. A s  described 

'Cfiam. Technol. Div.  Ann. Progr. R e p t .  June 30, 
1962,  QRNE-3314, p 120. 
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Fig.  9.1. Extraction of Cesium from Adiusted P u r r x  

1 W W  with Phenolsa  Organic phase: 1 M substituted 

phenol in  diisopropylbenzene. Aqueous phase: simu- 

la ted I W I Y ,  tarfrdte-cornplexed and diluted threefold 

with caust ic to various pkl levels .  Contact: 5 min at 

phose rat io  of 1/1. 

previously, high l o s s e s  of phenol ex t rac tan t  c a n  
b e  avoided in a countercurrent extract ion sys tem 
by adding acid to  the final extract ion s t a g e ,  con- 
verting t h e  aqueous so luble  sodium phenate  to free 
phenol which redis t r ibutes  t o  the solvent  phase ,  
‘This procedure is not necessary  when us ing  
BAMBP b e c a u s e  of i t s  low l o s s  and i s  probably 
not necessary  with Santophen-1 when the  PI-I of the  
aqueous  phase  is maintained a t  11.5 or lower. 

T h e  type of di luent  used  with t h e  phenols  
strongly a f fec ts  their extraction behavior. Also,  
t h e  extent  and direct ion of t h e s e  e f fec ts  c a n  vary 
with the  type of phenol. With BAMRP, cesium 
extract ion coef f ic ien ts  are 5 t o  10 t imes  higher 
with an al iphat ic  di luent  (Amsco 125-82) than with 
aromatic d i luents  or carbon te t rachlor ide (Table  
9.1). Conversely, Santophen-1 performs b e s t  in 
aromatic d i luents  and carbon tetrachloride. 

Although t h e  phenols  are highly s e l e c t i v e  ex- 
t rac tan ts  for cesium, it is des i rab le  to scrub  the  

EAMBP and Santophen-1, much more d i lu te  hydrox- 
ide (0.01 M NaOH or 0.1 M NII,OH) so lu t ions  c a n  
be used for scrubbing than were used  previously’ 
with e-phenylphenol, 

In several. batch countercurrent t e s t s  with 
BAMBP and Santophen-1 in diisopropylbenzene, 
t h e  recovery of ces ium f r o m  adjusted s imulated 
Purex 1 W W  and siiiiulated Hanfnrd tank super- 
na tan ts  ranged from 97 to >99.7% in 6 extract ion 
and 2 scrub  s t a g e s .  Typical  cesium dis t r ibut ion 
resu l t s  for a t e s t  with 1 M Santophen-1 and 
taitrate-complexed Purex 1 W W  (pH 12.3) are shown 
in Table  9.2. Cesium recovery w a s  >99.7%. T h e  
aqueous-feed/organic ratio w a s  2/1, and the  
extract  vias scrubbed with one-third i t s  volume 
with a 0.01 iM NaOH-0.002 M sodium tar t ra te  
mixture. Acid w a s  added t o  the  l a s t  extract ion 
s t a g e  to minimize phenol loss t o  the aqueous 
phase.  I’he scrubbed ex t rac t  w a s  s t r ipped 
quantitatively (S: = 1.5 x lo5)  in a s ingle  contac t  
with 0.05 vol of 0.1 M HNO, t o  give a product 
solut ion containing 4.9 g of cesium and 0.035 g 
of sodium per liter. T h e  overal l  cesiuin/sodiurn 
decontamination factor for the  experiment w a s  
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T a b l e  9.1. Effect of Di luent  Type on Cesium Extraction with Phenols 

Organic: 
Aqueous: 

Contact: 

1 M EA&lRI-' or I M Santophen-1 i n  indicated diluent 
simulated Purex lWW,a tartrate-complexed (2 moles/molt- of Fej, 

2 min a t  a phase  ratio of 1/1 
diluted threefold with caus t ic  to  pH 12.2 

Diluent 

BAMBP Santopben-1 
Î....__..........~-.--..- II_-.....____ I__ 

Fina l  Cesium Extraction F ina l  Cesium Extraction 
Coefficient, E* PH Coefficient, E" PH 

TX isopropylbenzene 12.2 1.6 11.9 7.5 

Diethylbenzene 

Xylene 

Toluene 

Nj trobenzene 

Amscv 125-82 

98% Arnsco 125-82-2% tridecanol 

95% L h s c c l  125-82-%" tridecanol 

80% Amsco 125-82-20% tridecanol 

Carbon tetrachloride 

Hexone 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

1.5 

0.8 

0.7 

0.5 

7.9 

6.3 

4.9 

1.9 

12.0 

11.8 

5.1 

8. I 

h 

b 

b 

1.6 3" 3 

1.9 18 

12.2 0.003 11.8 0.03 

+ 
anit? simulated Purex was te  contained (m<Jles/llter); 4.0 I1 , 4.45 total  NO3, 1.0 SO,, 0.6 Na, 0.5 Fe, 0.1 AI, 

bSantophen-l is not sufficiently soluble to produce a 1 iM concentration in these  diluents. 

0.005 U, 0.01 NI, 0.01 Cr, 0.01 PO,, 0.0028 Cs. 0.0066 Zt, 0.0019 Sr, 0,0034 Ce(II1). 0.0058 Sm, and 0.0029 Ru. 

-6 x IO4. In a s imilar  t e s t ,  t h e  overal l  
ctsium/rubidium decontaminat ion factor w a s  200. 

A process for recovering ces ium from acid 
wast ex by adsorpt ion on ammonium molybdophos- 
phate  (AMP), dissolut ion of t h e  AMP in c a u s t i c ,  
and purificdtion of t h e  cesium by extract ion with 
dipicrylamine in  ni t robenimic has been descr ibed  
by British v r o r k ~ r s . ' * ~  However, opetat ion of the  
so lvent  extract ion c y c l e  is complicated by the  

'J. van R. Smit, ~ t l e  AMP P r o c e s s  for Csr:aiiim 

3J.  van K. Smit and F. C. W. Pummery, ' Z h  AkTP 
Process E m  C a e s i u m  Scpara ti 011. 111, AERE-R.-4039 
(February 1962). 

Separat ion.  I I ,  AERE-R-4006 (April 1962). 

small. solubi l i ty  of dipicrylamine i n  ni t robenzene 
and other  di luents .  Preliminary t e s t s  here  ind ica te  
that  t h e  Phenex  process  i s  an at t ract ive a l te rna te  
for recovering c e s i u m  f rom the c a u s t i c  liquor. In 
a batch demonstration t e s t ,  ces ium w a s  adsorbed 
from simulated Purex  IWW (4 M H+) on AMP, and 
t h e  AMP w a s  d isso lved  in  c a u s t i c  to give a 
solut ion containing -7  g of cesium per liter, 
More than 99.8% of the c e s i u m  w a s  extracted from 
th is  solution with 1 11.1 BAMRP i r i  diisopropyl- 
benzene.  Scrubbing with 0.05 M NaOH and 
s t r ipp ing  with 0.3 M I-INO, gave a product solut ion 
containing 28 g of cesium, 0.02 g of  sodium, 0.06 
g of a m m o n i u m , i 0 . 0 1  g of molybdenum, and <:0.003 
g of PO,"-- per liter. 
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Table 9,2. Batch Countercurrent Best  with 
Snntophs n-1 

Organic: 
benzene 

Aqueous feed: simulated Piirex lWW,  tartrate-com- 
plexed (2 moles/mole of Fe). di- 
luted threefold with caus t ic  to  pH 
12.3; contained 0.12 g of C s  per 
l i ter  and C S ' ~ ~  tracer 

Scrub solution: 0.01 M NaOIi-O.002M sodium tar- 
trate 

Acid (to 6th extraction stage):  3 M 1?Na3 
Contact: batch countercurrent; 2-min contacts 
Relative flows: organic/aqueous feed/scrub/acid .A 

1 M Santophen-1 in  diisopropyl- 

3/6/1/0.18 
~ llll_____.___.........._.....l.. ~ 

Ceyiiim Extraction 
Coefficient, E: Stage pi3 

S c r u b 2  

Scrub-1 

3.7 

4.2 

Aqueous feed 12.3 

Extraction-1 11.7 9.7 

Extraction-2 11.7 9.8 

Ex traction-3 11.7 9.2 

Extractioq-4 11.7 6.2 

Extrac tion-5 11.1 -22.7 

Ext rac t ion4  8.7 
.._. . . . . . . . . . . . . . . . . 

8.2 STRONTIUM AND WARE EARTH§ 

Further  s t u d i e s  of the  d i ( 2 - e  t h y 1 hex y 1 >p h os p h o r i c  
acid (D2EHPA) extract ion p r o c e s s 4 o 5  for re= 
covering strontium and mixed rare ear ths  from 
Purex  was te  included (1) invest igat ion of rare- 
ear th  separa t ions  from yttrium, (2) cornparison of 
tar t ra te  and c i t ra te  a s  complexants for the first- 
c y c l e  aqueous feed, and (3) further t e s t s  of first- 
c y c l e  extract ion select ivi ty .  

In t h e  bot-cell demonstration run5  with Purex 
1 W W  w a s t e  from IIanford, an apparent separat ion 
of rare ear ths  from yttrium w a s  obtained in  the 
s t r ipping cyc le ,  but the resu l t s  were not  con- 

4 -1 Lhern. Technol. Div. Ann. Progr. Rept. Aug. 31, 
1960, ORNL-299.3, p 144. 

5Chern. Technol. Div. Ann. Progr. Rept. June 30, 
1962, ORNL-3311, p 116. 

c lusive.  To bet ter  def ine t h e  separabi l i ty ,  batch 
countercurrent runs were made with 0.3 M 
D2E€UJA-- 0.15 hf TBP---Amsco 125-82 that  had 
been loaded with rare ear ths  and yttrium (traced 
with Eli' 5 2  and Y ' l ) .  In t e s t s  s imulat ing the f i rs t  
cyc le ,  98.5% of the  europium but only -5% of the 
yttrium were s t r ipped with 1.2 M HNO, in 5 s t a g e s  
a t  a n  organic/aqueous flow ratio of 5/1 .  Since 
most of the  f iss ion product rare ear ths  are s t r ipped 
more eas i ly  than e u r o p i ~ m ,  stripping recoveries  of 
t h e  total  rare ear ths  would b e  higher in  actual  
pract ice ,  Nearly t h e  same resu l t s  were obtained 
in t e s t s  s imulat ing the  second cycle .  The  resu l t s  
indicated that  yttrium contamination of the  mixed 
rare-earths product could be limited to  < 2 %  of the  
amount in the original w a s t e  solution. Fol lowing 
s t r ipping of rare ear ths ,  yttrium c a n  he  recovered 
from the solvent  with 3 t o  4 ill HNO,. 

A comparison of tar t ra te  and c i t ra te  as coril- 

plexing agents  for Purex 1WW feed showed that  
t h e  s tabi l i ty  of the adjusted feed l iquots  and 
extraction r e s u l t s  for strontium and ceriuiii arc 
greatly dependent on feed adjustment proceduies. 
T h i s  is particularly true of the  c i t ra te  sys tem 
wherein some of  the metal c i t ra te  complexes are 
formed slowly. ' B e c a u s e  of t h e s e  complicat ions,  
i t  is difficult to  obtain reproducible extract ion 
resu l t s  i n  these  s y s t e m s ,  and rigorous comparison 
of the  cornplexing agents  w a s  not poss ib le ,  
However, under all condi t ions tes ted ,  extract ions 
of strontium and cerium were appreciably higher 
from tartrate-coiiiplexed than f r o m  ci t ra te-conplexed 
feeds.  

With 0.8 to  1.0 M c i t ra te  (based on the original 
1W"W volurne) in  the  feed, considerable  precipitation 
occurred when p!I adjustment mas  made inmediately 
following ci t ra te  addition. However, the  amount of 
precipi ta te  was small  when the  solut ion w a s  aged 
1 to 3 hr before pII adjustment ,  and the precipi ta te  
redissolved on standing. With tar t ra te ,  aging the  
solut ion before pII adjustment had no s ignif icant  
effect, arid 0.9 M tar t ra te  concentrat ion w a s  
adequate  t o  give s t a b l e  feeds .  In a l l  t h e s e  t e s t s  
t h e  complexing agent  w a s  d isso lved  i n  the 
s imulated 1WW solut ion,  and pI1 adjustment to  
5 to  6 was  made with 5 M or 1 9  M NaOH while 
di lut ing to 3 times t h e  original 1 W W  volume. 

'R. E. B x n s ,  Recent  Solveilt Extraction Studies a t  
Hanfoid Laboratories, paper No. 23 presented a t  the 
Snlvcnt Extraction Chemistry Symposium, Gatlinburg, 
Tenn., Oct. 23-26, 1962. 
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T h e  coef f ic ien ts  for t h e  extract ion of strontium 
from citrate-complexed feed with 0.2 M D2EHPA- 
0.1 M NaDEHP-0.15 M TBP-Amsco 125-82 
reached a maximum value of 8 at a pH of "-4 and 
then decreased  (Fig.  9.3). From tartrate-complexed 
feed, the  maximum coeff ic ient  w a s  '"15 and 
occurred at a pH of ",5. Maximum cerium coef- 
f i c i e n t s  were 160 a t  a pH of - 3  from ci t ra te-  
complexed feed, and Y250  at a pH of 3 to 5 from 
tartrate-complexed feed. In all t h e s e  t e s t s ,  the  
p h a s e s  were mixed for 10 miri and ex t rac t ions  were 
begun within 15 min af ter  t h e  pI-1 adjustment. 

UNCLASSIFIED 
GRNL.-D'NG 63-2908 
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F i g .  9,3.  E x t r a c t i o n  of S t r o n t i u m  and C e r i u m  from 

A d l u s t e d  P u r e x  1 W W  Solution. Aqueous phase: c i t ra te  

or t a r t r a t e  d i s s o l v e d  in s i m u l a t e d  1 W W  s o l u t i o n  t o  1 M 
c o n c e n t r a t i o n ,  solut ions a g e d  1 hr, pW adjusted to 5 
with  caust ic w h i l e  d i l u t i n g  t h r e e f o l d .  O r g a n i c  phose: 

0.3 M DZEHPA ( p o r t i o n  in  sodium sal t  form v a r i e d  from 

0 to 100%)-0.15 M IBP-A insco  125-82. P h a s e  r a t io :  

1/1. Contact  t i m e :  10 min. 

As expec ted  from ear l ier  d a t a , s w 6  t h e  r a t e s  of 
cerium extract.ion a t  room temperature were low. 
For contac t  t imes  of 1,5, and 30 min, respect ively,  
cerium extract ion coef f ic ien ts  were 25, 78, and 
220 from tartrate-complexed feed,  compared with 6, 
14, and 30 from citrate-complexed feed. 

Batch  extract ion se lec t iv i ty  d a t a  were obtained 
under first-cycle extract ion condi t ions (extraction 
at B pH of "5 from tartrate-complexed I W W >  for 
uranium, aluminum, nickel  , and chromium. Nearly 
a l l  of t h e  uranium in t h e  feed and s ignif icant  
amounts of aluminurn and nickel  wete  extracted,  
whereas  chromium extract ion w a s  inappreciable  
(E ' ' ,  c0.04). Highly e f fec t ive  separa t ions  from 
uranium and aluminum a r e  obtained in the  s t r ipp ing  
s t e p  s i n c e  t h e s e  e lements  are not  removed with 
the strontium and t h e  rare  ear ths .  Nickel  tends  to 
follow strontium through the  p r o c e s s  but c:an b e  
el iminated by introducing 1 mole of ethylenedia-  
minetetraacet ic  acid per mole of n icke l  in  the 
third-cycle feed. T h i s  nearly e l imina tes  nickel  
extract ion without affect ing strontium extraction. 

9.3. OTHER STRONTlUM EXTRACTIONS 

T h i s  s e c t i o n  is reported i n  OKNL-3452, s u p p l  
1. 

9.4 2 I RCObll UM-N IOB I UM 

T h e  previously reported ' s low extract ion of  
zirconium-niobium with d i~2-e thylhexyl )phosp~io~ic  
ac id  (L32EHPA) from x i d  w a s t e s  c a n  be overcome 
by ra i s ing  the extract ion temperature. For ex- 
ample, with 0.3 M D2EHPA-0.15 /%! 'I'BP in A m s c o  
125-82, about  90% of the Zr-Nb w a s  extracted 
upon contac t ing  a n  e q u a l  volume of s imulated 
Purex ~ W W  (4 iw I I + )  for 30 miti a t  room tempera- 
ture, whereas  t h e  s a m e  recovery W.AS achieved in  
10 niin a t  53OC and in 1 min a t  83°C. Stripping of 
the Zr-Nb with 1 M oxal ic  a c i d  is also temperature 
and time dependent. At 25°C and a n  organic/s t r ip  
solut ion rat io  of 5/1, Zr-Nb str ipping coef f ic ien ts  
weie  0.77, 5.7, and 23, respect ively,  for contac t  
t imes of 2, 10, and 30 min. At 50"C, the coef- 
ticients were 3.7, 14, and 41 for the  s a m e  conthc t  
t i m e s .  

7e'hern. Technol, Div.  Ann. Progr. Rept. June 30, 
19G2, ORNL-3314, p 123, 
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9.5 EXTRACTIONS FROM PUREX-WASTE 
TRATE WO TH AMINES 

Additional t e s t  resu l t s  have confirmed those 
from eyrlier t e s t s 7  that  showed that  nitric ac id ,  
iron su l fa te ,  and cer ta in  f iss ion products c a n  b e  
removed from Purex w a s t e  by amine extract ion t o  
produce aqueous feeds  inore amenable t o  the 
recovery of strontium and cesium. In a s ingle  
contact ,  -90% of the  acid was extracted from 
simulated Purex  1 W W  w a s t e  (4 !!! 11') with 0.24 M 
Primene J M  in  Amsco 125-82 a t  a n  organic/aqueous 
phase  ratio of 15/1. This treatmerit a l s o  removed 
72% of the ruthraium and 40% of t h e  Zr-Nh, but 
1 3 %  of the  Fe, Sr, and C s ,  from the was te .  Except  
for the rutheniuiii and Zr-Nb content ,  the  resul t ing 
aqueous solut ion is similar in composition to  that  
produced in  the process  proposed for u s e  a t  

I-Ianfoid wherein the  Purex 1 W W  w a s t e  i s  t reated 
with formaldehyde t o  destroy nitrate. 

By using simulated formaldehyde-treated w a s t e  
(0.2 M H', 0.5 M Fe) ,  the extract ion of iron and 
acid was demonstrated in  a batch countercii.rrent 
t e s t  with 0.24 M Primene J M  (80% in su l fa te  s a l t  
form) in  AAmsco 125-82, About 94% of the iron w a s  
extracted in  2 extract ion s t a g e s  and 1 water sc rub  
s t a g e ,  whereas  only -5% of the  cerium w a s  ex-  
tracted. T h e  aqueous feed/organic/scrub flow 
rat ios  for the  t e s t  were ?/9/0.5. Although Zr-Nb 
and ruthenium extract ions were not followed, nearly 
complete removal of t h e s e  elements  with the  iron 
would b e  More than 98% of the cerium 
was extracted late: by contact ing the  raffiriate 
(p!I of -1) with 6 s u c c e s s i v e  volumes of 0.24 M 
Primene J M  i n  Amsco 125-82 at an aqueous/organic 
ra t io  of 1011. 

16. u r a n i u m  PrOCessing 

10.1 RADIUM REMOVAL FROM URANIUM- 
MILL WASTE STREAMS 

Effluents from u r a n i u m  m i l l s  normally contain 
cer ta in  radioisotopes (e.g., R a 2 2 6 ,  T h 2 3 0  , etc . )  
a t  concentrat ions too high to legal ly  permit their 
d i r e i t  discharge to t h e  enviroqment. With t h e  
except ion of radium, a l l  the  i so topes  c a n  he ie- 
moved adequately by lime neutralization of the 
acid waste. Preliminary s t u d i e s ,  descr ibed p te -  
viously, ' indicated that  radium could be removed 
effect ively from the  neutral ized wastes by sorpt ion 
on natural and synthet ic  zeol i tes .  Recent  column 
t e s t s  confirmed the  utility of t h e s e  sorbents  and 
also showed that they can  b e  regenerated with 
ammoniurr~ s a l t  solut ions,  thereby effect ing re- 
covery of the radium and allowing for i t s  per- 
manent s torage  in a smal l  volume. 

T h e  aqueous feed for t h e s e  t e s t s  w a s  synthe t ic  
lime-neutralized mill w a s t e  containing,  in g/ l i ter ,  

'Chem. Technol. Div .  Ann. Progr.  RepC. June 30, 
1962, ORNL-3314, p 165. 

0.5 Ca", 0.08 Mg2+, 1.0 Na', 1.0 Cl-, and 2.5 
SO,'-, a long with [ < a z z 6  tracer. T h e  R a 2 2 6  
concentration i n  the  feed vias 2200 to  2500 
pc/ l i ter  (pc = picocurie = 10" curie), wtiich is 
-20 t imes t h e  concentration normally expected 
in  lime-neutralized w a s t e  solution. With Deca lso  
(synthet ic  zeol i te )  the  effluent act ivi ty  was only 
5% that  of the  feed solut ion af ter  the  p a s s a g e  of 
6000 coliliiiri volumes (Fig. 10.1). With clinoptil- 
ol i te ,  t h e  5% breakthrough point w a s  reached 
af ter  t h e  p a s s a g e  of 2000 column volume:;, Elution 
with NH NO, solnt ion regenerated both s o l i d s  t o  
their original capac i ty  for subsequent  cyc les .  
Sorption during the ini t ia l  portion of t h e  subse-  
quent c y c l e s  w a s  somewhat less eff ic ient  (F ig .  
lO. l ) ,  and t h i s  is attributed t o  incomplete e lut ion 
between cycles .  

T h e  elut ion of radium from cl inopt i lol i te  was 
much m o r e  eff ic ient  with ariiinonium ni t ra te  or 
chloride so lu t ions  than with hydtochloi ic  ac id  or 
sodium ni t ra te  solution (Fig. i0.2). Elution 
curves  for the  ammonium s a l t  so lu t ions  (-2 M )  
peaked after the  p a s s a g e  of about four column 



19 5 

Fig. 10,l. Adsorp t ion  of Radium on C l i n o p t i l o l i t e  and Decalso.  Aqueous feed: syr i thst ic l ime-neutral ized m i l l  

l i quor  containing, in g/liter, 0.5 Ca2+, 0.08 Mg2+, 1.0 Na', T.0 Cl-, and 2.5 Sod2-; spiked wi th  2200 to  2500 p c  of  
Ro226 per l i te r .  Column: 16-crn bed o f  20 to 50 mesh c l i n o p t i l o l i t e  O F  Deca lso  i n  an  0.8-cm-diam column; a n e  b e d  
volume = 8.0 mi. Solut ion f l o w  rate: 3 ml/min (90 gal hr-'  f t -2 ) .  

UNCLASSIFIED 
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Fig.  10.2. E l u t i o n  of Radium from Cl inopt i lo l i te .  5 
<- 

E lu t ing  so lu t ion  passed through column (0.8-cm-diam by 
16-cm-deep bed o f  20 t o  50 rnesll c l i n o p t i l o l i t e )  at  rate 

o f  1 to 2 ml/rnin; column contained 20,000 to 40,000 pc 

of  Ra226 a t  s ta r t  o f  tests. 
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volumes of e lua te  and then ta i led  off. Elut ion 
w a s  >90% complete  af ter  the  p a s s a g e  of -20 
coluinn volumes. 

More than 97% of t h e  radium w a s  removed from 
a 2 M NM4N0,  synthe t ic  e l u a t e  containing 900,000 
pc/ l i ter  of I?aZz6 by adding ( N H 4 ) z S 0  to  0.02 
M and then precipi ta t ing the  sulfate‘ with a 
stoichioinetric amount of Ba(N0,) z. T h e  precipi- 
t a t e  w a s  granular and se t t led  t o  <5% of the  solu- 
tion volume. T h i s  procedure affords recycle  of 
most of t h e  e lu t ing  agent  with considerable  
sav ing  i n  reagent  cos ts .  It h a s  the addi t ional  
advantage of concentrat ing t h e  radium i n  a small  
volume that i s  e a s y  t o  s tore .  

Radium Adsorption f r o m  Acid Liquors 

Decalso ,  zirconium phosphate ,  and arninonium 
molybdophosphate w e ~ e  completely ineffect ive a s  
radium sorbents  from a typica l  acid (pH 1) m i l l  
liquor. Cl inopt i lol i te  w a s  partially effect ive;  
in a column t e s t ,  radium breakthrough was -20% 
after only 100 column volumes and -100% after 
1000 column volumes. 

10.2 AMINE EXTRACTION OF URANIUM 
F RQM su h FAT E-CH LOR f DE !“I QUORS 

R e s u l t s  from batch t e s t s  demonstrated that  the 
N-benzyl secondary amines,  which are unusually 
s t rong uranium ext rac tan ts , ,  c a n  be  applied t o  
recovery of uranium in plants  that  u s e  the sa l t -  
roast acid- leach process  for vanadium recovery. 
Heretofore, the  u s e  of the  amine extract ion (Amex) 
process  i n  t h e s e  plants  w a s  not feas ib le ,  owing 
t o  s e v e r e  interference from chlor ide i n  the  liquors 
on t h e  extract ion of uranium by the  secon.dary 
and tertiary amines  that  a r e  ordinarily used for 
uranium recovery. In a batch  countercurrent t e s t  
with 0.1 M N-benzyl-1-nonyldecylamine in kerosene 
and a typical  synthe t ic  leach  liquor containing 
1.5 g of uranium per l i ter  and 0.3 M C1-, uranium 
recovery i n  five stagrc, w a s  >99.7%. T h e  or- 
ganic/aqueous flow rat io  for t h e  t e s t  w a s  1.7/1, 
and t h e  uranium w a s  s t r ipped eff ic ient ly  from the 
solvent  with ammonium carbonate  solution. 

’M, H. Feldman, Summary Report 1959-1961, WIN- 
125 (Sept. 30, 1961). 

,i3. J. Crnuse  and K .  8. Brown, Amine  Extraction 
Processes  for IJranium Recovery froLn Sulfate  Liquors, 
ORNL-1959 (Nov. 18, 1955). 

1 1 .  Thorium Recsv 

Although t h e  reserves  of high-grade thorium and 
uranium o r e s  a re  appreciable ,  they a re  extremely 
limited in terms of t h e  long-range needs .  In order 
to sa t i s fy  ant ic ipated power requirements, t h e  
world will eventual ly  depend ent i re ly  on low-grade 
o r e s  for i t s  nuclear  fuel  supply.  As a11 important 
factor i n  program planning, i t  is prudent to  con- 
s ider  the  amount and t h e  cost of thorium and 
uranium that  the  ear th  c a n  supply  in  support  of a 
s i iccessful  nuclear  power economy. In the  p a s t ,  
s t u d i e s  have  been conducted a t  ORNL on severa l  
low-grade uranium s o u r c e s  s u c h  a s  s h a l e s ,  phos- 
pha te  rock, and l igni tes .  In t h e  l a s t  th ree  years ,  
a t tent ion h a s  been directed to granitic rocks,  
which comprise a la rge  fraction of the  ear th’s  c rus t  

and which contain considerably more thorium than 
uranium, After test.s of a l a rge  variety of s u c h  
granitic rocks from different locat ions,  ’-’ current 
in te res t  h a s  centered pr incipal ly  on the Conway 
granite formations in  N e w  Hampshire; t h e s e  forma- 
t ions a r e  espec ia l ly  a t t ract ive,  due  to their  rela- 
tively high thorium content  and good response  to  
p r o c e s s  treatment. 

‘Chem. Technol. Div. Ann.  Progr. Rept .  May 31, 1961, 

2Chem. Technnl .  D i v .  Anri. Pro.@. Rcpt .  J u n e  30, 

3H. Brown and L .  T. Silver, Proc. lntern. Conf .  

ORNL-3153, p 102. 

1962, ORNL-3314, p 182. 

Peacefu l  U s e s  A t .  Energy, Geneva, 1955 8 ,  129 (1956). 
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11.1 DRILL-CORE SAMPLES OF CONWAY 
~ ~ A N ~ T ~  

Infonnation on grade, extent ,  p r o c e s s  amena- 
bi l i ty ,  and  process ing  c o s t s  of t h e  Conway grani te  
w a s  presented  previously. T h e s e  data ,  however, 
were  obtained from s t u d i e s  of outcrop samples; 
and predict ions could not  be made, with con- 
f idence,  cancerning t h e  grade and propert ies  of 
the deep ,  less-weathered material. Consequent ly ,  
three drill cores were  taken4 during the summer 
of 1962 to depths  of 500 to 600 f t  at widely s p a c e d  
loca t ions  in  t h e  central  White Mountain baiholith’ 
(Fig. 11. 1). A n a l y s e s  by gamma-ray spectrometry 
showed uniform thorium concentrat ion with depth 
(Table  11.1). The average  thorium concentrat ion 
i n  e a c h  of the three c o r e s  w a s  52, 5.3, and 67 ppm, 
i n  good agreement with the 56 i 6 ppm thorium 
average  for t h e  ent i re  formation, as ca lcu la ted  

from previous a n a l y s e s  of s e v e r a l  hundred sur face  
samples .  The average  ul;aniurn content  h a s  not 
been accurately determined but is expec ted  to be 
about  a fourth or a fifth of t h e  thorium content .  

From the  dr i l l  c o r e s  arid other  da ta ,  t h e  thorium 
reserve  i n  the outer 600 ft of the main Conway 
formations h a s  been es t imated  at a minimum of 
21 million tons.4 I t  i s  probable  that  s e v e r a l  t imes 
th i s  amount could b e  made ava i lab le  by going to 
greater  depths  and by including smaller ,  out lying 
Conway granite bodies  and related rocks  in the  
W h i t e  Mountain a rea .  

‘€337 Rice  University, under subcontract to OMNIA. 
’Marland Billings, The Geology of N e w  Harnp..;hire, 

Part  If: Bedrock Geology, New Hampshire State Plan- 
ning cltid Development Commiss ion ,  Concord, N.H. 
(1956). 
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Fig.  11.1. Rock Types  in Central White Mountain Batholith [as Mopped by B i l l ings  ( r e f  5) and Modified in Cer- 

The let ters A, B, and C show locat ions o f  the Kanco, Diana, and Mod tain Areas by Rice  Universi ty Geologists]. 

River d r i l l  s i t e s  respect ively,  
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Table 11.1.  Thorium Content of Conway Granite C o r e s  
...... ...... ___________ ....... .- 

Thorium Concentrationa (ppm) 
Depth _.........._______......I__._ 

(ft) Kanca Core Diana Core Mad River Core 

0-100 52 51 66 

100-200 4 9 52 67 

200--300 48 45 73 

300-40 0 44 53 63 

400-500 53 56 65 

500-600 64 60 

aAverage of radiometric measurements taken a t  5-ft 
intervals.  

11.2 CONWAY GRANlTE MINERALOGY 

Autoradiogiaphic s t u d i e s ,  petrographic s t u d i e s ,  
and heavy-mineral separa t ions  have  been made to 
determine the  mineral content  of Conway granite. 
Thori te ,  hutlonite, and zircon have  been identified 
as t h e  major carr iers  of thorium; zircon a l s o  
car r ies  uranium. In most samples ,  t h e  radioact ive 
minerals  appear  to be  c lose ly  a s s o c i a t e d  with 
biot i te .  

Y GWAN ITE PROCESS1 NG 

Acid-leaching t e s t s  of drill-core s a m p l e s  showed 
no s ignif icant  variation in thorium leachabi l i ty  
with core  depth. Thorium recoveries  i n  a 6-hr 
leach  with 2 N II,SO, a t  60% pulp dens i ty  av- 
eraged 66% for the  Kanca and Diana cores and 
70% for the  Mad River core .  Tota l  recovery c o s t s ,  
es t imated on  the  s a m e  b a s i s  as  that  descr ibcd  
previously,’  were $57, $51, and $37 per  pound of 
thorium p l u s  uranium for the Kanca,  Diana, and 
Mad River core  mater ia ls  respect ively.  

A subs tan t ia l  portion of the  thorium i n  Conway 
grani te  is d isso lved  rapidly by leaching  with d i lu te  
ac id  a t  room temperature. Us ing  1 N H,SO, a t  
60% pulp densi ty ,  45% of  the  thorium w a s  dis-  
so lved  f rom a typical  sample  in 10 min; and a 
maximum thorium recovery of  ahout 60% w a s  
reached within 1 hr. IJs ing 2 N and 3 N H,S04,  
maximum thorium recoveries  of about  80% and 90%, 
respect ively,  were obtained from the  s a m e  sample  
within 3 hr. T h e  ease of leaching  is due  to the  

l iberat ion and exposure of most of the  acid-soluble 
thorium minerals a t  t h i s  point. T h i s  is tentat ively 
attributed to  the apparent assoc ia t ion  of t h e s e  
minerals  w i t h  biotite, which is readily reduced to  
thin p la te le t s  during crushing. 

Other s t u d i e s  showed that  the  acid consumed 
during leaching  should be lower i n  p r o c e s s  prac t ice  
than previously assumed.  In ear l ier  t e s t s  t h e  
grani tes  were ground i n  a d isk  grinder; iron w a s  
added to the  sample,  which subsequent ly  reacted 
with the  sulfur ic  acid. In recent  t e s t s  of samples  
ground i n  a pebble  mill, the  ac id  consumption h a s  
been 30 to 40% lower. 

P h y s i c a l  beneficiation s t u d i e s  of Conway grani te  
have  shown some promise. In o n e  t e s t ,  about 70% 
of the  thorium w a s  recovered in a heavy-mineral 
s e p a r a t e  that comprised 8% of t h e  original ore 
weight ,  In another t e s t ,  magnet ic  fractionation of 
t h e  ore produced a magnetic product containing 
about 20% of the  original ore weight and about  
60% of the  thorium. 

11.4 THORIUM RESERVES AH 

In cont ras t  to  the  s i tuat ion that  seemed to e x i s t  
severa l  years  ago, the  present  information on 
thorium supply is highly encouraging. T h e  recent  
reappraisal  of high-grade thorium reserves  i n  t h e  
Lemhi Pass area  h a s  greatly multiplied the  indi- 
c a t e d  reserves  of l o w c o s t  thorium i n  t h e  1Jnited 
S ta tes .  At 100,000 to 400,000 tons  of Tho,, they 
a r e  nearly a s  large, or larger, than t h e  indicated 
low-cost reserves  o f  uranium i n  the  United States .  
‘There is apparently a suff ic ient  supply of low-cost 
material t o  in i t ia te  a la rge-sca le  thorium fuel 
reactor industry, and i t  may h e  assumed that  larger  
quant i t ies  will b e  found which could support  t h e  
industry for an appreciable  period of time. 

The  new information showing t h e  s i z a b l e  thorium 
reserves  in  Conway granite and i n  other  granite 
formations of nearly equivalent  qual i ty  g i v e s  con- 
f idence that  t h e  systarn could b e  maintained for a 
long period with thorium of moderate c o s t  o n c e  

‘Informal meeting on thorium (and uranium) reserves ,  
held a t  ORNL on Feb.  20---Mar. 1, 1960, and attended by 
representatives of AEC Raw Materials Division, AEC 
Research Division, U.S. Geological Survey, R ice  Uni- 
versity,  and ORNL. 

7!L H. Adler, “The Economic Mineralogy and Geology 
of Thorium,’’ paper presented a t  the Thorium Fuel Cycle  
Symposium, Gatlinburg, Tenn.,  Dec .  5-7, 1962. 
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t h e  high-grade o r e s  a re  depleted.  Typica l  Conway 
grani te  c a n  b e  processed  for less than $75 per  
pound of recovered thorium p l u s  uranium, and par t  
of the  material should  b e  recoverable  for less than 
$40 per  pound. Compared with t h e  low-grade 
uranium s o u r c e s  s u c h  a s  phosphates ,  s h a l e s ,  and 
l ign i tes ,  t h e  low-grade thorium s o u r c e s  a r e  in  a 
more favorable  posi t ion from the  s tandpoin t  of 

quantity and a r e  equal ly  favorable  from t h e  s tand-  
point of cos t .  

By accept ing  lower-grade grani tes ,  immense re- 
s e r v e s  should  become ava i lab le ,  which could 
supply a nuclear  power industry for a n  extremely 
long time at  nonprohibitive c o s t s ,  assuming t h e  
s u c c e s s f u l  development of thermal-breeder reactor  
sys tems.  

12. Protactinium Chemistry 

T h e  object ive of the  protactinium chemistry pro- 
gram is t o  s tudy  the  nature  of Pa(V) complexes i n  
s y s t e m s  i n  which Pa(V) is reasonably soluble .  
T h e  work during t h e  p a s t  year  w a s  concerned pri- 
marily with the extractabi l i ty  from su l fur ic  ac id  
solut ions.  

12.1 EXTRACTION OF PROTACTINIUM BY 
VARIOUS AMlNES 

T h e  dependence of extract ion Coefficients of 
Pa(V) on t h e  concentration of amine i n  the organic  
p h a s e  and of ac id  in  t h e  aqueous p h a s e  h a s  been 
determined for severa l  different amines. T h e  three 
secondary amines N-benzylheptadecyl amine 
(NBNDA), LA-1, and $24 disso lved  i n  diethyl- 
benzene were compared in most d e t a i l  (Fig. 12.1). 
All gave qual i ta t ively s imilar  behavior. Highest  
extract ion coef f ic ien ts  were obtained wi Lh N-ben- 
zylheptadecyl  amine, with the benzyl  group bonded 
to t h e  nitrogen; interniediate extract ion coef f ic ien ts  
were found with A n i n e  LA-1, which h a s  a tertiary 
carbon atom bonded to  t h e  nitrogen and a conju- 
g a t e  double  bond; lowes t  coef f ic ien ts  were  found 
with Amine S-24, in which both c h a i n s  h a v e  second-  
ary carbon atoms bonded t o  t h e  nitrogen. Of t h e  
amines inves t iga ted  s o  far [the primary amines 
Pr imene  JM-T and 1-(3-elhylpenty1)-4-ethyloctyl 
amine and t h e  ter t iary Alarnine 336 in  addi t ion to 
the  three secondary  amines] ,  there  appears to b e  a 
s t rong  correlation between t h e  extract ion power for 
Pa(V)  and t h e  b a s e  s t rength of t h e  amine. 

T h e  variation of extract ion power between dif- 
ferent  amines is so  geeat that ,  by proper choice  of 

amine sys tem and its concentrat ion,  any reasonable  
extract ion coeff ic ient  may be  obtained. T h i s  would 
permit considerable  flexibility should t h i s  sys tem 
be  u s e d  for process ing  appl icat ion.  

IJNCI_ASSIFIEL) 
ORNL-LR- DWG 79686A 103 , .......... r---. -- .-.. .-..... ~ , ~ . . ~  ........................ ~. ! ( 1  ........... .... \ : ~ . -1- 7 - ~ [  ....... 

r.5 2 5 1 0 20 
H2S04 CDNCENTWAT'ION 

Fig. '82.71. Dependence of the Extroctian Coef f ic ient  

of Protactinium on H SO Concentration in  the Aqueous 

Phase [Extract ion with Secondary Amines). 
2 4  
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T h e  marked d e c r e a s e  i n  extract ion,  observed 
with all amines,  as  the aqueous ac id  concentration 
i s  increased  h a s  received further attention. T h i s  
effect  might be  attributed to a change in  the  aque- 
ous-phase complexes of protactinium resul t ing from 
the  change  in  acidi ty ,  a s  is often done with other 
a c i d  sys tems;  but with sulfur ic  acid there  is a l s o  
a change i n  organic-phase acidi ty  with a change 
in  aqueous acid concrnt ia t ion.  T h e  amine in  
equilibrium with aqueous sulfur ic  ac id  solut ions 
e x i s t s  primarily in  two f o r m s :  the  b isu l fa te  
(Amine-H +) (HS04-- )  and the  s u l f a t e  (Amine-H 
( S 0 4 2 . . ) .  T h i s  is further coriiplicated by associa- 
tion or aggregation of the  amine. The  fraction of 
the  amine in  t h e  bisulfate  form i n c r e a s e s  as  the  
aqueous acidi ty  i n c r e a s e s .  It h a s  been demon- 
s t ra ted  that  some anions exchange more readily with 
the  su l fa te  than with t h e  bisulfate  ion i n  the  amine. 
T h e  aqueous complex anion containing protac- 
tinium, which is the  s p e c i e s  extract ing,  might be- 
have i n  a s imilar  manner. In the  extreme c a s e ,  i t  
n i g h t  exchange,  for pract ical  purposes ,  only with 
sulfate .  Then  the d e c r e a s e  in  the  Concentration of 
the su l fa te  form of the  amine as the equilibrium 
aqueous  acidi ty  increased  i~rould resul t  in  a de- 
c i e a s e  i n  extract ion,  independent of any change  i n  
the  aqueous protactinium coifiplex. 

t 

A titration procedure w a s  developed,  permitting 
the  determination of both t h e  s u l f a t e  ion and the  
bisulfate  ion concentration in  the organic  phase.  
I t  involves  two potentiometric t i t ra t ions of the 
ainine d isso lved  in  acetone,  f i rs t  with a s tandard 
chloride solut ion,  which d i s p l a c e s  s u l f a t e  pref- 
erent ia l ly  and then d i s p l a c e s  bisulfate ,  and second 
with s tandard NaOH to determine the  bisulfate .  
T h e  protactinium extract ion coeff ic ients  correlate  
wel l  with t h e  s u l f a t e  concentration in  the  organic 
phase  (F ig .  12.2). T h e  extract ion d a t a  for Amine 
S-24 a r e  the  same a s  that  in t h e  lower curve of 
F ig .  12.1, but the  a b s c i s s a  in Fig.  12 .2  is t h e  su l -  
fa te  concentrat ion in  the  amine in equilibrium with 
aqueous  su l fur ic  acid, T h e  absci-ssa  in F ig .  12 .1  
i s  t h e  Concentration of aqueous sulfur ic  acid. T h e  
s l o p e  of the  l ine  is 1.7,  and t h e  d a t a  fit a l inear  
correlation reasonably well. 

Extract ion experiments  were also carr ied ou t  
with sulfur ic  acid-ammonium s u l f a t e  so lu t ions  at a 
constant  total. su l fa te  concentration of 3 M .  A s  
the  acidi ty  of sulfur ic  acid w a s  decreased  by add- 
ing  3 ilil diarninonium su l fa te ,  the  extract ion coef- 
f ic ien t  decreased  rapidly to a broad minimum about  
the  composition corresporiding to ammonium bi- 
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su l fa te  and then increased  again as  the  acidi ty  w a s  
further reduced. This i s  i n  marked cont ias t  to the 
sharp  increase  i n  extract ion observed when acidity 
was decreased  by di lut ing su l fur ic  acj.d with water. 

12.2 IBH EXCHANGE OF PROTACTENIUM 
FROM SULFATE SOLUTIONS 

Extraction coeff ic ients  obtained with Dowex 1 
resin varied with the amount of Pa(V) present  and 
the p h a s e  ratio as well as with the  aqueous sul- 
furic acid concentration. If the ainoiint of protac- 
tinium and the  phase  ratio were both f ixed,  2 

smooth curve w a s  obtained for t h e  extract ion cnef- 
f ic ient  plotted 3s a function of aqueous ac id  con- 
centration. T h e  curves  so obtained were paral le l  
to that  reported previously by Brown et al.' It 
w a s  found that  all t h e  d a t a  could b e  brought into 
approximate coincidence i f  the  protactinium con- 
centration in  the  aqueous  p h a s e  in equilibrium with 
Dowex 1 w a s  plot ted aga ins t  the  aqueous  ac id  
concentration (Fig.  12.3). On a log-log plot ,  a 

'I). Brown et af., J. Innrg.  N u c l .  Chem 23, 9 1  (1961). 
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Fig. 12.3. Aqueaus Pratactinium Concentration in 
Equil ibrium with Dowex 1 Resin. 

s t ra ight  l ine  of s l o p e  2 fits t h e  d a t a  over  a remarh- 
ably wide range of ac id  concentrat ion.  As protac- 
tinium is added to sulfur ic  acid-Dowex 1 resin 
mixtures, near ly  all t h e  protactinium in e x c e s s  of 
that  given by t h e  l i n e  in Fig. 12.3 g o e s  into the  
res in  phase .  To e luc ida te  t h i s  behavior ,  dis t r i -  
bution measurements  were also made a t  cons tan t  
a c i d  concentration (2.5 M >  but at various protac- 
tinirim concentrat ions (Fig.  12.4j. T h e  r e s u l t s  
show tha t  a t  low protactinium Concentrations, t h e  
extract ion coeff ic ient  i s  nearly cons tan t ,  increas- 
ing somewhat with protactinium concentration. 
However, a t  higher protactinium concentrat ions i n  
t h e  aqueous phase,  ai or above  the  concentrat ion 
ind ica ted  by t h e  l i n e  of Fig. 12.3, the  protactinium 
concentrat ion i n  the  res in  i n c r e a s e s  with the fifth 
power of the aqueous protactinium concentration. 

-I 
2 . 5  M ii22s04 

.J... ......... ...+' 

I /  

~~~ .................._I _i 
!05 

Fig. 12.4. Ef fect  of Protactinium Concentration on 

Extroct ian inta Dowex 1 R e s i n  (H2S04 = 2.5 M). 

Thus ,  the  behavior of protactinium in  t h i s  sys tem 
is much more complex than had  been ind ica ted  pre- 
viously. 

In previous so lvent  extract ion work, extract ion 
coef f ic ien ts  were large, and t h e  aqueous protac- 
tinium concentrat ions were less than the  va lues  
ind ica ted  for ion exchange  by Fig. 12.3.  In order 
to determine whether  t h e  dependence of extract ion 
coeff ic ient  on protactinium concentrat ion observed 
with Dowex 1 res in  was a spec i f ic  or a general 
effect ,  which : ~ I S O  held for so lvent  extract ion,  a 
s imilar  experiment w a s  conducted wi th  0.03 M 
trilauryl amine and 2 . 5  M sulfur ic  ac id  containing 
varying amounts of protactinium. 'This amine  g ives  
re la t ively low extract ion,  so  the  aqueous prot- 
actinium concentrat ions could be  conveniently 
increased  to the  range of interest .  T h e  resu l t s  
(Fig. 12.5) are s imilar  to thc curve for Dowex I 
resin.  
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T h e  intersect ion of t h e  two l i n e s  drawn asymp- 
to t ic  to t h e  curve occurs  ai an  aqueous Paz3 '  con- 
centrat ion of 2 .2  x i o5  counts  min..' ml-' for 
trilauryl amine and 1.8 x l o 5  counts  min-' m l - '  
for Dowex 1 resin,  reasonably close to the  same 
value. 'The corresponding organic P a z 3  ' con- 
centrat ions are  qui te  different, 2 .2  x l o 5  and 
1.1 x l o 6  counts  rnin-'  ml- '  respect ively.  T h e  
s l o p e s  of the l i n e s  a r e  a l i t t l e  larger  than unity 
for the  low protactinium concentration region; that  
i s ,  t h e  extract ion coeff ic ients  increase  s l igh t ly  
yrith protactjnium concentration. At higher protac- 
tinium concent ia t jons,  the  s lope  is 3.2 foi trilauryl 
amine and about  5.0 for Dowex 1. resin.  

T h e  behavior descr ibed above is i n  general agree- 
ment with a mechanism involving polyrneiization 
of protactiriiurn i n  one or both p h a s e s  (probably the  
aqueous phase), with both the polymer and t h e  
simpler s p e c i e s  being extracted.  T h e  polymer is 
considered t o  be  the  more ex t rac tab le  s p e c i e s .  
Polymer formation i s  inhibi ted by increas ing  
aqueous acid concentration, the dependence be ing  
second power, as  sugges tcd  by Fig.  12.3. T h e  
polymer is small ,  perhaps a hexarner, and i t  is 
formed reasonably reversibly with respec t  to 
changer-: in  both acid and protactiniuin concentra- 
tions. Calculations of dis t r ibut ion behavior based  
on t h i s  ~nechanism give r e s u l t s  in qui te  good 
agreement with the  curves  i n  F igs .  1 2 . 1  and 12.5. 
However, i t  should h e  pointed out tha t  s u c h  a 
mechanism d n e s  not fit all the  observed d a t a  
exac t ly  and that  even if i t  is approximately correct 
for t h e s e  particular conditions, i t  is undoubtedly 
an oversimplification. In particular, there  a re  
some kinet ic  observat ions which ind ica te  that  more 
complex p r o c e s s e s  a r e  occurring. 'This in te res t ing  
and unusual behavior requires  further study. 
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Examination of t h e  s e v e r a l  different thoria  
pe l le t s  and powder preparat ions irradiated in 
DzO and dry i n  ? h e  LITR to exposures  of 2.5 x 
10 f iss ions/gram is almost  complete. * T h e  
preparations included the  code  P-82 thor i~ i  pe l le t s ;  ’ 
s i n k r e d  thoria compacts  (prepared by a different 
method t h a n  t h a t  €or the P-82 pe l le t s ) ;3  shaped,  
arc-fused thoria pe1lel.s; fired, sol-gel-prepared 
thoria par t ic les ;  fired Houdry thoria s p h e r e s  (44 
to 74 / L ) ; ~  arc-fused thoria fragments (44 t o  74 p); 
anti 1600’C-fired thoria powder (DT-46). 

T h e  purpose of t h e  experiment w a s  to determine 
t h e  inf luence of preparation method and physical  
condi t ion on t h e  irradiation e f f e c t s  and on any 
addi t ional  e f f e c t s  a s s o c i a t e d  with t h e  presence  
o f  water. Radiat ion e f f e c t s  were evaluated in 
terms ol v isua l  examination, material ba lances ,  
wear t e s t s ,  impact fracture t e s t s ,  a n d  x-ray and 
metallographic examination. Pr incipal  a t tent ion 
w a s  paid t o  t h e  P-82 p e l l e t s ,  which had  shown t h e  
h ighes t  wear r e s i s t a n c e  (in a t t r i t ion t e s t s )  of any 
p e l l e t s  prepared by press ing  and firing. 

T h e  i r radiat ions i n  D,O were carr ied out i n  the 
LITR C-43 air-cooled faci l i ty  a t  250 to 300°C i n  a 
s t a i n l e s s  s t e e l  au toc lave  e s p e c i a l l y  des igned  for 
multiple-sample irradial ions. T h e  large par t ic les  
or pe l le t s  were separa te ly  contained in  thin-walled, 
annular ,  s t a i n l e s s  s t e e l  t u b e s  des igned  t o  permit 
thermal convect ion of D,O past  t h e  pel le ts .  ’The 
smaller-particle ox ides  were enc losed  in  single-  
wal led,  thin-walled tubes.  All  samples  were ex- 
posed  to a common g a s  (300 p s i  of oxygen a t  room 
tempetature) or liquid. A wet,  out-of-pile, control 
experiment w a s  a l s o  carr ied out. 

The dry i r radiat ions of the  s a m p l e s  were carried 
out in  a helium atmosphere in  welded aluminum 

‘J. P. McHride, S .  D. Clinton, and W. L. Pattison, 
Cheni. Teclinol. Div. Ann. Progr. Rept .  June 30, 1962, 

‘A. Taboada et al . ,  H R P  Pro&. R e p t .  Nov. 30, 1960, 

ORNL-3314, p 169. 

OKNL-3061, p 101. 

3A. Taboada et al., HRP Pro&. Rept.  May 31, 1961. 
ORNL-3167, p 110. 

‘Prepared by C. E. Schilling. Cheixiical Technology 

Houdry Report 58-OCR-15, June  1958; subcontract 5 

Division, ORNL. 

904 under W-7405 eng-26. 

‘E. L,. Compere et al., H R P  Pro&. Rept .  May 31, 
1961, ORNL-3167. p 81. 

c a p s u l e s .  T h e  c a p s u l e s  were 1 i2 an. in outer 
diameter, )b in. i n  inner diameter ,  and  2); in. long. 
T h e  m a d l a t i o n  w a s  done in  a modifled fuel element 
in  a st r inger  tha t  permitted reac to i  cool ing watei 
(40OC) 1 0  flow over t h e  outs ide  of t h e  capsules .  

T h e  P-82 pelIets  irradiated under DzO and dry 
showed minor weight l o s s e s  but. did not appear  to 
undergo any  s t ructural  damage. Evident ly ,  how- 
ever ,  only 13 of the 20 p e l l e t s  irradiated i n  the  
wet experiment were submerged in  D,O during 
the  irradiation, and l.he r e s t  were irradiated in  t h e  
vapor  phase.  T h e  pe l le t s  irradiated in t h e  vapor 
phase  showed a s ignif icant  weight loss as  well as  
considerable  sur face  and s t ructural  damage, 

The P-82 pel le t s  were prepared from oxalate- 
der ived thorium oxide modified by refiring ai 
1425°C followed by wet ball milling in a s t e e l  
mill, l eaching  with hydrochioric a c i d  1.0 remove 
abraded iron, mixing with 2% Carbowax, prepressing 
to  15,O 00 ps i ,  granulating, and s iz ing  t o  -35 i~10Q 
mesh. Rounded-end p e l l e t s  were pressed  to green 
d e n s i t i e s  up  to 5.3 g/cm”. Roughness  at the 
juncture  of t h e  dome and the cyl inder  w a s  removed 
b y  f i rs t  f i r ing  the pe l le t s  at  1450”I:, cooling, and 
wet-tumbliiig. T h e  pe l le t s  were then air fired at 
P650°C i n  alumina. As prepared, the  pe l le t s  had a 
pycnometric dens i ty  o f  9-16 g/cm3. Pellets ex- 
posed t o  high-temperat itre water  tiad d e n s i t i e s  of 
9.6 to  9.7 before drying. 

T h e  mater ia ls  irradiated dry lost l e s s  than 
0.05% of their  weight; t h o s e  irradisted in  D,O, 
l e s s  than  0.4%; and t h e  material in the  vapor 
phase ,  6.2%. During t h e  12-month irradiation, 
about  0.6% of t h e  7’hZ3’ w a s  converted to mass-  
233. T h e  amount of u ” f i ss ioned  corresponded 
to a burnup of 0.11% of the  original thorium atoms. 

Figure 13.1 s h o w s  the original P-82 pel le t s  and 
t h o s e  recovered from t h e  irradiation experiment. 
T h e  pe l le t s  irradiated under D 2 0  and i n  the v a p ~  
p h a s e  were tan,  s imilar  to the  or iginals  but not 
glossy; t h o s e  irradiated dry were gray-white. 
Other  than t h e  color  change  and a n  occas iona l  
ch ip  where t h e  domed end  meets  the  s i d e  of the  
pel le t ,  t h e  p e l l e t s  irradiated dry and under D,O 

20 3 
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Fig.  13.1. The Original  P-82 Thoria Pellets and Those Recovered frnm tho 12 Months’  Irradiation Experimenf. 

( a )  Original; ( b )  irradiated dry; ( c )  irradiated in  D20;  (d )  i r iadiatad i n  D 2 0  vapor. 

appeared undamaged. Those irradiated i n  the  
vapor phase  showed sand-l ike sur faces ,  and in 
the  exposed inter iors  of the broken pe l le t s  a 
black peripheral layer  jus t  underneoth the  outer  
shel l .  Two of the  p e l l e t s  irradiated in t h e  vapor 
phase  were broken during a brief, relatively mild, 
wet s t i r r ing carried out t o  rid the  sur faces  of s t e e l  
corrosion products. Extended s t i r r ing of original 
pe l le t s  and liquid-phase-irradiated pe l le t s  did not 
produce any b realm ge .  

P e l l e t s  prepared by t h e  procedures used  in pre- 
paring t h e  P-82 pel le t s  have a wear-resis tant ,  
vitreous-like sur face  layer  that  appears  to  account  
for t h f i r  marked s tabi l i ty  to ordinary attrition. In 
spouting-bed wear t e s t s  with uniiradiated rnate- 
r ia l s ,  th i s  layer  is worn away in  t h e  first hour or 
two, and then the  wear ra te  increases .  ‘ rwelve 
months of wet and dry irradiation appears  not 
only t o  have  enhanced t h e  wear r e s i s t a n c e  of t h i s  

sur face  layer  bnt to have  made the  interior of the  
pel le t  more attrition res i s tan t  (see Table 13.1). 
With t h e  exception of a n  occas iona l  pit,  wear of 
t h e  dry- and DzO-irradiated pe l le t s  appeared to b e  
uniform and showed l i t t l e  radiation-induced s tn ic -  
tu ia l  damage. Subsequent chemical  a n a l y s i s  of 
material abraded from the surfaces of unirradiated 
P-82 pel le t s  (about 0.4% by weight of the  pel le ts)  
showed t h e  sur face  t o  contain an aluminiimlthorium 
weight ratio of about 0.08, in cont ras t  with an 
average aluminuin content  of 0.02% for whole 
pel le ts .  The aluminum apparent ly  became incor- 
porated in  t h e  pel le t  during t h e  f inal  firing a t  
1650°@, which w a s  carried out  in  alumina. (The  
addition of t h e  aluminum was therefore  accidental.) 

T a b l e  13-2 g i v e s  t h e  resu l t s  of impact fracture 
t e s t s  on the  original pe l le t s ,  t h o s e  f rom t h e  12- 
month-long D ,@-control experiment, and irradiated 
pe l le t s  from t h e  12-month a n 3  a previous 3-month 
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irradiation. N o  decrease i n  s t ructural  s t rength 
appears  to have  resuItcd from i i radiai ion dry atid 
in  D,O. T h e  pellet irradiated 111 tlic vapor p h a s e  
is definitely weaker, This was also indicated 
by t h e  breakage oliserved during t h e  s t i r r ing men- 
tiorred above. T h e  fracture  (est cons is ted  in  
dropping a p e s t l e  down a l o o s e  f i t t ing tube onto a 
pellet contained i n  a mortar. The p e s t l e  w a s  
dropped in a pattern of increas ing  he ights  until t h e  

pel le t  broke. In all  c a s e s ,  the p e s t l e  was dropped 
normal to the cyl indrical  s i d e  of t h e  pel le t .  

T h e  inter iors  oE t h e  12-month, liquid-phase-, 
i r radiated pe l le i s  were sirtiilar to  t h o s e  in the 
uriirradiated pe l le t s ,  while  t h o s e  of t h e  dry- 
irradiated materials were blaclt. Ffeating at  
400°C for a n  hour in  air fa i led to remove the 
black color, hu t  hea t ing  at 9QO°C overnight 
res tored the original color. N o  weight increase  

Table 13,l  Wear Rates of P-82 Thoria P ~ l l e t s  

Irradiation exposure: 2.5 x 10'~ f iss ions per gram 
... ... ................ I______-- ..................... ......... -__. 

Weight Loss  (W/hr) 

1 s t  2d 3d 4th 5th 6th 
................................................... .............. .. 1% lle t s 

- ............. __ ._ . _ ........................... 

Original 0.20 0.74 0.71 0.72 0.76 0.63 

n c) cotltroi 0.26 I). 59 0.62 0.64 0.66 0.82 

lrradiated dry 0.05 0.25 0.22 0.48 0.50 0.46 

2 

Irradiated i n  D 0 0.15 0.34 0.41 0.41 0.44 0.49 2 

Table 13.2 Resulfs of lmpact Fracture Test on P-82 Thoria Pellets 

Instant ani: 011 s Impact Cumulat ive Impact 
Pellet Energy Energy 

(ins -117) (in.-lb) 

Origirial 0.651" 4.52a 

h D,O contt-ol 0.89 3 

7 x 1 0 ' ~  fissions/$ 

..... .. .................... ................... __ 

8.14 h 

D u liquidc 

Dry hel imi  atrriosphere 

2 0.788 

0.683 

6.30 

1,78 

D 0 vaporc 

Dry helium atmosphere 

2 
0 . 3 d  

0.945 

h 1.34 

8.98 

" ~ v e r a g e  of five t e s t s .  
b ~ v e r a g e  of two t e s t s .  
'Oxygen overpressure. 
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w a s  noted a s  a resul t  of the  900OC heat ing,  and 
i t  is postulated that  t h e  black color resul ted from 
a very s l ight  oxygen def ic iency.  

T h e  x-ray and metallographic d a t a  obtained for 
t h e  P-82 pe l le t s  wi l l  b e  d i s c u s s e d  in  Sec  13.4, 
a long with that  obtained for t h e  other thoria 
preparations. 

13.2 IRRADIATION E F F E C T S  IN TH 
PELLETS PREPARED B Y  A PRESSlNG AND 

FIRING PROCEDURE DlFFERENT FROM 
THAT FOR P-82 PELLETS 

T h e  unirradiatrd and irradiated pe l le t s  prepared 
by what was  cons idr red  a more promising method 

than that  used in  preparing the  P-82  pell, 4 s  are  
showri in Fig. 13.2. Thirteen of t h e  twenty p e l l e t s  
irradiated under D 2 0  were Sadly damaged or djs-  
integrated,  t h e  products s in te r ing  into the  irreg- 
ularly shaped  masses shown i n  t h e  picture. The 
vapor-phase-irradiated pe l le t s  did not appear  t o  b e  
a s  severely damaged. T h e  dry-irradiated pe l le t s  
were black but appeared undamaged. 

T h e s e  pe l le t s  had been  formed from a very re- 
ac t ive  thoria powdei by f i rs t  forming it into c u b e s  
with t h e  a id  of a n  organic binder and,  without 
firing, abrading the  dry c u b e s  into spheres ,  'The 
s p h e r e s  were then fired a t  13OO0C, tumbled i n  
mater t o  pol ish the  sur faces ,  and then given a 
final firing a t  1800°C in a molybdenum furnace 

Fig .  13.2. Thoria Pe l le ts  Prepared by the Pressed-Cube Technique, As-Prepared and After 12 Months' !rsedin- 

tian. ( a )  As-prepared; (b)  irradialed dry; ( c )  irradiated in D20; (d)  irradiated in D20 vapor. 
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and a hydrogen atmosphere. T h e  f inal  dens i ty  
of the pe l le t s  was  9-8 g/cm3. 

Despi te  their high dens i ty ,  t h w e  p e l l e t s  were 
damaged considerably by irradiation. Thei r  low 
radiat ion r e s i s t a n c e  poin ts  up aga in  the  contri- 
bution of t h e  sur face  s h e l l  to t h e  radiation s tab i l i ty  
of t h e  P-82 p e l l e t s  and ind ica tes  t h e  poss ib le  
desirabi l i ty  of incorporating a small  arnounf of 
another oxide,  s u c h  as dlumina, i n  thoria pe l le t s  i n  
order to e n h a n c e  their  radiation s tab i l i ty ,  

Arc-Fused T h i n  Pellets 

Both t h e  wet- and dry-irradiated arc-fused 
p e l l e t s  appeared vir1 tially undamaged by the  
irradiation, T h o s e  i r radiated under D,O showed 
a 0.5% weight loss and  were gray, with occasional 
areas of adsorbed cortosion products  (Fig. 13-31; 
the dry irrudiated o n e s  were opaque-black. The  
original pe l le t s  were par t ia l ly  rounded, light-red, 
t rans lucent  cubes. While t h e  dry-irradiated pe l le t s  
appeared opaque-black, t h e  Interior, revealcd by 
shat ter ing one  of the  pe l le t s ,  appeared s imilar  
to the interior of the  unrrradiated ones. 

The arc-fused p e l l e t s  were prepared by cut t ing a 
large chunk of black,  arc-fused thoria (prepared 
in a carbon arc by t h e  Norlon Company) into c u b e s ,  

t rea t ing  t h e  c u h e s  with moist  oxygen at  1000°C 
(to remove carbon impurities), autoclaving them 
in 300°C water, ag i ta t ing  t Q  el iminate  c u b e s  con- 
ta in ing  grain boundaries ,  and f inal ly  tumbling 
them i n  a spout ing bed to  round the  corners. T h e  
wet -irradiated mater ia l s  were e s p e c i a l l y  s e l e c t e d  
c u b e s ,  evident ly  monocrystalline, a s  indicated 
by x-ray and IrietaIlographic examination. Pycno-  
metric dens i ty  measurements  indicated them to be  
of theoret ical  densi ty .  

Fired Sol-Gel-Prepared Thoria Particles 

Neither the  dry-irradiated sol-gel-prepared 
mii ter ia ls  nor t h o s e  i r rsdiated under I) ,20 appeared 
s ignif icant ly  affected by the irradiation e x c e p t  for 
color  changes ,  although examinat ion of the wet- 
iraatliated mater ia ls  w a s  hampered by a depos i t  
of corrosion products. Here and t h e r e  in  the  wet- 
i r radiated material a fragment showed a red d is -  
colorat ion,  some c r a c k s ,  and s o m e  surface at tack,  
and it is presumed that t h e s e  had been  i r radiated 
i n  the vapor p h a s e  (Fig. 13.4). T h e  dry-irradiated 
solid:; were light orange and appeared somewhat 
t ranslucent ,  as contrasted l o  the  opaque white- 
n e s s  of t h e  original:;. 

1 h e  sol-gel-prepared mater ia l s  were prepared 
by sol-gel  methods that  were still  i n  t h e  ear ly  
s t a g e s  o f  development, with a final firing at 
3.200uC; they were of theoretical densi ty .  Prior 

, 7  

F i g .  13 3. Originnl As-Fused Pel le ts  and Thase irradiated Under DZO. Exposure: 2.5 x fissions/gram. 

( a )  Clr i rg ina l ;  (b )  irrudiated. 3.3X. Reduced 15%. 
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Fig. 13.4. Original Sol-Gel-Prepared Part ic les  and Those Irradiated in D20. Exposure: 2.5 x l o ' *  fissions/grom. 

(a) Original;  ( b )  irradiated. 3.3X. Reduced 26.5%. 

to  irradiation, t h e  par t ic les  were rounded in a 
spouting-bed tes t .  

Thoria Powders 

T h e  41- to  71-p materials ,  espec ia l ly  the  ground 
arc-fused material, did not appear  to  be  grossly 
changed by the  irradiation. T h e  wet-irradiated 
Iloudry s p h e r e s  showed some l o o s e  agglomeration, 
but their examination w a s  hampered by a deposi t  
of corrosion products, 'The dry-iiradiated Houdry 
s p h e r e s  were  multicolored, reminiscent of t h e  
orange t ranslucency encountered with the  irradi- 
a ted sol-gel-prepared material. 

T h e  wet-irradiated DT-46 powder had escaped  
from i t s  s t a i n l e s s  s t e e l  container  around the  
fritted d isk  that  formed t h e  c losure  and then had 
s e t t l e d  on a lower container .  It had transformed 
into a porous plug (readily broken in two) that  
contained a to ta l  of 2% iron, nickel ,  and chromium 
iinpurity. T h e  dry-irradiated material had forriled 
a chalky plug of the  s a m e  s h a p e  a s  the interior of 
the  aluminum container ,  and it broke into severa l  
p i e c e s  during i t s  recovery (Fig. 13.5). T h e  
original DT-46 powder (prepared by thermal decom- 
posi t ion of t h e  oxalate)  had a sur face  a r e a  of 
0.76 m2/g, a n  average c rys ta l l i t e  s i z e  greater  
than 2000 A, and a geometric inejln par t ic le  size 
of 2.3 p j  with a geometric mean standard deviation 
of 1.34. 

Fig.  13.5. Day-irradiated 1600°C-Fi red Thor ia  Powder 

(DT-46) .  Exposure: 2.5 x 10" fissions/grorn. 3.3X. 
Reduced 17%. 

13.4 RESULTS O F  X-RAY AND METALLO- 
GRAPHIC EXAMINAT! OF IRRADIATE 

THORIA: P-82 PELLETS, AW 
PELLETS, AND SOL-GEL-PR 

PA RBI CL E 5 

T h e  x-ray diffraction measurcrnents on the  P-82, 
arc-fused, and sol-gel-prepared mater ia ls  indicated 
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that  re la t ively l i t t l e  change  had occurred as a 
resul t  of the  irradiation, ind ica t ive  of t h e  marked 
r e s i s t a n c e  of  cubic  s t ruc tures  t o  radiat ion damage. 
T h e  material irradiated under D,O showed a s l igh t  
la t t ice  expansion (less than O.S%>, while tha t  
irradiated dry appeared unaffected. Apparent 
c rys ta l l i t e  sizes for t h e  irradiated P-82 and so l -  
gel-prepared mater ia ls  ranged from 950 to 2000 
A, compared with or iginal  c rys ta l l i t e  sizes uni- 
formly greater  than 2000 A. Hence  there  may have 
been  some s l igh t  c rys ta l l i t e  damage. Diffraction 
pa t te rns  of t h e  i r radiated,  arc-fused pe l le t s ,  which 
were originally monocrystalline, indicated that  no 
e x t e n s i v e  formation of large angle  boundaries  
occurred i n  t h e  pe l le t s  as a resu l t  of t h e  irradia- 

Pol i shed  s e c t i o n s ,  examined a t  low magnifica- 
tim, of t h e  unirradiated and irradiated P-82 and 
arc-fused mater ia ls  were similar. T h e  irradiated 
sol-gel-prepared material exhibi ted ex tens ive  
fracturing, as though irradiation had caused  some 
embrittlement o r  had rel ieved s t r a i n s  by cracking. 
At high magnification, t h e  pol ished and e tched  
s e c t i o n s  of all irradiated and unirradiated mater ia ls  
were similar. T h e  i r radiated P-82 p e l l e t s  showed 
t h e  varied densi ty  s t ruc tures  and grain sizes 
typica l  of t h i s  material; t h e  irradiated arc-fused 
and sol-gel  mater ia ls  showed t h e  typ ica l  rnicro- 
porosity and lack of grain structure. 

tiQtl. 

13.5 CONCLUSIONS 

Several  very in te res t ing  f a c t s  were revealed 
as a resul t  of t h e  i r radiat ions and t h e  postirradia- 
t ion examination. One is  the  marked s tab i l i ty  of 
the P-82 thoria pe l le t s  compared with that  of the 
other s in te red  pe l le t s ,  possibly imparted by t h e  
presence  of aluminum oxide i n  i t s  sur face  sheII. 
I h i s  points  up t h e  poss ib le  desirabi l i ty  of incor- r %  

~ ............ ~ ~ 

'E. Lustman, p 569 i n  Uranium Diox ide:  Properties 
arid Nuclear Appficat iori* (ed. b y  J. Belle), GPO, 
Washington, 1961. 

porating s m a l l  amounts of alumina or other metal 
ox ides  i n  t h e  thoria to  enhance  i t s  radiat ion 
s tabi l i ty .  It would also appear  to ind ica te  that 
pure thoria bodies  prepared by press ing  and ,firing 
a r e  unlikely t o  be  s t a b l e  1.0 reactor irradiation in 
t h e  presence  of water. Such a conclus ion  is not 
necessar i ly  warranted in  t h e  case of the  sol-gel- 
prepared mater ia ls  s i n c e  they did not exhibi t  the  
s e r i o u s  damage observed with the  s intered thori:a 
prepared differently from the P-82 pel le ts .  

Another fact which complements previous infor- 
mation8" is the  s in te r ing  of the oxalate-prepared 
1600"CXred thoria powder both dry and s e t t l e d  
under D,O. A sa t i s fac tory  reactor  slurry may 
require the preparation of d e n s e  par t ic les ,  pref- 
e rab ly  spher ica l ,  of greater than  3 / L  i n  s ize  and 
of low sur face  a r e a  to minimize s in te r ing  of  the 
s ta r t ing  par t ic les .  If t h e s e  par t ic les  degrade 
during irradiation and pumping to  c rys ta l l i t e  s i z e s  
of 200 A or less, as w a s  t h e  experience i n  in-pjle 
loop t e s t s  with oxalate-prepared oxides  by Com- 
pere ,  '() addi t ional  s t u d i e s  a r e  required to def ine 
t h e  l o n p t e r m  s tab i l i ty  o f  t h e  resu l t ing  suspension.  

A third fac t  is t h e  marked s tabi l i ty  of t h e  thoria 
cubic  lattice to irradiation damage. T h i s  agrees  
with irradiation d a t a  or! UC7, and l e n d s  confidence 
that  properly prepared thoria bodies  should be  
s t ructural ly  s t a b l e  to rather high irradiation 
exposures .  Fa i lure  of irradiation to disrupt  the 
grain s t ructure  in t h e  P-82 pellets and to produce 
ex tens ive  formation of large angle  boundaries in  
t h e  arc-fused materiel further s u b s t a n t i a t e s  such  
a conclusion.  Whether radial  ion-induced recrys- 
s ta l l izat ion to gjve smal l  angle  boundaries  actual Iy 
did occur  in  the  arc-fused material can b e  answered 
def ini i ively af ter  t h e  material h a s  cooled suffi- 
c ient ly  t o  obta in  a Laue x-ray pattern. 

*J. P. McE3rj.de and S. D. Clinton, Kadiatior7 Induced 
Sintering of ThoriB Powders, C)KNL-3275 (July 20, 1962)- 

'J. P. McBride, Radiation Stability of Aqueous Thoria 
and Thoria-Uranin Slurries, QRNL-3274 (May 18, 1962). 

''E. L. Compere e t  aI., Reacfor Chem. Div. Ann. 
Profir. Kept.  J ~ R .  31,  1963, ORNL,-S417, pp 111, 114. 



adiation Ef fects  on Catalysts 

14.1 COHMERSlON OF CYCLOHEXANBL TO 
CYCLOW EXEN E 

MCJSQ~-WQ ,SO, CATALYSTS 

It h a s  been previously reported that  the  incorpora- 
tion of S35 into MgSO, and MgS0,-Na,SO, reduced 
the  ca ta ly t ic  act ivi ty  of t h e s e  mater ia ls  for t h e  
dehydration of cyclohexanol. From the  experi- 
mental ev idence  obtained; i t  w a s  concluded that  
t h e  effect was  “built into” t h e  ca ta lys t  during t h e  
ciystal l izat ion and s in te r ing  procedures used  in 
i t s  preparation. In order to confirm that  t h e  effect  
resulted from the  presence  of radiation, and not 
f rom chemical contamination, several  experiments 
were perforined in which MgSO, ca ta lys t  w a s  
deliberately contaminated with Mg(CIO,),, MgO, 
and leachings f rom Amberlite IR-120 ion exchange 
resin. T h e  first two contaminants  could b e  gen- 
erated in  t h e  radioact ive c a t a l y s t s  from the  decay 
of S3’  in  t h e  su l fa te  radical (be ta  decay to  CI3’ 
to produce C10,- f rom and the  subsequent  
thermal decomposition of any Mg(Cl0,) , formed. 
Ion exchange resin was  ut i l ized in  the  purification 
procedure for the H,S3’0, used  in  preparing radio- 
ac t ive  ca ta lys t s ;  and, conceivably,  some con- 
taninat ion from the  resin could have  survived the 
final d i s t i l l a t ions  involved, though the  c h a n c e s  
were remote. None of t h e  contaminants introduced 
had any elfeet  on thc  ca ta ly t ic  activity. Thus  i t  
s t i l l  appears  that  t h e  presence  of the  radiation f rom 
t h e  S3’ i s  responsible  for t h e  d e c r e a s e  in  ca ta ly t ic  
activity of t h e  radioact ive materials. 

Two experiments with nonradioactive c a t a l y s t s  
were performed i n  a constant-volume c losed  system 
to determine the  order of the  reaction. T h e  reaction 
v e s s e l  w a s  maintained a t  cons tan t  temperature in a 
bath of Cow-Corning 550 s i l icone  fluid, and t h e  
extent  of reaction was continuously monitored by 
means of a Dyriisco pressure t ransducer  connected 
to a recorder. T h e  pressure w a s  recorded a s  a 

‘Chern. Technol. Div. Ann. Piogr. Rept .  June  30, 
1962, ORNL-3314, p 184. 

function of time until i t  remained constant  for a t  
l e a s t  30 inin. Graphs of t h e  logarithm of the  dif- 
ference between the  final pressure p ,  and t h e  
pressure p a t  time t v s  t were found t o  be  l inear  
up to  88% completion in t h e  case of NlgSO, and rip 
to 65% completion i n  t h e  case of MgS0,-Na,SO, 
( s e e  Fig.  14.1), indicat ing an  overall reaction 
order of 1. Similar experiments  a t  350°C indicated 
that  the  reaction at ta ined equilibrium after 25 to 
30% of the  cyclohexonol had been dehydrated. 
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15. istry' 

A prototype high-temperature, high-pressure ab- 
sorpt ion cell was  delivered by the  subcontractor.  

T h e  program for the absorption spectrophoto- 
metric s tudy of aqueous so lu t ions  a t  high [.ern- 
pesatures and high p res su res  has been d i s c u s s e d  
in recent  repor t s ,2B3 and a more ex tens ive  review 
of the  program h a s  been given previously.  

A complete  spectrophotometric sys t em tha t  c a n  
h e  operated at  temperatures to a t  least 33OT arid 
at  p re s su res  to a t  l e a s t  5000 p s i  with highly ram 
d ioac t ive  (alpha) solut ions w a s  des igned  under 
subcontract  for O K N L  by t h e  Applied Phys ic s  
Corporation, Monrovia, California.  Tlie general  
fea tures  and d e t a i l s  of th i s  sys t em have  been 
more ful ly  d i s c u s s e d  elsewhere.  A schemat i c  
layout of the  cell system of the  high-temperature, 
high-pressure spectrophotometer s y s t e m  and a 
photograph of t h e  cell components have  been pre- 
s e n t e d  recently.' Layout of the principal com- 
ponents  and s p e c i a l  features  of the  system is 
shown in Fig. 15.1. 
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A t e s t  faci l i ty  for elevated temperature-pressure 
experiments with the c e l l s  w a s  assembled for hy- 
dros ta t ic  and gats pressure tes t ing  t o  10,000 psi  
with a cell a t  t h e  rnaxiinurn temperzitutes anticj- 
pated.  'The pi<>totype cell. is undergoing tes t ing  
to  determine leak-tightness and the optimum condi- 
tions for t h e  ant ic ipated operating conditiorrs. 
Some refinements were rnade in  the c e l l  design,  

'Joint program wi?h the Analy t i ra l  Chexiiish-y Div i s ion .  

'Cheni. 'b'cchziol. U iv .  Ann. Pro&. R r p t .  Jirnc 30, 
1962, ORNL-3314, pp 187-90. 

3AnaI .  Chem. Div. Ann. Prugr. R r p t .  Dac. 31, 6962, 

4Atial .  Chern. Div. Ann. Pro&. Rept .  Dec .  31, 1961, 

OKNI,-3397, pp 25-32. 

OKW1,-3243, pp 21-22. 

X. E. Blggers arid R. 6. Wymer, Do,sign arid Zlevelop- 
rnenf of a WiBh-Tempera~urc, High-Pressure Spectrci- 
photometer System: Status H e p ~ r l ,  ORNE, CF-60-11-96 
(Nov. 12, 1960)* 
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F i g .  15.1. Components  of the High-Temperature, High-pressure Spectrophotometer System, 
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and others  will b e  made if  they appear  to  b e  
desirable .  T h e  c e l l  h a s  been tes ted  a t  5000 p s i  
a t  350T and h a s  been pressurized t o  10,OQO psi. 

A punched-paper-tape, digi ta l ly  controlled, tern- 
perature-plateau programming sys tem w a s  designed 
t o  replace a previously proposed mechanical  c a m  
system. T h e  sys tem is designed t o  be  almost  
completely automatic and c a n  operate  on a program 
which is completely variable with respec t  to  t h e  
operat ing terripcrature plateaus des i red ,  the  dura- 
tion of any  particular temperature plateau,  the  rate  
of temperature increase  or d e c r e a s e  between 
p la teaus ,  and the  rate  of cooldown. T h e  des i red  
temperature-vs-time program (any number of hours) 
is entered into t h e  sys tem cont inuously via  the  
tape.  

The spectrophotometer sys tem c a n  be  synchro- 
nized with t h e  control sys tem i n  s u c h  a manner 
that  the  absorption spec t ra  c a n  b e  automatical ly  

that  is, when the sample  and reference cells are 
operat ing under ncsrly isothermal conditions. 
Programmed temperature shutdown (a t  2T /min )  
and emergency (maximum cool ing rate)  shutdown 
modes of operation can  be  entered automatical ly ,  
i f  necessary ,  a t  any time during the  program. 

Thermal s tabi l i ty  s t u d i e s  were carried out6 t o  
find a liquid capable  of withstanding a tempera- 
ture  of 3759: for a prolonged time for u s e  as thc  
circulat ing heat ing fluid, so that  the  temperatures 
of the  sample  and reference c e l l s  c a n  b e  thermo- 
s ta t ica l ly  controlled. L iquids  that  have  been  
considered are: Arochlor 12.54 (Monsanto), tetra- 
c r e s y l  s i l i ca te ,  Dow-Corning 5.50 fluid, and the 
very recently ava i lab le  Dow-Corning XF-1-0181. 
Studies  a r e  being carried out both i n  a i r  and in 
the  a b s e n c e  of a i r  for prolonged hea t ing  ( severa l  
weeks). T h e  resiilts a r e  incomplete a t  present ,  
but they d o  indicate  that  for 375T operation, the  
Uow-Coming products are superior. T h e  f inal  
dec is ion  awai t s  further tes t ing.  

obtained a t  any point on the temperature plat,.<, --US, 

15.2 MINIATURE CIWCULATBMG-L.88P SYSTEM 
AND QlGiTAh DATA OUTPUT SYSTEM FOR 

THE CARY SPECTWOPHOTO 

A Cary spectrophotometer (model 14 CMK, ultra- 
violet, v is ible ,  near-infrared range) w a s  ins ta l led  

collaboration wi th  'T. G. Rogers, Chemical Tech- 
nology Divis ion  slimmer student,  1962. 

t o  s e r v e  a s  an auxiliary spectrophotometer for the  
high-temperature, high-pressure spectrophotometer 
sys tem.  With it t h e  n e c e s s a r y  preliminary and su r -  
vey experiments c a n  b e  carried out from below 
room temperature up t o  about  100°C in  independ- 
ent ly  thermostatically controlled sample  and 
reference c e l l s .  T h e  spectrophotometer is equipped 
with a thermostatically controlled monochromator 
for very prec ise  work. 

T h e  miniature ciiculating-loop sys tem designed 
for u s e  up to about  170% and a t  moderate pres- 
s u r e s  (200 ps i )  with an unmodified Cary spec t ro-  
photometer h a s  been d i s c u s s e d  previously, and a 
schemat ic  layout of i t  was presented recent ly .2  
Problems encountered with some of i t s  va lves  have  
been solved,  and a loop-support sys tem for prec ise  
ver t ical  support (without drift or s a g )  and an 
alignment sys tem for the  present  spectrophotometer 
instal la t ion were built and instal led.  T h e  loop 
w a s  designed so that  the  e f fec ts  of gas-liquid . 
equilibration, bubble formation, and suspended  
par t ic les  on spectrophotomefeic measurements c a n  
b e  s tudied.  

T h e  previously d i s c u s s e d 4  automatic ,  digi ta l ,  
d a t a  output sys tem for t h e  Cary spectrophotometer 
was transferred t o  t h e  new spectrophotometer 
instal la t ion.  I t s  performance i s  sa t i s fac tory  and 
conforms t o  i t s  design specif icat ions.  T h i s  digi- 
t iz ing sys tem makes poss ib le  t h e  rapid a n a l y s i s  
of la rge  amounts of complex spec t ra l  d a t a  through 
t h e  u s e  of high-speed computer methods. 

A s  a n  important adjunct  t o  th i s  program, a method 
w a s  devised  for measuring t h e  d e n s i t i e s  of aqueous 
so lu t ions  a t  accurately measured temperatures and 
pressures  up t o  the  c r i t i ca l  points  of t h e  solut ions.  
T h e  liquid volume of a weighed solut ion of known 
composition is determined in  a n  an toc lave  of 
s u i t a b l e  material, and a n  x-ray photograph i s  made 
in order t o  show t h e  posi t ion of t h e  vapor-liquid 
interface in  a cal ibrated s e c t i o n  of the  autoclave. 
T h e  densi ty  a t  any temperature is determined from 
the  weight of solut ion and the  location of the  
interface a t  tha t  temperature. A high-pressure 
au toc lave  was  designed and made of titanium. 
T h e  au toc lave  can  b e  operated up t o  a t  l e a s t  
4000 p s i  a t  40QT. It c o n s i s t s  of a bulb s e c t i o n  
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of about  4 ml volume tha t  conta ins  a n  internal  
thermocouple well, a uniform expans ion  sect ior i  
about 12 in. long, and a high-pressure c losure  
head  with a f i t t ing containing a titanium capi l lary 
lzading to a pressure  transducer. Markers on t h e  
expans ion sec t ion  fac i l i t a te  the  location of t h e  
solut ion interface by x-ray measurements ,  Den- 
sities may be determined at 370 to 371% within 
a maximum error of iO.6%, assuming all of t h e  
woist error interact ions,  At somewhat  lower tem- 
peratures  the  error wil l  be less. X-ray f i l m  c a n  
b e  driven p a s t  t h e  slit in  the  s y s t e m  behind the  
au toc lave  at ra tes  varying from about 0.05 up to 
about  3 in,/rnin. A11 the equipment Inas been in- 
stalled and wi1.l be u s e d  with a n  e x i s t i n g  300-kv 
Morelco x-ray sys tem,  

Work caritinued on the development  of computer 
programs fo i  the a n a l y s i s  of large amorints of 
complex spec t ra l  data. Previous ly  written pro- 
grams a r e  being converted and modified for 01)- 
erat ion on the IRM 7090 or C I X  1604-A computers, 
Modifications include the: ut i l izat ion of recent: 
equipment addi t ions for t h e  off-line curve plot t ing 
from both computers. Use of t h e  automatic, digi ta l ,  
d a t a  output (IBM cards)  sys tem wi.th t h e  spectro-  
photometer greatly fac i l i t a tes  this work. 

A Computer Brogsam for the Analysis of 
SpectrophcPtometsic Absorption Data 

ulticamponen? systems 

T h e  convent ional  method for t h e  spectrophoto- 
metric s tudy of multicomponent s y s t e m s  u t i l i z e s  
s imultaneous equat ions,  usual ly  with one wave- 
length being used  per component. T h e  accuracy  
of t h e  resu l t s  depends on the accuracy  with which 
t h e  s tandard  spec t ra l  d a t a  for e a c h  component is 
known arid on the accuracy  of t h e  absorpt ion 
measuremenls. As the  riurnber of components  in- 
creases, the  method becomes increasingly s e n s i -  
t i v e  to s m a l l  errors  in e i ther  the  s tandard spec t ra l  
data for each component or in  the  experimental 
measurements  at t h e  set of wavelengths  s e l e c t e d  

for t h e  a n a l y s i s  of the  sys tem.  Ijowever, more 
than one  wavelength may b e  u s e d  for e a c h  com- 
poaent  in  order to i n c r e a s e  t h e  accuracy  of the  
resu l t s  by minimizing t h e  s t a t i s t i c a l  error for 
slight inaccurac ies  in e i ther  t h e  s tandard  d a t a  or 
the measurements. In order to do t h i s  a least- 
s q u a r e s  solut ion on the  matr ices  involved m m t  
b e  carr ied out. 

A computer program was written’ ut i l iz ing a 
leas t - squares  method in matrix form. At e a c h  of 
the  wavelengths  in  the  s e t  s e l e c t e d ,  an  ana ly t ica l  
curve-fitting technique is used to obtain a p l y -  
nomial function which d e s c r i b e s  the change  i n  
absorbancy of t h e  mixture with time. From t h e s e  
poLynomials an “ ins tan taneous  spectrum” is com- 
puted. For e a c h  experimental spectrum, a n  average 
time is s e l e c t e d  with respec t  t o  the wavelength 
range and s p e c t r a l  sc:an ra te  used ,  and  a n  “in- 
s tan taneous  spectrum” is computed at each  of 
t h e s e  average  times. E a c h  computed “instan-  
taneous  spectrum” i s  then analyzed by the  method 
descr ibed  for t h e  equilibrium case, and the  con- 
centrat ion of e a c h  component is  determined. 

T h e  progrim w a s  t e s t e d  with synthes ized  spec-  
trophotometric absorpt ion da ta  for two paral le l  
first-order reac t ions  involving three  absorbing 
components, arid for three series first-order re- 
a c t i o n s  involving four absorbing components. For  
each  c a s e ,  the nuniber of wavelengths  s e l e c t e d  
was q u a i  to twice  the  number of components. 

In Fig.  15.2 is given t h e  absorbance-time d a t a  
a t  t h e  s e l e c t e d  s e t  of wavelengths  for the  react ing 
system represented by the  three series first-order 
reactioris: 

E a c h  spec t ra l  s c a n  corrcsponds to a spectrum ob- 
ta ined with a recording speLtrophotometei at a 
cons tan t  scan rate. The absorbancy of the  mixture 
was detwmined a t  the indicated set of wave- 
lengths  at which the  various components of t h c  
s y s t e m  absorb. 

T h e  resu l t s  of the a n a l y s i s  a r e  given in  Fig. 
15.3. The concentration-time curves are shown for 
e a c h  component. From th is  type of d a t a  it i s  pos- 
s i b l e  to determine the react ion k ine t ics  for an 
experimental  system. 

’In collaboration with D. A. Costanzo, Analytical 
Chemistry Divis ion.  

*By E. C. Long and A. I.,. Brooks of the Central  Data  
Process ing  Center, ORCDP. 
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a s  a function of wavelength. At high absoibancies  
and low light l e v e l s  there  may be a s ignif icant  
amount of n o i s e  a s s u c i a t e d  with the  output from 
t h e  spectrophotometer, par t i rular ly  with the  photo- 
multiplier. In order t o  Lisp the  computer to make 
more-refined ca lcu la t ions  us ing  the  spec t ra l  da ta ,  
the  data  should b e  made a s  frce a s  poss ib le  f rom 
the  effect-, of random f luctuat ions.  One of the 
s imples t  ways to  do th i s  i s  to take  3 running 
averagc.  T h i s  technique, however, IS not a useful  
one for md.riy types  of data ,  and particularly in  the 
p icsent  c a s e ,  b e c a u s e  th i s  type of average  tends  
to  d is to i t  the  pcnks of the  spectrum. 

A s e t  of coniputpr programs and subrout ines  war, 
written for the  CDC 1604-A computer to smooth 
spec t ra l  data .  A l eas t - squaws ronvolut ion smooth- 
ing technique is employed. T h i s  t echoque  w a s  
recently proposed and used  by Savi t tky."  T h e  

Fig .  15.2, Absorbance-Time Curves for o System 

Containing Components A, 8, C, and D in Series 

First-Order Reactions. 

T h e  resu l t s  obtained for the a n a l y s i s  of the  
synthes ized  d a t a  for a three- and a four-component 
sys tem vierc excel lent .  With e x a c t  synthes ized  
spec t ra l  da ta ,  t h e  concentrat ions of each  com- 
ponent were  determined t o  within a relat ive s tandard 
deviation of *0.5%, and within a re la t ive error of 
-t-O.l%. 

A Program tor the Convolute Smoothing of 
Digit ized Spectral Data 

'The output of digi t ized spec t ra l  data  from the  
spectrophotometer sys tem yie lds  absorbancy data  

'In collaboration with T. G. Kahele, co-op student 
from Northweslern IJniversity, January-March 1963. 

~ ~- 

'O.4. Savitzky and M. J. E. Golay (The Perkin--Elmer 
Corp., Norwalk, Conn.), 165ume Numerical Operations 
on Analytical  Data," paper presented a t  the 15th An- 
nual Summer Symposium, Division of Analytical Chem- 
istry,  A.C.S., University of Maryland, June 14, 1962. 

UNCLASSIF IED 
,...... ORNL- ~ LR-DWG. 77549 

k k k  
4 L 5  2 C -3>D 

A, = 0.01 mole-liter-'; B, , C, , D, = o 
k ,  = 0.02 min- l  

k 2  = 0.07 rnin-1 

0 20 40 60  90 io0 120 140 
TIM E , til i n 

Fig.  15.3. Concentration-Time Curves for Components 

A, 8 ,  C, and D in Series F i rs t -Qrder  Reactions. 
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smoothed value for e a c h  point is obtained from the 
observat ions in  t h e  immediate neighborhood ol  
tha t  point. A convolution or f i t t ing may b e  donc 
for e a c h  point over a 3- t o  15-point range,  ut i  k i n g  
a c u b i c  funct ion over the  range of t h e  convolute. 
T h e  same technique c a n  also be used  to  fake  t h e  
f i rs t ,  second,  and third der iva t ives  of  curves ,  
spec t ra ,  etc. Previously smoothed a t tenuato i  da ta  
(stored on magnet ic  tape)  a r e  used  to correct  the  
experiment a1 spec t ra l  datd f o r  the  addi t ive e f f e c t s  
uf the conical-screen at tenuators  (nonlinear with 

wavelength) that  a r e  used  t o  measure very low 
l ight  t ransmiss ions  (less than 1%). The program 
y i e l d s  smoothed spec t ra l  da ta  corrected for t h e  
e f fec ts  of cel l -balance zero and at tenuat ion i f  
t h i s  is present. 

T h e  d a t a  output may b e  obtained in various 
fotms under program options: tabulated on the 
off-line pririter, plotted as a smoothed spectrum 011 
t h e  Calcornp graphical  plotter, and/or punched out 
as  a card deck  f o  b e  used  as smoothed input for 
other  f ypcs  ot progranis. 

In order to develop equat ions  to  descr ibe  the ex-  
traction by tributyl phasphate  (TBP)---hydrocarbon 
di luent  so lu t ions  of uranyl ni t ra te  from aqueous 
nitric ac id  so lu t ions ,  it is n e c e s s a r y  t o  know t h e  
ac t iv i t ies  of e a c h  of t h e s e  chemical  s p e c i e s  in  t h e  
multicomponent sys tems.  T h e s e  a r e  being obtained 
by combining l i terature  d a t a  for simpler s y s t e m s  
with additional experimental data .  

molar concentrat ions,  p is t h e  partial p ressure  of  
ni t r ic  ac id ,  and t h e  subscr ip t  or superscr ip t  0 
refers  t i >  pure ac id .  F r o m  t h e  c:ombination of vapor 
pressure  d a t a  and  t h e  ac t iv i ty  coef f ic ien ts  of 
ni t r ic  acid obtained by f reez ing  point  measure- 
ments, the  ral.io yL:/yz was shown to b e  1/21, 
where y I S  the  act ivi ty  coeff ic ient  of ni t r ic  ac id  
when inf ini te ly  d i lu te  in  water. Values  of the 
vasiaus quant i t ies ,  each  of which  has^ been used  to 

* .  

* ~ T , ~ ~ ~ ~ ~ S  M,TRIC ACI AND WATER some extent  in the  l i terature ,  a r e  shown i n  Fig. 
16.1. 

Li terature  d a t a  summarized in  Fig. 16.1 are  those  
of P o t i e r , 3  of Vandoni and L a u d y j 4  and of Burdick 

pressures of nitric acid and wateri Over and F r e e d s  on par t ia l  p ressures  of nitric acid over 
component sys tem,  s toichiometr ic ,  ionic ,  and ni t r ic  acid-water so lu t ions  and, for th i s  same 

mo~ecular ac:tivities for system, t h e  measuremefits of t h e  degree of dis-  
soc ia t ion  reported by Axtmann and hlurray, 
Krawetz and young, ’  and €food :md ReilIy.’ 

IN A Q ~ ~ ~ ~ ~  SOLUTIONS OF NlTRlC ACID 

From l i terature  d a t a  and measurements  of par t ia l  
two.. 

dissociation reaction 

(1) ?fN03----+ Ht + NO,3- 

were ca lcu la ted .  
the act ivi ty  ra t ios  

T h e s e  ca lcu la t ions  a r e  based  on 

where ycl, y and y are molar act ivi ty  coef f ic ien ts  
of undissoc ia ted ,  s toichiometr ic ,  and ionic  s p e c i e s ,  
respect ively,  Cu, Cs, and CL are  the corresportdmg 

S I  f 

‘6ht.m. Technol. D i v .  Ann. Pro@. H e p t .  Sept. 24 ,  
I96 2, ORNL-3314. 

’F, Eiattmarm and P. Rosenfeld, 2. Phys ik .  Cheni. 

Potier, Anti. Fac. Sei. Univ. Toulouse Sci. Math. 

‘!VI* R. Vandoni and M. Laudy, J .  Chim. Phys. 49, 99 

5 ~ .  L. Burdick ami E. S .  I”rced, J. Afri, ~ b e m .  ~ o c .  

(Leipzfg) A164, 377 (1933). 

S C ~ .  P h y ~ ,  20, 1-98 (1956). 

(1952). 

43, 518 (1921). 
‘K. C. Axtmann and B. B. Murray, Dissociation of 

Nitr ic  Acid it1 Aluminum Nitrate  Solutions, DP-297 
(June 19.58). 

7A. A. Krawetz,  University of Chlcago Ph.D. thesis; 

‘G. C. Hood and C. A. Rejlly, J .  Cham. P h y s .  32, 

data kindly m a d e  available by T. F, Young. 

127 (1960). 
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PRESSURES OF TRIBUTYL 
E OVER WAT ER-N ITRlC 

A@! D-Tail BUTYL PHOSPH AT E SOLUTIONS 

Vapor pres:jures o f  TBP over  two-phase water- 
nitric: acid-TBP s y s t e m s ,  a t  25OC, were measured 
b y  a transpirat ion technique,  us ing  P ’-labeled 
TEP. Nitric a c i d  c o n c e n h t i o n s  in  t h e  aqueous 
p h a s e  were 0 to 15 M; the corresponding organic- 
phase concentrat ions ranged fronl 0 to 6 M ,  and t h e  
molar ra t ios  ( I ~ ~ O  J/TBP,) varierl from O to 2. I. 
Average pressures  of TBP over anhydrous and 
water-saturated ‘I’BP were 0.527 and 0.415 1-1 re- 
spect ively.  As t h e  ni t r ic  ac id  concentrat ion in- 
creased, t h e  pressure  d e c r e a s e d  to 0.0131 p over  
t h e  most ac id ic  solution s tudied.  The TBP act iv i ty 
(Fig. 16.2), def ined in  terms of the water-saturated 
TBP, namely, p,,,/O.415, decreased  from 1 t o  
less than 0.1 as  t h e  ratio (ItYN03)/(’H\BPS) increased  
from 0 to 1. Further  addition of ni t r ic  ac id  caused  
only a s low d e c r e a s e  i n  the  1’13P act ivi ty .  

These vapor-pressure d a t a  were used  to ca lcu-  
l a t e  the thermodynamic equilibrium cons tan t  for  ex-  
traction of n i t r ic  ac id  from aqueous solut ion by 
TBP and the  act ivi ty  coeff ic ient  nf TBP i n  water- 
sa tura ted  TBP. Thus .  for the reaction 

J</Y;~== 1.75 (s tandard deviation is 0.09), where 

y,rN is the  ac t iv i ty  coeff ic ient  of the  complex 
fINO 3 -  TBP infinitely d i lu te  in  water-saturated 
TRP.  iUthough yTN is tinknown at  present ,  it is 
probably c l o s e  to I, which is i t s  ass igned  value i n  
t h e  anhydrous system. 

W 

,-. Ihe transpirat ional  vapor.-pressure technique is 
be ing  used to measure vapor pressures  of water 
and ni t r ic  a c i d  over the three-component solutions 
water-nitric acid-uranyl ni t ra te  a t  25°C. Ni t r i c  
acid concentrat ions were varied from 2.5 tc, 10 M ,  
and t h o s e  of uranyl n i t ra te  [as tT02(Nh3,),1 frorn 
0 to 4.4 M. By combining t h e s e  pressure  meas- 
urements wi th  those  of water  and ni t r ic  a c i d  over 
the  water-nitric ac id  s y s k m  (Sec 16.9) and nf 
wa te r  over t h e  water-uranyl ni t ra te  sys tem,  ’ +lie 
effects of uranyl  ni t ra te  on water  arid nit r ic  acid 
ac t iv i t ies  were obtained. T0 a first. approximation, 
the  e f fec t  of uranyl n i t ra te  on ni t r ic  acid aci t iviy 
is given by: 

,’!..I i i i i 

I.----. 
0 0.4 0.8 1.2 4.6 2.0 2.4 2.8 

(HN03/TRP6’,),,B HN03 LOADING IN 1WII ORGPNIC PHASE 

Fig.  16.2. A c t i v i t i e s  of T3P,  HH03, and H20 o v e r  

the  Twa-Phase S y s t e m .  Water-saturated T 5 P  is taken 

n s  the reference state for TBP. 

where m o  and m 3  ate the  molal i t ies  of nitxic acid 
and U O ~ ~ N O ~ ) ~ ,  a 2 ( n 1  n?, n 3 )  is t h c  activity of 
ni t r ic  ac id  i n  the three-c:umponent sys tem,  while 
a2(n1 ,n2 ,0 )  is the  acr ivi ty  of nitric acid In the two- 
compancnt water-nitric acid system. The ex- 
ponent of the m 3  term on t h e  right o f  Eq. ((4) is 
actual ly  a little less than I. 

The  effect  o f  uranyl n i t ia te  on the water vapor 
pressure  is, in tewst ingly ,  given by t h e  relation: 

In E q  (5), t h e  quant i t ies  fz19 n2, n 3  refer to water, 
nitric a d ,  and uranyl rintratc, respect ively,  and a 
0 (zero) ind ica tes  a component to b e  absent .  T h i s  
equation s h o w s  that  t h e  vapor pressure of w a k r  
over the  three-c-omponent sys tem can bP c-aicu- 
la ted from (1) the vapor pressure  of pure water, 

’K. A. Robinson and C. K. L im,  J. Chem. SOC. 1951, 
p 1340. 
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p *(R *, 0, 0), (2) t h e  partial pressure of water  over 
the  water-nitric acid solut ion,  p (n n 0), and 
(3) the  par t ia l  p ressure  of water over the water- 
uranyl ni t ra te  solut ion,  p , ( n l ,  0, n3) .  T h e  ca lcu-  
la t ions  refer t o  so lu t ions  having t h e  s a m e  mole 
ratio, 11 /pi or n 3 / n  in t h e  three-component as in  

2 1  1' 
the  two-component s y s t e m .  Over the concentra- 
tion ranges  of acid and uranyl ni t ra te  employed, 
Eq. (5) provides v a l u e s  of p (n  n n3) that  
differ from measured va lues  by only 25% of t h e  
s tandard deviation of the measurement. 

1 I '  2' 

1 1' 2' 

The major purpose of t h e s e  vapor-pressure meas- 
ureinents is to obtain t h e  quant i ta t ive descr ipt ion 
of t h e  variation of uranyl ni t ra te  act ivi ty  as t h e  
nitric a c i d  concentrat ion is changed. From s u c h  a 
descr ipt ion,  the  solvent  extraction of uranyl ni t ra te  
by, for example, tributyl phosphate  will b e  greatly 
faci l i ta ted.  Although the therinodynamic tech-  
niques for u s i n g  t h e  d a t a  of t h e s e  experiments  a r e  
well known, they have  not yet  been appl ied.  

17. Ion Exchan 

17.1 RADIATION DAMAGE TO ION 

Anion Exchange Resins 

A sample  of Dowex 1-X10 (50- to 100-mesh) res in  
i n  t h e  hydroxyl form w a s  placed i n  a sys tem of 
flowing demineralized water (< 1 Inicromho/cm) 
and exposed i n  a 10,000-curie Co60 source  to  a 
d o s e  of 4.2 x 10' r (-1.1 whr per gram of dry 
resin). Maximum spec i f ic  conductance of the  con- 
tinuously monitored effluent w a s  130 micromhos/cm; 
the  corresponding pH maximum w a s  10.7' (Fig. 
17.1) .  'The effluent solut ion had a s t rong  odor, 
charac te r i s t ic  of amines,  the ac t ive  groups of  the  
anion resin. At the conclusion of the  experiment, 
about  62 vol % of the  original res in  was recovered. 
An additional 1 0  vol % w a s  recovered a s  par t ic les  
of less than 2.00 mesh; the  remaining 28% had heen  
converted to  water-soluble radiolysis  products. 

T h e  total d o s e  of gamma radiation required to 
severe ly  degrade Dowex 1 resin appears  to  depend 
on t h e  resin environment. In the flowing-weter 
experiment descr ibed above, cont inuously recorded 
pH d a t a  indicated that  the  resin had l o s t  more than 
90% of i t s  strong-base capaci ty  after a n  exposure 
of about 1 . 3  x 10' r (0.35 whr per gram of dry 
resin). Smith and Groh' reported that 85% of the  

'1.. I,. Smith and H. J. Groh, T h e  Effect of G a m a  
I?adiatinn on Ion Excliangc R e s i n s ,  DP-549 (February 
196 1). 

sa l t - sp l i t t ing  capac i ty  of Dowex 1 in t h e  hydroxyl 
forin w a s  lost after a d o s e  of 2.67 x 10' r. How- 
ever ,  their experiments were performed i n  a s t a t i c  
sys tem with air-dried resin.  According t o  an 
ear l ier  l i terature  survey,  Marinsky and Giuffrida 
concluded that  under s t a t i c  condi t ions quaternary 
amine anion res ins ,  in general ,  would l o s e  40 to 
50% of their  capaci ty  af ter  a n  exposure of 3.8 x 
10' r and would be  completely degraded after 
1.7 x lo9 r. T h u s ,  under process  condi t ions,  
where t h e  resin is submerged i n  flowing water, 
there  are indicat ions that  t h e  extent  of radiation- 
induced l o s s  of capaci ty  of Dowex 1 in the  hy- 
droxyl form is a t  least twice tha t  for a s t a t i c  
system. T h i s  is presumably due to t h e  removal of 
radiolysis  products  which, in  a static s y s t e m ,  
could undeigo recombination react ions that  would 
resul t  in lower ne t  decomposition rates .  

Cation Exchange Resins 

An examination w a s  made of effluent-water solu- 
t ions co l lec ted  from previously reported flowing- 
water irradiation experiments with Dowex SOW 
ca t ion  exchange res in .3  E a c h  liqiiid volume was  

J. A. Marinsky and A. J. Giuffr ida,  T h e  Radiation 
Stability of Inn Exchange Materials, ORNL-1978 (Sept- 
emher  1957). 

3Cht?rn. Technol.  D i v .  Ann. Progr. Rept .  J u n e  30, 

2 

1962, pp 196-98. 
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F i g .  17.1. Variation of pH and Specific Conductance o f  Aqueous Effluent f r o m  Dawex 1-X 
Mesh), Hydroxyl  Form, Irradiated with Co6’ G a m m a  Rays.  

a Resin (50 to 100 

reduced by a factor of about 50 in a vacuum dis t i l -  
la t ion uni t  that kept  the solut ion a t  or below room 
temperature in  order to minimize the  possibility 
of volati l izing or decomposing any organic con- 
s t i tuents .  Chemical a n a l y s e s  showed that most 
of t h e  concentrates  of each  run contained so luble  
s u l f a t e s  and sulfonates .  Visual ly ,  the f i r s t  con- 
cent ra tes  of e a c h  run w e r e  co lor less ,  while the 
remaining concen t r a t e s  became progressively 
darker,  varying from light s t r aw to dark brown and 
containing inc reas ing  quant i t ies  of suspended 
s o l i d s .  Ultracentrifuge and l ight-scattering s t u d i e s  
indicated that  t h e s e  suspended solids had a den- 
s i t y  of about 1 and a molecular weight of about 
severa l  million. 

One interpretation of the d a t a  o n  the radiation 
degradaiion of th i s  cat ion exchange  res in  is a s  
follows: Initially, the main degradation p rocess  
invo lves  only the c l eavage  of ac t ive  sulfonate  
groups from the resin. T h e s e  groups d i s s o l v e  and 
are partly converted to s u l f a t e  i n  the flowing 
water ,  as  indicated by t h e  occurrence of maximum 
acidi ty  in the  effluent stream at the beginning of 

e a c h  exposure period. After a subs tan t ia l  fraction 
of the ac t ive  sulfonate  s i t e s  is lost, the resin 
matrix s t a r t s  to break up,  yielding water-soluble 
radio1 y s i s  products and small ,  insoluble  par t ic les  
of the  martix. T h e s e  par t ic les ,  of severa l  mill ions 
i n  molecular weight,  break off and enter the effluent 
stream in  s o m e  mannet tha t  d o e s  not lead  to  frag- 
mentation of the resin beads .  

A problem sometimes a s soc ia t ed  with the re- 
covery of Eission products is the large concent ta-  
t ion of impurity ions s u c h  as iron, aluminum, and 
chromium. F o r  th i s  reason the  abi l i ty  of c i t r a t e  
to retain t h e s e  ca t ions  i n  solution a t  pM 2.5 (a 
higher acidi ty  than is routinely considered),  and 
a t  the  same  time allowing sorpt ion of rare- and 
alkaline-earth e lements  on a cat ion exchange 
resin,  w a s  evaluated.  
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Distribution coeff ic ients  of C e  +, Sr * -' , and Fe3+ 
i n  synthe t ic  Purex  1 W W  w a s t e  as a function of 
dilution (Fig. 1'7.2) do, indeed,  show that  c i t ra te ,  
i n  the  acidi ty  range 0.1 to 1.1 N ,  accompl ishes  
the  des i red  coinplexing of Fe3"-. At t h e  same t i m e  
c i t ra te  a l lows  the sorpt ion of Ce3 '  and S r Z t  on 
Dosvex 50W-X8 (100 to 200 mesh), provided that  
the degree of dilution of the  w a s t e  is about  10 
or greater. At a dilution of 20, for example,  
K?/K:" > 200, KdCe/KdFe > 600, and K;'/K:' = 3. 
In t h e s e  experiments  the  res in  w a s  pre-equilibrated 
with 0.5 M 11N03-0.005 M ammonium c i t ra te  a t  pH 
2.5. T h e  w a s t e  solut ion w a s  pretreated by adding 
1.5 moles  of c i t r ic  ac id  per mole of Fe3+, AI3'-, 
and Cr3' and by neutral iz ing t o  p1-I 2.5 with con- 
centrated ammonia. 
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Two resin-column runs with P u r a  l W W ,  diluted 
20-fold, largely subs tan t ia ted  the  dis t r ibut ion coef- 
f ic ient  values .  In addition, major separa t ion  of 
rare ear ths ,  calcium, strontium, and barium from 
each  other was achieved by elut ion with ammonium 
a - h y d r o x y i ~ o h u t y r a t e ~  a t  s u c c e s s i v e  concentra- 
t ions of 0.48, 0.8, 1.0, and 2.0 M respcct ively.  
T h e s e  r e s u l t s  show that  up t o  3 . 3  r e s i n  volumes 
of Purex  I W W ,  diluted 20-fold, could be processed  
for both strontium and rare-enrth recovery per 
volume of Dowex 5OWX8 (100- to  200-mesh) resin. 

4L. Wish, Quantitative Hadiocheniical A n a l y s i s  by 
Ion Exchange. V.  Calcium, Strontiuni, arid Barium, 
USNRDL-TR-341 (July 1959). 
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Fig.  17.2. Distribution Coeff ic ient  of Ce141,  Sr8', and FeS9 in Purex 1 W W  a s  a Funct ion of Acidi ty.  



1 ~~~~~~~~~~~ OF ~~~~-~~~~~ Eight  geometrically d is t inc t  d e s i g n s  of t h i s  
dev ice  were  tested for capac i ty  and s t a g e  effi- 
ciency using the  sys t em uranyl mitrate in  1 $1 
sodium nitrate-18% TBP i n  Amsco. Figure 18.1 

The development of a high-speed so lven t  extrac- schematical ly  illust.rates these des igns .  Figure 
t ion device ,  one having high throughput, high ex- 18.2 is a photograph of several s t a g e s  of the as- 
t ract ion efficiency, low con tac t  time per s t a g e ,  sembled Mark XI stacked-clone contactor .  Mark I 
arid low holdup, would have advan tages  i t 1  the  proc- had a z-ira.-diam conical  hydroclorle s t a g e .  T h e  
e s s i n g  of highly radioact ive fue l  solut ions.  T h e  o thers  had a 1 i-in.-diam “Ihornical” hydroclone 
s tacked-eione contactor, a c a s c a d e  of axial ly  stage, that is, a l$-in.-diam top, with a conical  
aligned liquid cyclone s t a g e s  which produces or curved t ransi t ion to a ‘/,-in.-diam cyl indrical  
counterflow by means of the  induced underflow section. These dev ices  have  been descr ibed 
effect, is a novel dev ice  which has ,  to a good previously.  
degree,  the propert ies  mentioned. 

UNCLASSIFIED 
ORNL . I:WG 61-2’315 
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MARK I MARK Jil  A 

C t i l  M N EY 

VORTEX 
FIN DER 

MARK 111 C bND V MbRK I l l  E 

MARK X MARK X I  

F i g .  18.1. S h a p e s  and Undedlow Chambers of S tacked-Clone  Contac tors .  

22 1 
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Fig. 18.2. Mork X I  Stocked-Clone Contoctor, Assembled. 

T a b l e  18.1 is a summary of typical  t e s t  r e s u l t s  
obtained with contactors  other than Mark I. T a b l e  
18 .2  is a summary of typical  Mark I t e s t  resu l t s .  
T h e s e  r e s u l t s  a re  ave rages  taken over s e v e r a l  
runs a t  about  50 to 95% of flooding and at an aque- 
ous-to-organic volume rat io  (A/O) of about 3 to  
give a n  extract ion factor near  1. 

Note that  the Mark I contactor  gave general ly  
high s t a g e  e f f ic ienc ies  but a rather moderate 
capac i ty .  T h e  larger  contactors ,  up to Mark X, 
gave poor to moderate e f f ic ienc ies  with moderate 
t o  high capac i t ies .  Mark X and Mark XI begin t o  
exhibi t  acceptably high e f f ic ienc ies  a t  high capac -  
i t i e s .  T h e s e  d a t a  show the importance of the  
des ign  of the  underflow chamber and s u g g e s t  the  
following cr i ter ia  therefor: 

1. There must be an underflow chamber for good 
eff ic iency,  and there  is a n  optimum size and shape .  

2. Radial  symmetry of flow to the  pump suc t ion  
must be  ensured s o  that the organic-rich cent ra l  
vortex is maintained between s t a g e s ;  capac i ty  
suf fers  otherwise.  

3. An underflow sk i r t  is needed for both capac i ty  
and eff ic iency,  and there  is a n  optimum s i z e  and 
shape .  

Mark X and XI represent  the  f i rs t  par t ia l  applica- 
t ion of t h e s e  cr i ter ia ,  and the  t e s t  resu l t s  tend t o  
corroborate t h e  cr i ter ia .  

F igu re  18.3 correlates  eff ic iency and capac i ty  
of the various contactors  as a function af the 
diameter of the  vortex finder. F igu re  18.4 shows  
the product of capaci ty  and throughput (performance 
factor) and the approximate retention t ime of both 
p h a s e s  per theoret ical  s t a g e  as a function of the 
diameter  of the  finder. Since the  organic  holdup 
is less than 50% of the total ,  t h e  retention time 
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T a b l e  18.1. Summary of Typ ica l  Performance of Various Stocked-Clone Contactors a t  4OoC 

Aqueous phase: 
Organic phase: 
Extraction factor: = unity 

uranyl nitrate i n  1M NaN03 
18% TBP i n  Amsco 
n., 

Flooding: Average Stage F e e d  Port  
Width x 
Height 

Vortex Finder  

Aqueous + Organic Efficiency 
Mark and/or Chimneya 

( 70) (cc/min> No. Diam Length 
(in.) (in.) (in.) 

I11 A 

I11 B 

0.0 

0.0 

3 
/ 1 6 ' $  
3 
/ 1 6 x  '/2 
3 1  
/ 1 6 x  6 

1200 

1300 

26 

35 

0.50 

0.50 

0.50 

0.55 

0.45 

0.525 

0.525 

0.475 

0.475 

0.55 

0.40 

0.45 

0.50 

0.55 

0.55 

0.50 

0.45 

0.40 

I11 c 2630 62 

1 

1 

1 

3 

1 

1 

3 

4 
4 
4 
4 
4 
4 
4 

3 
/ 1 6 " / z  

t6  x '/2 
3 
/ 1 6 x  '/2 
3 
( 6 "  f: 
3 
( 6 "  f: 
3 
/ 1bx?2  
3 
/ 1 6 x  '/2 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

3820 

1637 

5000 

2120 

2850 

3800 

3800 

35 

59 

21 

60 

54 

32 

41 

T 1 6 X  '/2 V 3096 47 

3 1  
/ 16x  4 V 2095 49 

3 
/ 1 6 x  ?2 V 3000 47 

3 
/ l b x  ?2 v 3572 44 

3 3  
4 6 ' 4  

3 
/ 1 6 "  '/2 
3 
/ 1 6 x  '/2 
3/16x '/2 
" / 1 x  f: 
t 6 X 5 / g  

" / 1 x  2 
" / 1 x  % 
4 6 x 5  
3 

3 
/ 1 6 x  ?! 
3 1  
/ 1 6 x  4 

V 3308 48 

2 
1 

1 

1 

1 

1 

1 

4 
4 
4 
4 
4 
4 

4 
4 

'/2 
1 

1 

VI 

VI 

VI 

VI 

VI 

VI 

VI 

VI 

VI11 

VI11 

6724 

6280 

4084 

2004 

2182 

4522 

6748 

6938 

2885 

3608 

43 

32 

46 

63 

66 

49 

34 

29 

47 

46 

0.45 

0.40 



T a b l e  18.1 (continued) 

Feed  Por t  Flooding: Average Stage 
Width x Aqueous + Organic Efficiency 

Vortex Finder 
and/or Chimneya Mark 

(cc/min) (70) 
No. Diam Length Height 

(in.) (in.) (in.) 

2905 45 1 3 

3 
VI11 0.50 4 /16'?2 

VI11 0.55 /16'?2 2083 45 

X 

X 

0.50 1.50a 

{ 0.45 1. 50a 

4085 

3363 

57 

62 

1 
/ 4 X  '/z 4338 7 0  

4630 59 

aChimney 

T a b l e  18.2. Summary of Performance of Mark I Stacked-Clone Contactor a t  4OoC 

Aqueous phase: uranyl nitrate i n  1 M NaN03 (2.5 to  3.1 g/liter) 
Organic phase: 18% tributyl phosphate in Amsco 
A 0.25-in.diam vortex finder was  used 
Extraction factor was  approximately unity 

Dimension B 
Finder P la t e  Flooding: Average Stage 
to  Underflow Aqueous + Organic Efficiency 

Dimension A 
Axial Gap 

a t  7/16-in. Radius 
(in.) 

Feed  Poin t  
Height 

(0.125 in. wide) Skirt (c c /min) (70) 
(in.) 

0.125 0.0938 0.0938 2050 81 

0.125 

0.125 

0.125 

0.3125 

0.1875 

0.4063 

0.3125 

0 1875 

0.0938 

1403 

1305 

1342 

79 

75 

73 

0.125 0.0938 0.2500 1335 87  

0.129 

0.129 

0.1875 

0.0627 

0.1250 

0.0938 

0.0627 

0.0627 

0.0938 

1410 

1177 

1655 

39 

55 

53 

0.2813 0.0938 0.0938 1965 . 74 

0.2500 0.0938 0.0938 2012 74 

0.375 0.0938 0.0938 1785 69 

0.129 0.5625 0.5625 1238 78 

. 
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Fig .  18.3. E f f ic iency  and Throughput v s  Diameter  

Tempera- of the Vortex Finder for Various Contactors. 

ture: 4OoC. 
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of the  organic phase  would b e  less than half the  
t imes shown i n  Fig.  18.4. 

Although a c l o s e r  approach to optimum dimen- 
s i o n s  and configuration of the Mark XI type con- 
tactor ,  according to t h e  cr i ter ia  s ta ted ,  would be 
des i r ab le  and profitable,  t h e  present  s t a g e  of 
development offers a pract ical  and useful  proto- 
type high-speed contactor  for radiochemical proc- 
e s s i n g .  

18.2 STUDIES ON COALESCE CE IN SOLVENT 
EXTRACTION SYSTEMS 

A study of drop c o a l e s c e n c e  in  liquid-liquid 
so lven t  extraction sys t ems  h a s  been undertaken. 
T h i s  work is i n  support  of so lven t  extract ion 
s t u d i e s  in  which c o a l e s c e n c e  is frequently t h e  
most important factor in equipment design.  Of 
par t icular  in te res t  i s  the quant i ta t ive determina- 
t ion of the effect  of strongly ionizing radiation i n  
promoting coa le scence .  

T h e  technique used is t o  observe the c o a l e s c e n c e  
t imes for s ing le  drops on a planar interface,  with 
and without irradiation of the f i l m  between the 
drop and the  interface.  T h e  types  of radiation to  
be  s tud ied  will  include Compton e lec t rons ,  a lpha 
par t ic les ,  protons, and f i ss ion  fragments.  T h e  
l a s t  three a re  produced by neutron irradiation of the  
appropriate target nucl ide i n  the aqueous phase:  
respect ively,  L i  6 ,  hydrogen, and Uz ’. Flux  
l e v e l s  and target nucl ide concentrat ions have been 
chosen  to  produce 10 ion t racks per  squa re  mil- 
l imeter  per s econd  a c r o s s  the interface.  

To t h i s  end,  an apparatus  h a s  been designed and 
constructed (Fig.  18.5). A cell con ta ins  the  
l iqu ids  of interest ,  with provision for maintaining 
a planar interface i n  a ra ised cup  and dropping 
upon i t  uniform drops of the  continuous phase.  
T h e  arrival and subsequent  c o a l e s c e n c e  of the 
drop is detected by interruption of a l ight  beam. 
A sample of the  output i s  shown in Fig. 18.6. The  
apparatus  is iso la ted  from ambient mechanical 
vibration above 3 c p s  by suspens ion  spr ings  and 
a 600-lb lead  iner t ia  block (Fig. 18.7). T h e  cell 
is mounted i n  a water bath,  and a double-walled 
L u c i t e  housing around the  bath provides both 
acous t ica l  and thermal isolat ion.  T h i s  antivibra- 
t ion system a t tenuates  nearby building s h o c k s  
(al l  f requencies)  by a t  l e a s t  15 db. 

A preliminary theoretical  model w a s  constructed 
t o  desc r ibe  the  ini t ia t ion of c o a l e s c e n c e  by heavy 
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ionizing par t ic les  i n  a iiiaiiiier s imilar  t o  that  sug-  
ges ted  for the  nucleat ion of bubbles  i n  a bubble  
chamber. Among other  things,  the model pred ic t s  
that  par t ic les  less ionizing than a l p h a s  wil l  not 
be  effect ive i n  inducing coa lescence .  

A preliminary s e r i e s  of runs w a s  made with t h e  
sys tem water-benzene, with 10 ppm of dodecyl- 
benzenesulfonate  d isso lved  i n  the water t o  produce 
longer-lived drops.  Poor  reproducibility was 

observed,  with the  l i fe t imes averaging around 
15 * 6 sec for a 5.3-mm-diam drop. in t h e  only 
neutron irradiation so  far, t h e  n,p react ion w a s  
used ,  and the lifetime w a s  17.5 i 6.7 sec for 
neutron i i iadiat ion and 16.1 t 6.3 sec for t h e  con- 
trol. T h e  resu l t s  show nu s t a t i s t i c a l l y  s ignif icant  
effect  of proton irradiation on drop coa lescence .  
T h e  poor reproducibility w a s  the  resul t  of non- 
uniform aging of the  planar  interface.  Improvements 
i n  technique and apparatus  a r e  be ing  made. 

18.3 DYNAMICS OF GAS-LIQUID CONTACTING 

T h e  objec t ives  of the  s tudy a r e  t h e  development 
of mathematical techniques for descr ib ing  the  
t ransient  behavior of packed,  countercurrent, gas- 
l iquid contact ing equipment, and t h e  evaluat ion of 
t h e s e  techniques by experiment. T h e  experiments  
were conducted with a column constructed of 6-411.- 
ID Pyrex  pipe, packed to a depth of 5 It with 
f /4- and 5/41,, ceramic R a s c h i g  rings. T h e  sys tem 
air-GO ,-water w a s  employed, and both di-ect- 
s inusoida l  and pulse  forcing (i.e., varying with 
time) of t h e  incoming g a s  composition were used  
for dynamic perturbation of t h e  absorber. Overal l  
amplitude rat ios  and p h a s e  s h i f t s  were obtained 
for liquid flows of 0 to  220 lb-moles hr-’ ft-’ 
and gas flows of 1 to 10 lb-moles hr-’ ft--’. The  
amplitiide rat io  is t h e  peak concentrat ion leaving 
the column divided by the peak concentrat ion i n  
the  incorning g a s .  Agreement between t h e  two 
perturbation methods w a s  good, and reproducible 
resu l t s  from the  p u l s e  t e s t s  extended to frequencies  
a lmost  twice as  great  as t h o s e  from direct  s inus-  
o ida l  t e s t s .  Typica l  resu l t s  a r e  shown i n  F ig .  
18.8. 

‘Work done b y  University of Tennessee  under sub- 
contract. 

A digital computer program w a s  written for cal- 
cu la t ing  theoret ical  amplitude ra t ios  and p h a s e  
s h i f t s  as  funct ions of the  forcing frequency under 
the  following assumptions:  (1) t h e  equilibrium 
relation is linear, (2) the  operat ing l ine  is l inear ,  
and (3) both p h a s e s  move through the  column i n  
s l u g  flow. R e s u l t s  of th i s  program indica te  tha t  
t h e  dynamic behavior is primarily influenced by 
the absorpt ion factor, t h e  number of t ransfer  uni ts ,  
and time required for liquid and gas p h a s e s  t o  
t raverse  one  transfer unit. 

Further  experimental r e s u l t s  must  b e  obtained,  
including veloci ty  distribution measiirements, 
bcforr  dynamic models for packed columns c a n  b e  
evaluated.  
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19. G.,-CaoIe lan t  Purification 

Anticipated impurit ies of the  helium coolant  in  
gas-cooled reactors  are: (1) nonradioactive g a s e s  
s u c h  as H CO, CO,, H20, and hydrocarbons; 
(2) radioact ive g a s e s  s u c h  as X e  and Mr; and (3) 
part iculate  matter. T h e s e  contaminants are  to  b e  
maintained a t  low l e v e l s  by cont inuous purifica- 
tion of a t  l e a s t  a portion of the  coolant.  

T h e  proposed method for removing the  nonradio- 
ac t ive  gaseous  contaminants  is to f i rs t  oxidize a l l  
oxi-dizable contaminants  (H *, CO, and hydrocai- 
bons)  to  H 2 0  and CO, and then to  remove the  I-1,O 
and CO, by a co-sorption process .  T h e  experi-  
mental  program h a s  s o  far included the  invest iga-  
tion of the  fixed-bed CuO oxidat.ion of H,,  CO, and 
CH4 from flowing s t reanis  of He. 

2' 

19.1 OXIDATIOM OF HYDROGEN, C A ~ ~ ~ ~  
XIDE, AND METHANE BY FIXED BEDS 

O F C O P P E R O X I D E  PELLETS 

Two different t y p e s  of CuO pel le t s  were tes ted  
for u s e  a s  the fixed-bed oxidant for II,, CO, and 
CH4 oxidation. T h e s e  two types  were: (1) corn- 
pacted,  nominal.ly $ -in.-diam right c i rcular  cylin- 
ders  manufactured by the Harshaw Chemical Com- 
pany and (2) a mater ia l  manufactured by Englehard 
Industr ies ,  which is extruded nominally $l 6-in.-diam 
rods with an average length-to-diameter ra t io  of 4; 
the  CuO is di luted by other metal  ox ides  ( s i l i ca  
and alumina). 

8 

&-in.-diam ~ i g h t  Circular Cylinders 

Earl ier  t e s t s  made with fixed beds  of nominally 
5 -in.-diam right c i rcular  cyl inders  of CuO showed 
tha t  t h e  r a t e  control l ing fac tors  in  the range of 
experimental  condi t ions tes ted  were: (1) m a s s  
transfer of t h e  FI, or CO from the  bulk g a s  s t ream 
to  t h e  CuO reaction s i t e  and (2) ava i l ab lecu -CuO 
reaction sur face  i n  t h e  individual CuO part ic les  
for CI-14 oxidation. 

Mathematical models for e a c h  type of reaction 
were derived, and t h e  resul t ing differential  equa- 

8 

'F. L. Culler, J r . ,  et a l . ,  Chern. Technol. Div.  Ann. 
Pro&. Rept .  June 30, 1962, ORNI,-3314, p 202. 

t ions were solved by a finite-difference technique 
on a high-speed digi ta l  computer. '  T h e  k-in.-  
diam right c i rcular  cyl inders  were approximated by 
s p h e r e s  with equal  surface a reas .  

T h e  mathematical  solut ion for the I I ,  or ( 2 0  
oxidation by fixed b e d s  of CuO h a s  been extended 
to  the  general ized case, in  which the  var ious ex- 
perimental  parameters a re  grouped into dimension- 
less groups that c a n  be used  for any system in 
which the  r a t e  of react ion is controlled by mass 
t ransfer  of t h e  fluid component from t h e  flowing 
fluid to the  so l id  reaction s i t e .  

T h e  generalized differential  equat ions descr ib-  
ing t h i s  sys t em are: 
material  balance,  

spec i f ic  reaction ra te ,  

posit ion of react ion interface,  

where 

RI : dimensionless  radius  of the  reaction inter- 
face of the pel le t ,  

V - dimensionless  volume of the bed, 

X dimensionless  concent ia t ion of the  fluid 
impurit ies,  

Y = dimensionless  concentration of t h e  reacted 
phase  in  the pel le t ,  

Z = d imens ion le s s  throughput parameter, 

K = d imens ion le s s  external  mass-transport  E 

K = dimensionless  internal mass-transport  prop- 
ProPe*tY 7 

I 
eKty. 

2C. D .  Scott, The Rate o f  Reaction of Hydrogen from 
Hydrogen-Helium Streanis Ym'th Fixed Beds of Copper 
Oxide,  0 R N J ~ 3 2 9 2  (1962) .  
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These equat ions  were also so lved  s imultaneously 
by a f ini te  difference technique on a high-sperd 
digi ta l  computer. Thei r  solut ion is the  b a s i s  of 
d a t a  presentat ion for des ign  purposes .  P l o t s  of 
d imens ionless  bed effluent concentrat ion (X) v s  
throughput parameter ( Z )  at var ious v a l u e s  of K ,  
and K ,  were made, and t h e s e  plots  c a n  be  used to 
determine the  size of t h e  CuO bed and breakthrough 
time for oxidizers  if t h e  mass-transport piopert ies  
K ,  and K I  a r e  known. T h e  mass- t ransport  prop- 
e r t i e s  K ,  and K were experimentally determined 
for H 2  and CO react ing with the  i - i n .  CuO pel le t s  
in t h e  following range of experimental conditions: 

I 

Temperature 400--6OQOC 

Pressure 10.2-30.0 a t m  

Gas m a s s  flow rate  0.0058-0.050 g an-' sec- '  

Contaminant 0.0008--1.21 vel% 
concentration 

\ 6-in.-diarn Rods 

T h e  ra te  controlling fac tors  for t h e  oxidation of 
H,, CO, and CII,  by t h e  >16-in.-diain CuO rods in  
fixed b e d s  a r e  the  same as  those  found for t h e  
5 -in.-diam cyl inders ,  that  i s ,  m a s s  transport of 
t h e  Elz or CO from the bulk g a s  p h a s e  t o  t h e  CuO 
react ion s i t e  and ava i lab le  Cu-CuO react ion sur-  
face in t h e  individual CuO par t ic les  for CH, oxi- 
dation. However, cyl indrical  ins tead  of spher ica l  
geometry must he used  for the  CUO phase.  

Differential equat ions  were derived for t h e  
mathematical  iiiodel of the react ion s y s t e m s  for 
t h e  s p e c i f i c  cases of H z  or CO oxidation by t h e  
5 -in.-diain rods,  i n  which it w a s  assumed that  
the  rod sur face  could b e  approximated by infinite 
cy l inders  (no end effects) .  T h e s e  equat ions are: 
mater ia l  ba lance ,  

8 

16 

spec i f ic  reaction rate ,  

3M. E. Whatley et al . ,  Unit Operations Section 
Monthly Progress Report, September 1962, ORNL T M -  
410 (May 1, 1963). 

posi t ion of react ion interface,  

where 

C = concentrat ion of contaminant in  the  gas 
phase ,  

t = reaction t ime,  

z = measured d i s t a n c e  of the bed from t h e  g a s  
entrance,  

u = inters t i t ia l  gas velocity, 

6 = external  bed porosity, 

n = molar dens i ty  of copper  in  pel le t ,  
k = mass-t ransfer  coeff ic ient  a c r o s s  external  

g a s  filin, 

a = effect ive mass-transfeet a r e a  between fluid 
and CuO pel le t s ,  

rE r radius  of CuO pel le t ,  

rI = radius  of Cu-CuO reaction interface i n  the  

a = ef fec t ive  internal  porosity of the  pel le t ,  

E )  = molecular diffusivity of H or CO in g a s  

pel le t ,  

2 
phase ,  

L = equivalent  average  length of a CuO rod in 

b = in i t ia l  densi ty  of t h e  CuO in t h e  pel le t .  

in t h e  CuO bed, 

T h e s e  equat ions were so lved  s imultaneously by 
a finite-difference technique on a high-speed dig- 
i ta l  computer, and t h e  solut ion was u s e d  to con- 
firm the  react ion mechanism. 

Mass-transport propert ies  of both hydrogen and 
carbon monoxide in the  CuO reaction were deter-  
mined. T h e  internal  mass- t ransport  property 
(effect ive pel le t  porosity for molecular diffusion) 
w a s  determined t o  be  0.0373 by a number of dif- 
ferent ia l  bed t e s t s  and by u s e  of the  integrated 
form of Eq. (6). T h e  external  mass-transport prop- 
erty (film diffusion mass-transport factor, ],) w a s  
determined from deep-bed t e s t s  and by a parametur- 
search  inetliod for  t h e  computer solution. 'The 
mass- t ransport  factor  w a s  correlated a s  a function 
of t h e  modified Reynolds  number, N R e :  

J n = 0.25 N K Z * 6 8  . (7) 
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Confirmation of t h e  mathematical  model was  
demonstrated by comparing the model-predicted 
concent ra t ions  of contaminants  in the  effluent with 
the experimental  r e su l t s  from the  deep-bed t e s t s .  
T h e  comparisons were within experimental  error 
(Fig. 19.1). 

19.2 C ~ A ~ ~ ~ T E ~ ~ ~ ~ ~ I O ~  OF AEROSOLS BY 
A L I G H T S  CATTERING TECHNIQUE 

An experimental  investigation h a s  begun on the  
characterization of ae roso l s  by determining their  
par t ic le -s ize  distribution and concentration in  g a s  
streams by means  of a light-scattering technique. 
T h i s  inves t iga t ion  will  have  application in  the  
CCR program, where i t  is des i r ab le  to  be  ab le  t o  
determine aerosol concentration and size dis t r i -  
bution in  the  flowing gas coolant.  

T h e  principle of operation of the l ight-scattcring 
device  i s  to measure the frequency and in tens i ty  

of l ight reflected from a known light source by 
individual par t ic les  in a gas  stream. Both ''near- 
forward" reflection and 90" reflection will  be  
t e s t ed .  

Eq"ipmeflt Development 

T h e  de tec t ing  c e l l  for the  l ight-scattering dev ice  
h a s  been built.  T h i s  is a sec t ion  of 1>-in.-diam 
pipe into which four opt ica l  windows arrayed 
radially every 90° have  been placed, and they wil l  
allow light from a primary source  to en ter  the  cell 
through one window and be  reflected through the 
other three. The  cell can  he  placed into an exis t -  
ing  g a s  loop, and the  opt ica l  system is such  that  a 
1-mm3 ac t ive  volume i n  the middle of the cell is 
used  for the  aerosol measurement. 

T h e  necessa ry  instrumentation for t h i s  sys tem 
h a s  been  des igned  and is being built  or procured. 
T h i s  inc ludes  photomultiplier tubes  for each  of 

2 



232 

t h e  de tec t ing  windows, a mercury-xenon arc  lamp 
for t h e  light source ,  a 200-channel pulse-height 
analyzer ,  and the necessary  e lec t r ica l  circuitry. 
T h e  200-channel pulse-height analyzer  will b e  
used  to count  the  individual light pu lses  and deter- 
mine their  light in tens i ty ,  which will b e  a function 
of aerosol-par t ic le  size. 

Aerosol Generotor 

In order t o  ca l ibra te  and t e s t  the aerosol-charac- 
ter izat ion device  it will b e  necessary  to generate  
a known aerosol  that  c a n  b e  introduced into t h e  
de tec t ing  unit. Such a generator h a s  been devel-  
oped. It c o n s i s t s  of multiple uni ts  which u s e  a 

concentr ic- tube pneumatic atomizer capable  of 
atomizing hydrosols  or aqueous so lu t ions  to 
par t ic les  less than 10 p in diameter. 

If monodisperse hydrosols  (a l l  par t ic les  of 
about the  s a m e  dimensions)  of known part ic le  
size and concentrat ion a r e  atomized a t  a known 
rate  into t h e  g a s  sys tem and the  water is evapo-- 
rated, there  resu l t s  a n  aerosol  of known charac-  
te r i s t ics .  Sal t  so lu t ions  c a n  also b e  used  t o  pio- 
drice polydisperse  aerosols  by atomizing the  
aqueous s a l t  solut ion into the gas st ream a t  a 
known rate  and  vaporizing the  water. T h e  gener- 
ated ae ioso l  c a n  b e  further defined by f i l ter ing 
known, smal l  amounts of i t  through membrane-type 
f i l t e rs  and measuring and count ing par t ic les  on 
the f i l ters  by microscopy. 

inatian Studies 

Deta i l s  of the Gas-Cooled Reactor  (GCR) Pro- 
gram in t h e  decontamination research  s t u d i e s  have  
been published in a progress report '  and in  semi-  
annual  reports on the GCR. 'f3 

Sta in less  steels that  had been contaminated in 
aqueous so lu t ions  of f iss ion products  and then 
baked in helium for about 1 h r  at 50OoC, simulat ing 

'A. B. Meservey, Peroxide-Inhibited Decontamination 
Solutions for Carbon Steel and Other Meials  in  the 
Gas-Cooled Reactor Program: Progress Report, No- 
vember 1959--]uly 1962, OKNL-3308 (Dec. 14, 1962). 

%. 1>. Manly, Gas-Cooled Reactor Program Semi- 
nnriual Progress Report for Period Ending Sept. 30, 
1962, OHNL-3372 (Jan. 25, 1963). 

'%. D. Manly, Gas-Cooled Reactor Program Semi- 
annual Progress Report for Period Ending iMdr. 31, 
1963, in press.  

GCR condi t ions,  were res i s tan t  t o  decontamination 
i n  aqueous,  noncorrosive reagents ,  Decontami- 
nation was much improved in  hot oxa l ic  ac id  solu- 
t ions (which c a u s e d  s l ight ly  higher corrosion 
ra tes )  containing f luoi ide and hydrogen peroxide. 
In 0.4 M ammonium oxalate-0.16 M ammonium 
citrate-0.34 M hydrogen peroxide a t  pH 4.0 and 
95T ,  with a corrosion rate  for types  317 and 302 
s t a i n l e s s  s t e e l  of l e s s  than 0.001 mil/hr, t h e  
decontamination fac tors  were 2 to  7 in  2 to 4 hr 
(Table  20.1). In normally corrosive 0.4 M oxal ic  
acid with 0.1 M fluoride, in which cons iderable  
passivat ion was at ta ined with 0.1 to  1 M H 2 0 2  
(0.003 mil/hr),  the  decontamination fac tors  had 
increased  to 17 to  45 in  2 to 4 h ~ ,  a s  shown in 
t h e  table. In the same acid-fluoride solut ion,  
the corrosivity of which was  increased  t o  about 
0.02 mil/hr by only 0.01 to 0.02 M H202, decon- 
tamination fac tors  in  2 to 4 hr were 70 t o  300. 
T h u s  a favorable  prediction may b e  made for the  
decontamination of s t a i n l e s s  steel blowers  and 
other equipment exposed to high temperatures  in  
t h e  GCR. 
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Tzlblu 20.1. Decontamination Factors ( D F ' S ) ~  Obtained wi th  Oxalate-Peroxide Solutions 

on Stainless Steels Baked a t  500°C in He l ium 

From Corrosive Solution; From Corrosive Solution; 
Corrosion Rate ,  Corrosion Rate ,  F i s s ion  F r o m  Noncorrosive 

Product Solution, pII 4 0.003 mil /h r  0.02 m i l h r  

Zr-Nb 9 5  2-4 

C e - ~ r  ' 4 4  6 

Ru-Rh lo 2 

7 140 Ba-La 

2 5-4 5 

20  

17 

100-200 

200-300 

70 

70 

~ 

%F = ratio of in i t ia l  t o  f ina l  g a m m a  activity on sample. 

20.2 D ~ ~ O ~ ~ A M ~ N A ~ ~  OF SPECIMENS 
CONTAMINATED FROM THE GAS PHASE3 

Favorable  decontamination resu l t s  were obtained 
on s t a i n l e s s  steels t h a t  had been contaminated 
from t h e  g a s  p h a s e  i n  helium loops  a t  Bat te l le  
Memorial Ins t i tu te  and a l s o  on s t e e l s  contaminated 
by helium p a s s e d  over irradiated uranium carb ide  
in the ORNL Metals and Ceramics  Division. For  
example,  Bat te l le  samples  exposed  t o  helium a t  
temperatures  up t o  540T were  decontaminated by 
fac tors  of 65 to 125  in  1 hr at 95OC i n  noncorrosive 

21. 

oxalate-peroxide a t  pM 4.0; more-resistant s a m p l e s  
(contaminated a t  65OOC) were completely decon- 
taminated in  oxa l ic  acid-fluoride-peroxide solu-  
t i o ~ ~ ~ .  Samples  contaminated with iodine and 
tellurium also responded wel l  to noncorrosive 
and to  s l ight ly  corrosive oxalate-peroxide solu-  
t ions,  depending on the  temperaturcs a t  which the  
f i ss ion  products  had  been deposi ted.  

Further  s t u d i e s  wil l  b e  made on t h e  behavior of 
volat i l ized f i ss ion  products under condi t ions tha t  
s imula te  'diose in t h e  GCR. 

hippin 

The AEC is currently developing cr i te r ia  to  
ensure  that  t h e  shipment  of i r radiated fuel  a s s e m -  
b l i e s  will b e  done  as s a f e l y  a s  possible .  As part 
of t h e  ORNL Reactor  Evaluat ion Program, s t u d i e s  
were completed on damage ( to  prototype c a s k s )  
resul t ing from impact loading. A s s i s t a n c e  in  t h i s  
program w a s  given by the  I so topes ,  Instrument and  
Controls ,  Engineer ing and Mechanical, and Metals 
and Ceramics  Divis ions.  

C o s t  comparisons for two methods of sh ipping  
fuel  t o  a southern California process ing  plant  were 
made for a domest ic  and for a n  I ta l ian reactor. 

21.1 FUEL CAR l E R  DROP TESTS 

Sixty-five drop t e s t s  were made with t h e  eight  
model casks' built for t h e  program and with four 
100-lb lead  weights .  The  la t ter  were used  to 
determine t h e  depth of puncturing i n  lead  without 
t h e  interference introduced by a s t e e l  she l l .  
Damage to t h e  c a s k s  w a s  s l igh t  for drops of 15 
ft and  under, except  on corner and "piston" 

-~ 

'Chern. Z'echnof. Div. Ann. Pro&.. Rept .  Jrine 30, 
1962, ORNL,-3314, pp 199-201. 
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Fig.  21.1. Volume of Lead Displaced os a Funct ion of Impact Energy. Container weight, 100 Ib. 

drops. Some fracturing of welds  w a s  noted; how- 
ever ,  welding on t h e  model c a s k s  was poor, 
having only about  one-third penetration in some 
cases. With gocd-quality welding i t  is ant ic i -  
pated that  no c r a c k s  would have been observed 
in  15-ft drops,  

When t h e  1.4-ton c a s k s  were dropped onto a 
2-in. pis ton,  t h e  s t e e l  she l l  was  penetrated for 
a l l  drops of 2 ft and above. The penetration d a t a  
obtained in  dropping both c a s k s  and lead  weights  
and in  iiiore rigidly controlled laboratory t e s t s  
i n  t h e  Metals and Ceramics  Division a r e  now 
being analyzed.  Figure 21.1 is a plot of t h e  
volume of lead  d isp laced  a s  a function of t h e  
impact energy when 100-!b lead  weights  were 
dropped on a 3/-in.--diam piston. T h e  s l o p e  of 
t h e  curve i s  defined as t h e  “average dynamic- 
energy-absorption pressure.” T h e s e  resu l t s  
ind ica te  that  t h e  average dynamic-energy-absorp- 
tion pressure for lead under t h e s e  impact condi- 
t ions  is about  24,500 psi .  Similar p lo ts  were 
made for t h e  pis ton drops of t h e  1.4- and 6-ton 
casks which had been dropped on 2- and 4-in.- 
diam pistons respect ively,  T h e  slopes of t h e s e  
two curves  were 21,300 and 12,600 p s i  respec-  
tively. ‘l’hus, there  may b e  both pis ton and c a s k  
size dependence of the  energy absorption pressure  

225 

in  lead ,  which is probably due  t o  s t ra in-rate  
e f fec ts .  I t  h a s  also become evident  from t e s t s  
p i f o r m e d  here  and a t  Frankl in  Institute’ i n  
Phi ladelphia  that  there  is a direct correlat ion 
between t h e  deformation of a c a s k  and tha t  of a n  
exac t  s c a l e  model of t h e  c a s k  when impacted 
under ident ical  conditions. 

T h e  drop t e s t s  made during the  l a s t  two y e a r s  
ind ica te  that  t h e  AEC cr i ter ia  on c a s k  damage 
under acc ident  condi t ions are reasonable ,  although 
i t  will  he  difficult to m e e t  t h e  proposed piston- 
drop requirements. ’ 

21.2 FUEL SHIPPING COST $TU 

An a n a l y s i s  of t h e  c o s t  of shipping spent  fuel 
e lements  from southern California t o  Hanford, 
Wash., and  from I ta ly  t o  southern California w a s  

~ ... -- 

k .  G. Clarke, Jr. ,  and W. E, Onderko, “Model Impact 
Tests Pertaining to  Shipping Containers for Radio- 
active Materials,’a Summary lieport of AEC Symposium 
on Packaging and R e g d n t o r y  Standards for Shipping 
Radioactive Material Held in Geiniantown, Maryland, 
Decemher .7-5, 1962, TID-76.5 1. p 238. 

’Code of Federal Regulations, Ti t le  10, Par t  72 
(proposed). 
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made. T h e  file1 was assumed t o  be  natural uranium 
irradiated t o  a leve l  of 8500 Mwd/metric ton. 

Truck shipment  of a c a s k  filled with 13 fuel  
e lements  and  weighing 24.5 tons  is es t imated  to  
c o s t  $0.60 per mile, based  on Hanford exper ience  
with s imilar  shipments .  On t h i s  b a s i s  t h e  c o s t  of 
sh ipping  s p e n t  fuel  t h e  1175-mile d i s t a n c e  would 
amount t o  $1.30 per kilogram of uranium at a fuel- 
d i scharge  rate  of 3 t o n s  Qf uranium per day. T h i s  
c o s t  inc ludes  t ransportat ion,  handling, and c a s k  
depreciat ion and a s s u m e s  tha t  a load of t h i s  
magnitude would b e  approved by t h e  s t a t e s  through 
which t h e  fuel  is to  be hauled. 

T h e  corresponding c o s t  of sh ipping  t h e  same 
d i s t a n c e  by rai l  varied with t h e  size of the  ship-  
ment, as shown i n  the following tabulation: 

Elements Cask Weight 
per Cask (tons) $/kg 

13 24.5 2.23 

26 43.5 1.86 

In comparison t h e  predicted c o s t  range in  sh ipping  
s imilar  fuel  6000 m i l e s  round trip from western 
Massachuse t t s  t o  Hanford, Wash., based  on the  
c o s t  of sh ipping  s p e n t  nr tura l  uranium fue ls  horn 
Chalk River  t o  Savannah River4  is $1.53 t o  $2.56 
per kilogram of uraniuin. 

T h e  c o s t  of sh ipping  s p e n t  fuel  8500 miles  from 
I ta ly  v ia  the  Panama Canal  t o  southern California 
w a s  es t imated  to  b e  $1.25 per kilogram of uranium, 
based  on a reactor  d i scharge  of 3 t o n s  of uranium 
per day and a burnup of 8500 Mwd/metric ton. 
T h i s  i s  considerably less than the  c o s t  of ocean 
shipment t o  New Orleans and overland by rai l  
to southern California (which w a s  est imated a t  
$3.50 per kilogram of uranium), e v e n  though t h e  
d i s t a n c e  is shorter. Shipping c o s t s  of t h i s  magni- 
tude c a n  b e  achieved by time-chartering a Liberty 
s h i p  by t h e  year  and  making approximately five 
round t r ips  a year. 

4% 75.0 1.67 
‘IA. Isakoff ,  Economic Potential for D 0 Power 

Reactors,  DP-570 (February 1961). 9 

22. Chemical A ications of 
rojeei Coach) 

T h e  Chemical  Applicat ions of Nuclear Explo- 
s i v e s  (CANE) Program a t  ORNL, a par t  of the  
P lowshare  Program, is an endeavor  to s tudy and 
eva lua te  various ways  in  which nuc lear  explos ions  
may b e  used  to  produce chemical  react ions,  new 
products, or radioisotopes which a r e  e i ther  dif- 
f icu l t  or impossible  to  obtain by other  means. T h e  
major effort t h i s  year  wits devoted to  t h e  develop- 
ment of a f lowshee t  by which the  few grams of 
transplutonium e lements  to b e  produced i n  t h e  
forthcoming Coach s h o t  c a n  h e  recovered from t h e  
10,000 to 35,000 tons of salt  in  which i t  will b e  
dispersed.  Smaller effor ts  were devoted to  s t u d i e s  
on t h e  production and recovery of radioisotopes by 
j e t  sampling and on the  feasibi l i ty  of a bubble- 
tapping l i n e  to re-establ ish communication with the  
b l a s t  z o n e  immediately after t h e  explosion.  

22.1 RECOVERY OF 1SQTOPES FRO 
COACH EVENT 

T h e  f lowsheet  development of a p r o c e s s  for re- 
covering transplutonium iso topes  f rom s a l t  w a s  
done on both a laboratory and a small engineer ing 
scale. In the  proposed f lowsheet  10,000 to 35,000 
tons  of s a l t  will b e  mixed and  crushed by UCRL. 
T h e  s a l t  will then b e  water-leached, leav ing  a 
water-insoluble res idue that  conta ins  99% of t h e  
des i red  i so topes ;  and the inso lubles  wil l  then b e  
separa ted  from t h e  brine and acid- leached to  bring 
t h e  des i red  e lements  in to  solution. T h e  elements  
from the  leach  liquor will he concentrated for ship-  
ment t o  an ex is t ing  AEC site for f inal  processing.  
All s o l i d  and liquid w a s t e s  will b e  d isposed  of at  
t h e  Coach site. 
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‘h’ork a t  ORNL h a s  been directed toward the  de-- 
termination of chemical p r o c e s s  f lowshee ts  for 
the recovery of the  transplutonium e lements  af ter  
mining and crushing have  been  accomplished. T h e  
laboratory work is being performed with radioac- 
t ive  c o r e s  from the  Gnome event .  

A 2.5-to-I weight ratio of water to s a l t  o r e  w a s  
suff ic ient  to leach  a l l  t h e  salt from t h e  ore, hut 
about 10% of the  o r e  is inso luble  i n  water under 
t h e s e  conditions. T h e  inso luble  res idue  is com- 
posed mainly of anhydrite, s i l i c a t e s ,  arid c lay  and 
retains  more than 99% of t h e  activity. Solubility 
s t u d i e s  ind ica te  that  the  amount of inso lubles  c a n  
be reduced by a factor of 2 by leaching  with a 
2.51 ratio of water  to ore  and d isso lv ing  a l l  t h e  
anhydrite. However, the  avai labi l i ty  of water  at 
t.he t e s t  s i t e  is only 50 gpm of brackish water 
containing 1960 ppm of s u l f a t e  and  thereby preclud- 
ing t h e  u s e  of s u c h  a high ratio. Act iv i t ies  tha t  
a r e  leached  by water a r e  SrgO and Cs13’, which 
are expec ted  t o  have concentrat ions of 2.5 x 
to S x l o u 3  pc/ml and which are ,  respect ively,  
1 0  to  500 t imes t h e  maximum permissible  concen- 
tration (MPCwN) for occupat ional  exposure. A 

material-balance f lowsheet  (based  on laboratory 
experiments) shows that  about  2 x l o 6  kg of in- 
so luble  res idue and 5 x 10’ l i te rs  of br ine w a s t e  
wil l  h e  produced over the  one-year process ing  
period (Fig.  22.1). T h e  s a l t  p rocess ing  rate  will 
he  100 tons/day,  as d ic ta ted  by the  avai labi l i ty  
of water  at the  s i t e .  

Nitric or hydrochloric a c i d  is ef fec t ive  for leach- 
i n g  t h e  water-insoluble residue. When e x c e s s  
a c i d  is used ,  the  act ivi ty  leached  i s  pract ical ly  
independent of ac id  concentrat ion far 1 to 10 N 
IINO,. Acid consuinption is 10 to 15 meq/g. 
L4b0~it 30 ml of ac id  per gram of res idue  is re- 
quired t o  leach  70 to 90% of the  act ivi ty;  about  
60 to  80% of t h e  mater-insoluble res idue  is so luble  
i n  t h e  acid. At ra t ios  l e s s  than 20 cc of ac id  per  
gram of so l id ,  s o l i d s  separa t ion  w a s  difficult. 
Room-temperature leaching  is as ef fec t ive  as 
leaching  a t  reflux. Recycle  of a c i d  l e a c h  l iquoi  
to minimize w a s t e  volumes may not he poss ib le ,  
b e c a u s e  a marked d e c r e a s e  i n  leaching  of Pluto- 
nium and gross  beta act ivi ty  occurs  when t h e  a c i d  
is sa tura ted  with respec t  to t h e  water-insoluble 
res idue.  
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Fig .  22.1. Recovery of Transplutonium Elements from Coach Nuclear Detonation; Water Leoch Step. 
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P a r t i a l  precipi ta t ion of calcium as oxala te  is 
effect ive for obtaining a primary concent ra te  a t  
pII 1.0 to 1.5. Experiments  with t h e  coprecipita- 
tion of t racer  froin ni t r ic  ac id  so lu t ions  
sa tura ted  with respec t  to C a S 0 4  and containing 
ferr ic  ion showed t h a t  90 to 99% of t h e  europiuin 
t racer  was carr ied by precipi ta t ing 0.3 to 3.0% of 
the  so luble  calcium as t h e  oxalate .  A 4:l  mole 
ratio of oxa la te  to  iron is required b e c a u s e  of 
complex formation with ferr ic  iron. 

A material-balance f lowshee t  for acid leaching  
and primary concentrat ion s h o w s  that  about  6 x l o 7  
l i t e r s  of 1 N FINO, is required and that  about  
'7 x l o 7  l i t e rs  of liqilid w a s t e  is produced, which 
must b e  d isposed  of s a f e l y  (Fig. 22.2). Disposa l  
of w a s t e  into the  Coach cavi ty  af ter  evaporat ion 
of the  w a s t e  i n  a sur face  pond i s  a preferred 
method of d i sposa l .  

Primary concentration by Fe(OII)3 scavenging  
was inves t iga ted  as an al ternat ive t o  par t ia l  pre- 
c ipi ta t ion of calcium as  oxalate .  Precipi ta t ion of 
Fe(QI-I), a t  pH 6 t o  8 carr ied 99.0 to 99.9% of t h e  
t r ivalent  act inides;  but; in  the  expec ted  iron con- 
centrat ions of 0.2 to  0.5 mg/ml, t h e  precipi ta te  
i s  voluminous and retains  about  30% of the  l e a c h  
liquor within i t s  gel  s t ructure .  Thorough washing 

INSOLUBLE 
RESIDUE 
Z x 1 0 6 k g  

of t h e  Fe(OH)3 would he  required to remove t h e  
mother liquor and obtain a n  acceptab le  primary 
concentrate  of the  act inides .  Par t ia l  precipita- 
tion of t h e  iron is not poss ib le  b e c a u s e  t h e  
Fe(OM), precipi ta tes  a t  pH 4.0 to 4.5 and car r ies  
only about  10% of the  ac t in ides  from solution. 
Present ly ,  so lvent  extract ion s y s t e m s  ut i l iz ing 
ter t iary amines and tributyl phosphate  a r e  being 
inves t iga ted  as  p o s s i b l e  a l te rna t ives  to  o x a l a t e  
precipitation. 

A t en ta t ive  equipment f lowsheet  (Fig.  22.3) for 
process ing  Pro jec t  Coach  ore salt to recover 
ac t in ides  was based on a few laboratory tests to 
charac te r ize  t h e  se t t l ing  and filtration r a t e s  of 
the liquid-solid separat ion s t e p s .  T h e s e  d a t a  were 
compared with background information from t h e  
s a l t  and uranium milling industr ies .  T h e  u s e  of 
a radioact ive sorter i s  be ing  studied. Such a 
device ,  which h a s  been s u c c e s s f u l l y  appl ied to 
sor t ing uranium ore,  might b e  u s e d  to s o r t  t h e  
melt  zone  s a l t  from the  rubble frozen i n  t h e  melt, 
thereby reducing the  amount of s a l t  to b e  proc- 
e s s e d  to about  10,000 tons. T h e  s a l t  d i sso lver  
probably would be  a lixator type u s e d  for dissolv-  
i n g  rock s a l t ;  thus  it would b e  fed automatical ly  
to maintain a sa tura ted  brine and would require 

x 
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Fig.  22.2. Recovery of Trans plutonium Elements from Coach Nuclear Detonation; Acid L e a c h  ond Concentration S t e p .  
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Fig.  22.3. Tentative Equipment Flowsheat  for Coach Ore Salt. 

no agi ta t ion.  Countercurrent washitig of t h e  water- 
inso lubles  i n  two thickeners ,  which opera te  with 
low maintenance and automatic control, would 
remove ~iiore than 99% of t h e  salt. After the  
acid-leach s t e p ,  a s i n g l e  thickener  would b e  
adequate for washing t h e  ac id  residue.  

T h e  precipitation s t e p  may require batch feed 
adjustment  to obtain good qual i ty  control  b e c a u s e  
of t h e  e f f e c t s  of e x c e s s  oxa la te  and time. T h e  
most pract ical  method of separa t ing  t h e  precipi ta te  
i s  not obvious; u s e  of e i ther  a thickener  or a 
centr i fuge would probably require a pol i sh ing  
filter tha t  could he  backwashed -- a precoat  f i l ter  

would add undesirable  weight  and contamination 
to t h e  product, F ina l  drying or ca lc in ing  rcquire- 
ments  depend on evaluat ion of sh ipping  hazards  
and  costs. 

In support work at Frarikford Arsenal ,  uranium 
ta rge t  j e t s  were successfu l ly  focused and trans- 
ported about  100 ft at a veloci ty  exceeding  the  
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shock-wave veIocity of underground nuclear  det-  
onat ions.  T h e  objec t  of t h i s  work is t h e  develop- 
ment of a prompt sampler  t h a t  wil l  e x p o s e  a heavy- 
e lement  ta rge t  to neutron irradiation from a nuclear  
detonatioii optimized t o  maximize external  neutron 
flux and then immediately withdraw the  i r radiated 
target from t h e  zone  of e n s u i n g  destruct ion so 
tha t  the  target  material and  irradiation produc t s  
c a n  he  recovered. In a nuclear  experiment, a n  
evacuated  iron pipe would bc prepared for t h c  
target  transport route  so tha t  i t  would seal  a f te r  
p a s s a g e  of t h e  target  and preclude any  poss ib i l i ty  

of vent ing the  detonat ion.  A t e s t i n g  a r e a  and a 
vacuum-pipe chamber h a v e  been  obtained;  the  
sampler  method is under t e s t  with high explos ives  
a t  Frankford Arsenal .  

Another s tudy  a t  Frankford Arsenal  provided 
information n e c e s s a r y  for proposing a bubble- 
tapping l ine to communicate permanently with a n  
underground nuclear  detonat ion cavi ty  immediately 
af ter  formation. T h i s  s tudy indicated tha t  explo- 
s i v e s  can provide counterpressures  in  a bubble- 
tapping l ine  tha t  a r e  phased  with t h e  s h o c k  wave 
from t h e  nuc lear  detonat ion.  

T h e  purpose of t h i s  program w a s  to prepare pure 
U‘ ’ for neutron cross sec t ion  measurements. TWO 

s a m p l e s  were required: one of s e v e r a l  milligrams 
containing only smal l  amounts  of t h e  f i ss ionable  
i s o t o p e  U 2 3 3 ,  and t h e  other  a 1-g sample  contain- 
ing  up t o  1.% U 2 3 3 .  Preparat ion of 32.9 mg of 
U 2 3 2  containing from 180 to 350 ppm 1 J 2 3 3  w a s  
d i s c u s s e d  in the  previous annual  report. During 
t h e  p a s t  year ,  s l igh t ly  more than 1 g of U Z 3 ’  con- 
ta in ing  0.72 wt % U 2 3 3  w a s  prepared. 

T h e  production method cons is ted  in  i r radiat ion 
of about  45 g of Pa231 as a n  Al-Pa,Q, cermet  to  
1.25 x 10’’ nvt in  t h e  OKK; d isso lu t ion  of the 
aluminum matrix and j a c k e t  i n  8 M HC1 af ter  nine 

2 3 2 .  
d a y s  of cool ing  to allow for Paz3’ decay  to  U , 
sorpt ion of d isso lved  t races  of protactinium and 
uranium on anion exchange  resin from the  aluminum 
disso lver  solut ion;  d i sso lu t ion  of Pa,O, i n  8 /M 
IIC’I-0.6 M HF; s e l e c t i v e  sorpt ion of uranium on t h e  
s a m e  anion res in  colurnii f rom t h e  PaZO5 disso lver  
solut ion (protactinium f o r m  a s t rong  fluoride 
complex and d o e s  not enter  the  ion exchange  
react ion with t h e  resin) ;  and elut ion of t h e  U 2 3 2  
with 0.5 M HCI. T h e  uranium product  w a s  purified 

by tileans of a second anion exchange c y c l e  from 
mixed I-ICI-HF solut ion and a f inal  extract ion in to  
20% TBP from 6 M HNO,. T h i s  i s  t h e  s a m e  pro- 
cedure’  used  for preparing the  32.9-mg s a m p l e  of 
U Z 3 ’ ,  with the  except ion of t h e  longer irradiation 
and decay  t imes required for producing 1 g of U 2 3 2 .  

T h e  uranium product contained 1 .04  g of U Z 3 ’ .  
T h e  resu l t s  of the uranium m a s s  a n a l y s i s  (atomic 
percent)  w a s  99.243 UZ3’, 0 .721 U 2 3 3 ,  0.0083 
1J234,  0.0014 UZ3’ ,  0.0013 U 2 3 6 ,  and 0.0235 U Z 3 ’ .  
Alpha energy pulse  a n a l y s i s  made within 24 hr of 
the f inal  separa t ion  indicated greater  than 98% 
U ’ ’, t h e  remainder being U * ’ daughters .  Prot-  
actinium was not de tec tab le  when t h e  product 
w a s  ana lyzed  by neutron act ivat ion.  F o r  the  
sample  s i z e  used  i n  t h i s  a n a l y s i s ,  t h i s  means  
t h a t  protactinium Contamination was less than BO 
wt %, and,  i n  all probability, i t  w a s  less than 1 
wt %. 

All the  U 2 3 2  products were del ivered to  the  
I s o t o p e s  Divis ion,  which is responsible  for t h e  
preparation of s p e c i a l  forms required for c r o s s  
s e c t i o n  measurements. 

T h i s  program b a s  been completed except  for 
final recovery of the  residual  Paz3’ .  During the  

__.__ ........ __ 
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comiiig year ,  i t  wi l l  be decontaitiinated from f i ss ion  
Products, converted to  t h e  oxide,  and returned to 
the IJnited Kingdom. 

‘F. I.,. culler e t  clIem. ~ ~ ~ h ~ ~ l ,  ~ i ” .  A ~ , ~ ,  progr. 



ss is ta  nee 
T h e  Chemical  Technology Division provided 

a s s i s t a n c e  t o  o thers  on severa l  projects. T h e  
Eurochemic A s s i s t a n c e  Program w a s  continued. 
Under t h i s  Program ORNL is coordinating the  
exchange of inforination between Eurochemic and 
t h e  var ious PnEC s i t e s  and i s  currently supplying 
t h e  U.S. Technica l  Advisor t o  Eurochemic during 
t h e  construct ion and s ta r tup  periods. T h e  Divis ion 
is handl ing t h e  technica l  l ia ison for t h e  AEC, 
OWNL, and  t h e  construct ion contractors  for (1) 
the  High Radiat ion L e v e l  Analytical Laboratory 
(HRLAI,) and (2) t h e  P l a n t  Waste Improvements 
projects. The  Molten-Salt Converter Reactor  
(MSCR) conceptual  d e s i g n  and  c o s t  es t imate ,  done 
jointly with t h e  Reactor Division, w a s  revised t o  
compare t h e  economics of discarding residual  
Pa233  with recovering it. The Division des igned  
and built a n  Interim Alpha Laboratory in  t h e  base-  
ment of Building 3019 for u s e  by t h e  Metals and 
Ceramics  and t h e  Chemical  T e c h n o l o p j  Divis ions.  
In a corrtbined s t u d y  program with t h e  Metals and 
Ceramics  a n d  t h e  Reactor  Divis ions,  fuel  c y c l e  
c o s t s  were eva lua ted  for a variety of reactor  
s t a t i o n s  for t h e  production of water and possibly 
electr ic i ty .  

ORNE cont inued t o  coordinate t h e  Eurochemic 
A s s i s t a n c e  Program for t h e  exchange of information 
between Eurochemic and the  several. AEC s i t e s  
pai t ic ipat ing in  t h e  program. In addition, OTZNI, 
is supplying t h e  1J.S. Technica l  Advisor, E. M. 
Shank, who will remain a t  Mol, Belgium, during 
t h e  construct ion and s ta r tup  p h a s e s  of the  Euro- 
chemic Plant. 

During t h e  p a s t  year ,  551 USAEC-originated 
documents  and 99 drawings were s e n t  t o  Euro- 
chemic. About 37 Eurochemic documents written 
i n  Engl ish were received,  reproduced, and d is -  
tributed. In addition, about 15 Eurochemic docu- 
ments  written i n  French were t ranslated and d is -  
tributed. 

'The Eurochemic s taff  was expanded to about 
195 people  by t h e  end of 1962; t h i s  expansion 
will cont inue unt i l  t h e  authorized complement of 
450 people  is reached. T h e  preptoject d e s i g n s  
were completed for all fac i l i t i es .  'The plant  
capac i ty  remains as previously reported except  

for  t h e  plutoniuiti faci l i ty ,  which has been re- 
duced from 3.0 to 1.5 kgJday. A revised cost 
es t imate  made i n  September 1962 g i v e s  a con- 
s t ruct ion c o s t  of 24.67 million dolJars with a n  
addi t ional  6.03 million dollars operatirig c o s t  
through 1963. T h e  c iv i l  engineer ing design is 
about 80% complete ,  and construct ion i s  about  
50% complete; hailding construct ion is about 
s i x  months behind t h e  schedule  ant ic ipated in  
November 1961. 

The main process  c o n s i s t s  of two solvent  ex- 
t ract ion c y c l e s  of a Purex-type flowsheet. T h e  
pliitonium faci l i ty  is be ing  designed t o  u s e  a 
30% tributgl phosphate  flowsheet. A new French 
s t a i n l e s s  s t e e l ,  Uranus S, i s  being evaluated as 
a material for was te  evaporators. Two s p e c i a l  
s t u d i e s  were made relat ive t o  the  process ing  of 
enriched uranium on t h e  Eurochemic s i t e ;  a f inal  
dec is ion  from t h e  Eurochemic Board of Directors  
is expected by July 1953. T h e  Board h a s  author- 
ized  the  management t o  s t a r t  preliminary proc- 
ess ing-contract  negot ia t ions 

Construction of t h e  High Radiation L e v e l  Analyt- 
i c a l  Laboratory for t h e  Analytical Chemistry 
Division w a s  s ta r ted  in  the  fal l  of 1962. All 
site-preparation work, cons is t ing  of the  d is -  
mantling of Building 2005, s i t e  excavat ion,  and 
t h e  ins ta l la t ion  of t h e  s tabi l ized aggregate  base 
for t h e  new building, w a s  done  by the  JI. K. Fergu- 
s o n  Company of Oak Ridge, T e n n e s s e e ,  on a 
cost-plus-fixed-fee b a s i s .  T h e  Inmp-sum contract  
for t h e  erect ion of t h e  new laboratoiy w a s  awarded 
t o  t h e  F o s t e r  and Creighton Company of Nashvi l le ,  
I ennessee .  Construction by t h e  F o s t e r  and 
Creighton Company throughout the  period of t h i s  
report w a s  confined to t h e  instal la t ion of concrete 
p i t s ,  type  304L s t a i n l e s s  s t e e l  piping and duct- 
work, and I-Iastelloy C and Duriron drainage 
s y s t e m s  located i n  the s tab i l ized  aggregate  b a s e  
under t h e  main floor of t h e  building. Under the  
present  schedule ,  t h e  faci l i ty  is scheduled for 
completion ear ly  in 1964. 

I *  
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AST E-SY ST EM IM 

Several  improvements and addi t ions  t o  t h e  ORNE 
radioact ive w a s t e  sys tem (Fig .  24.1) a r e  currently 
be ing  made, b a s e d  on P r o c e s s  Design Section 
s t u d i e s  and cr i ter ia  previously descr ibed  in  de-  
ta i l .  l S 2  During t h e  pas t  year  design consul ta t ion 
and de ta i led  review of all drawings and spec i f i -  
c a t i o n s  were cont inued a s  a n  a s s i s t a n c e  effort 

'Cheni. Technol. Div. Ann. Pro&. Rept .  ."nay 31, 

%hem. Technol. Div. Ann. Progr. R e p t .  June 30, 

1962, OmL-3153,  p 137. 

1962, ORNL-3314, p 211. 

M A I N  R E S E A R C H  AREA WASTES 
BE-rHEL V A L L E Y  

HIGH 
L E V E L  

> io  curies/gal 

I N T E R  M E DI A-rE 
L E V E L  

10-3 - 10 curies/goI 

to t h e  ORNL Operat ions Division, Construct ion 
of t h e  project is currently in  progress  and is 
being followed. 

The purposes  of t h e s e  improvements are (I) to 
provide adequate  water-cooled s torage  for ac id ,  
high-level radioact ive was te ;  (2) to el iminate  t h e  
u s e  of soil s e e p a g e  p i t s  and t renches  for dis- 
posing of intermediate-level radioact ive was te ;  
and (3) t o  a s s i s t  i n  obtaining t h e  goal. of 1 0 . 1  
MPCv, in  low-level radioact ive d ischarges  to 
White Oak Creek. 

< 

Construct ion w a s  s ta r ted  in March 1963 on the 
low- and  intermediate-level w a s t e  col lect ion and 

L O W  
L E V E  I- 

0.1-2 pc/gal 

........ 

I- 
,...... __F_ 

AUTOMATIC 
DIVERSION BOX 

U N C  L A S S  IF1 E D  
ORNL-  LR-DWG 723228 

N E W  R E S F A R C H  AREA WASTES 
MELTON V A L L E Y  

H F I R ,  TRU, U233, M S R E  
........ ........ 

I N T E  R M ED I AT E 
L E V E L  

CONCRETE I WASTE ' 
..... 1 7 1  ....... (600,000 gal) 

- _ _ _  
I S O I L  SEFPAGE ! 

F i g .  24.1. O R N L  Radioact ive Waste System. 
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t ransfer  s y s t e m s  t o  s e r v e  new research fac i l i t i es  
now be ing  built in  Melton Valley about 1>2 miles  
south of  t h e  main ORNL area,  T h e  fac i l i t i es  to b e  
served  are t h e  High Flux ‘isotope Reactor ,  t h e  
Transuranium P r o c e s s i n g  Plan t ,  the  Thorium- 
Uranium Fuel Cycle  Development Fac i l i ty  (U 2 3 3 ) ,  

and t h e  Molten-Salt Reactor  Experiment. Activity 
monitoring ponds for low-level waste ,  a central  
col lect ion s ta t ion  for intermediate-level waste ,  and  
pumping s t a t i o n s  to del iver  contaminated w a s t e  
to appropriate treatment fac i l i t i es  in t h e  main 
OKNL area. should al low t h i s  new area  t o  operate  
hyith a minimum act ivi ty  r e l e a s e  to  the  environ- 
rnznt. T h e  Melton Valley phase of the  project is 
scheduled for completion in  December 1953 a t  a 
bid c o s t  of $159,200. 

Construction w a s  also start-ed in  March 1963 on 
Building, 2531 t o  house  a 600-gal/hr intermediate- 
leve l  w a s t e  evaporator and two 50,000-gal s ta in-  
less s t e e l  s torage  t a n k s  for high-level was te .  T h e  
building is scheduled for completion in  December 
1963 a t  a bid c o s t  of $384,000, exc lus ive  of proc- 
ess equipment. T i t l e  IT des ign  of the process  
equipment and piping, which will be instal led on 
a cost-plus-fixed-fee contract  af ter  the  building 
i s  completed,  is nearly complete. ‘The evaporator ,  
feed tank,  vapor f i l ter ,  condenser ,  and scrubber  
a re  t o  b e  made in the  ORNL shops.  T h e  evapora- 
tor should h e  ins ta l led  and in  operation by Decem- 
ber 1964. 

B e c a u s e  of fabrication diff icul t ies  and high c o s t ,  
t h e  design of t h e  external  cool ing sys tem for the  
high-level w a s t e  tanks  was  changed from 1 I/,-in.- 
d i a n  s t a i n l e s s  s t e e l  pipe welded t o  t h e  t a n k s  to 
segmented j a c k e t s  welded to the  tanks.  Of 
severa l  cool ing methods s tudied,  spray cool ing 
and par t ia l  submersion of t h e  t a n k s  were rejected,  
a s  w a s  the  u s e  of pentane in t h e  jacke ts .  T h e  
current design u s e s  recirculated water a s  the  
primary coolant. An intermediate hea t  exchanger  
s e p a r a t e s  t h e  primary and secondary coolan ts  and 
provides  double containment aga ins t  act ivi ty  
leakage.  T h e  secondary coolant  is water  that  i s  
cooled in an evaporat ive type cool ing tower. 

Another des ign  change w a s  the  removal of t h e  
s t a i n l e s s  s t e e l  l iner  from t h e  wal l s  and floor of t h e  
storage t a n k  vaul t .  T h e  hare  concre te  vault floor 
will be  curbed under e a c h  tank and flooded with 
water t o  a depth of 1 in. t o  d i lu te  any acid-waste  
leakage  from ei ther  tank arid thus  avoid penetra-  
tion of t h e  floor by a n  ac id  leak  before it is de-  
tected.  A sump €or e a c h  tank area  will contain a 

liquid-level indicator ,  a sampler, and several. 
jets for emptying t h e  vaiilt. Only one  was te  tank 
will b e  filled a t  a time, t h e  other tank serving as  
a spare .  A third tank is to b e  ins ta l led  in  the  
event  of a k a k  in  t h e  first or when t h e  f i rs t  tank 
becorries filled. Hot-waste  l i n e s  f rom Pi lo t  P l a n t  
Building 3019, F i s s i o n  Products  Bui lding 3517, 
and t h e  new evaporator wil l  connect  into t h e  first 
tank. Several  s p a r e  l i n e s  will also connect  t o  
the  f i rs t  tank. The second tank will b e  so piped 
that  future connect ions to i t  can. b e  made without 
access to t h e  tank o r  i t s  vault. Alariii indicators  
for t h e  s torage  t a n k s  and t h e  evaporator will be  
telemetered to  t h e  new central  waste-control 
cen ter  in  Ih i ld ing  3105. 

24.4 MOLTEN-SALT CO VEWTER REACTOR 
(MSCR) FUEL-PRBCESS%H& STUDY 

T h e  MSCR Fuel P r o c e s s i n g  S t ~ d y , ~ , ~  done as a 
joint effort with t h e  Reactor  Division, w a s  com- 
pleted. B e c a u s e  such  a large part of t h e  plant ,  
and therefore plant  c o s t ,  w a s  required for interim 
s a l t  s torage  for Pa233 decay ,  a subsequent  s tudy 
w a s  iiiade t o  determine the  economics of “throwing 
away” the  residual  protactinium. 

In t h e  or iginal  des ign  s tudy  and cost es t imate ,  
two on-si te  fluoride volatility processing p lan ts  
were evaluated.  Each  plant w a s  assumed t o  b e  
processing,  cont inuously,  irradiated LiF-BeF, -  
l‘hF,-UF, fuel  from a one-region MSCR c a p a b l e  
of producing 1000 M w  (electrical). One plant 
processed  fuel  a t  a rate  of 1.2 f t3/day,  t h e  second 
a t  12 ft 3/day; t h e  corresponding capi ta l  inves t -  
ments  were $12.5 x 10, and $25.7 x lo6 .  T h e  
est imated direct  operat ing charges  were $1.10 x 
lo6  per year  for t h e  smaller  plant  and $2.22 x lo6 
per  year  for t h e  larger  one. 

T h e  cheiuical processing scheme cons is ted  i n  
volat i l iz ing uranium as UF, by t rea t ing  t h e  molten 
s a l t  with elemental  fluorine a t  about 5SO°C. T h e  
hexafluoride w a s  then co l lec ted  by absorpt ion on 
N a F  and condensat ion in cold t raps ,  reduced t o  
UF,  i n  an H,-F2 flame, d i sso lved  in  makeup s a l t ,  
and recycled t o  t h e  reactor. Makeup fuel  w a s  
suppl ied by purchasing fully enr iched I J 2 3 5 .  T h e  

_,I___ 

3Chem. ‘I‘echriol. Div. Ann. Pro&. X e p t .  June 30, 

,W. L. Carter, R. P. Milford, and W, G. Stockdale, 
Design Studies and Cost Estimates  of Two Fluoride 
vo la t i l i t y  Plants, ORNL TM-522 (at. 10, 1962). 

1962, ORNL-3314, p 210. 
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lithium, beryllium, and thorium components of t h e  
fuel were d iscarded  with the  waste. In t h e  original 
s tudy ,  t h e  Pa233-bear ing  w a s t e  w a s  held 135 t o  
175 d a y s  unt i l  t h e  Pa233 amounted t o  50.1% of 
the  bred uranium, and t h e  s a l t  w a s  then reproc- 
e s s e d  for U 2 3 3  recovery. 

In t h e  second s tudy ,  i n  which t h e  interim P a 2 3 3 -  
decay  s torage  area and equipment werc omitted 
from t h e  smaller  plant ,  a c a p i t a l  investment  s a v i n g  
of $2,370,000 w a s  real ized,  which becomes 
$342,000 per year  a t  a n  amortization ra te  of 
14.46% per  year. Savings in operat ing cost were 
not evaluated.  At $12 per  gram, the amount of 
protactinium discarded  had  a value  of $191,300 
per year. T h u s ,  t h e  net  gain i n  discarding the  
Pa233 is about $151,000 per year. 

A general-purpose laboratory to support the  
Chemical  Technology Division’s high-alpha- 
act ivi ty  research  and  development program w a s  
des igned  and is under construction. T h e  labora- 
tory, which wil l  b e  23 f t  8 in. by 66 ft 8 in., is 
loca ted  in  t h e  basement  s torage  and mechanical  
equipment room of Building 3019, t h e  Radiochemi- 
c a l  P r o c e s s i n g  Pi lo t  Plant .  

Personnel  access into t h e  laboratory wil l  b e  
v ia  the  Building 3019 sample gallery. An exis t ing  
airlock loca ted  in t h e  personnel  corridor will 
permit t h e  del ivery of equipment without disrupt ing 
containment. Exis t ing  windows wil l  b e  removed 
and t h e  openings filled with concre te  block t o  
ensure  containment integrity. The  interior wal l s  
and ce i l ing  of t h e  laboratory wil l  b e  coa ted  with 
acid-resis tant  paint. T h e  floor wil1 be  covered 
with vinyl  p l a s t i c  s h e e t ,  heat-sealed t o  form a 
cont inuous sur face  and coved a t  t h e  wal ls .  

T h e  laboratory wil l  b e  operated as a secondary  
containinent zone  and  will b e  served by a cent ra l  
year-round a i r  condi t ioning sys tem us ing  100% 
outs ide  a i r  on a once-through bas is .  

Vent i la t ion exhaus t  from t h e  laboratory will b e  
discharged into t h e  Building 3013 cel l -exhaust  
sys tem,  which conta ins  roughing and absolu te  
f i l ters .  A backflow preventer located in  t h e  
e x h a u s t  header  wil l  prevent c r o s s  contamination 
i n  t h e  e v e n t  of c e l l  pressurizat ion.  T h e  a lpha  
laboratory wil l  b e  operated in a contained s t a t u s  
normally, having  a t  least 0.15-in. (water gage), 

or greater ,  negat ive pressure a t  all t imes relat ive 
t o  less contaminated adjoining areas. 

Clove boxes  wil l  provide primary containment 
for alpha-emitting materials. Glove-box vent i la t ion 
exhaus t  will b e  given one  s t a g e  e a c h  of roughing 
and high-efiiciency filtration before d ischarge  into 
the  Riiilding 3019 v e s s e l  off-gas col lect ion sys tem,  
which conta ins  a high-efficiency deep-bed filter. 
T h e  off-gas, a f te r  leaving t h e  building deep-bed 
filter, p a s s e s  through a final scrubber and absolu te  
filter before d ischarge  to the central  s tack .  

Services  will b e  provided t o  the  laboratory by 
ex tens ion  of ex is t ing  s y s t e m s  in  Fhi lding 3019 
and will include hot  and cold water, d i s t i l l ed  
water, compressed air ,  vacuum drains ,  hot drains ,  
and e iec t r ica l  se rv ice .  

The laboratory i s  scheduled for occupancy 
P.ugust 1, 1963. 

24.6 FUEL CYCLE FOR LARGE 
D ESALl MAT ION 

Recent  s tud ies ’  indicated that  large nuclear  
reactors  with good neutron economy may produce 
h e a t  a t  a cost low enough for t h e  production of 
agriculturally su i tab le  water from seawater  by 
dis t i l la t ion.  Also,  e lec t r ic  power generation in 
conjunct ion with water  production holds  particular 
promise. Increase  i n  t h e  s i z e  of the  var ious 
u n i t s  required in  a distillation-fuel-cycle complex 
for s u c h  a reactor  was a major factor  i n  t h e  favor- 
a b l e  economics.  

‘This s tudy was undertaken to determine t h e  
magnitude of t h e  fue l  c y c l e  c o s t  for severa l  reactor  
fue ls  over  a wide range of s i z e s .  The  cases 
studied i n  d e t a i l  were: 

A. Natural  uranium, Zircaloy-clad UO e lements  
a s  shown in Fig. 24.2 at production ra tes  of 
from 1 to 30 short  tons  of uranium per day. 

B. T h e  s a m e  fue l  e lements  a t  10 and 30 tons  per 
day ,  with t h e  irradiated elements  discarded 
rather than processed  (the ‘ ‘ thr~waway”  case) .  

C. Depleted uranium and recycled plutonium so 
that  U02-0.5% PuO,  replaced the  natural 
uranium i n  t h e  above  e lements  a t  1 to 30 
t o n s  of uranium per day. 

’R. P. Harnmond, I. Spiewak, and Gale Young, Pros- 
p e c t s  for Sea-Water Desalination with Nuclear Energy, 
an Evaluation Program, ORNL TM-465 (January 1963). 

c 
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U N C L A S S I F I E Q  
O R N L - L R - D W G  79702A 

L E N G T H  7 2  in. 

LOADING: 18.92 kg I J  PER FOOT OF L E N G T H ,  114 kg U 
PER E L E V E N T  

U/Zr RATIO: APPROX 40 

Fig.  24.2. Reference Fuel Element Design. 

For  e a c h  of t h e s e  three s t u d i e s  a f lowsheet  
w a s  prepared through equipment s iz ing ,  equip- 
ment layout, bui lding concept, and requireincnts 
for mater ia ls  and personnel, and a n  es t imate  of 
ac tua l  cap i ta l  and operating requirements was 
made. T h e  ORNL Metals and Ceramics  Division 
followed a s imilar  path for t h e  fuel-fabrication 
s t e p  i n  t h e  fuel  cyc le ,  In a l l  cases, the  plant 
un i t s  were considered t o  have  a s ingle  purpose, 
with a cont inuing throughput requirement. For  
example, t h e  process ing  of irradiated case-A fue l  
at 10 t o n s  of uranium per day  w a s  done  in  a plant 
designed for and  operated on case-A fuel  a t  10 
tons per day. 

In addi t ion t o  t h e  de ta i led  es t imates  above,  a n  
attempt w a s  made t o  s tudy  on a comparable b a s i s  
the fuel  cycle cost for t h e  advanced,  par t ia l ly  
enriched reactors  of t h e  Dresden type. 

T h e  ground ru les  for all the  s t u d i e s  were: capi- 
t a l  c h a r g e s  at 7.7%/yr, municipal financing; 
inventory c h a r g e s  a t  5.5%/yr; $13 per kilogram of 
uranium for natural  uranium i n  ore concentrates;  
$2.50 per kilogram of uranium for depleted uranium 
from diffusion-plant t a i l s ;  and $30 per kilogram 
for t h e  c o s t  of separa t ive  work6 in  enriching. 

C a s e  A, t h e  b a s e  c a s e ,  received t h e  most d e -  
ta i led study. T h e  reprocess ing  s t e p  w a s  b a s e d  on 
a s l igh t  modification to Farrow's es t imates .  l'he 
resu l t s ,  indicating f u e l  c y c l e  c o s t s  dropping from 
$43.55 to $0.31 per kilogram of uranium, are shown 
on T a b l e  24.1 and Figs .  24,3-24.6. T h e t a b u l a t e d  
cost for t h e  refinery a t  1 ton per day of urariiurn 
is peobably high because  c o s t s  for large p lan ts  
were extrapolated to c o s t s  for plants  below a 

pract ical  s i z e .  T h e  c o s t  of Zircaloy w a s  based  

'hi. Benedict and T. H. Pigford, p 403 in Nuclear 
Chemical Engineering, McGraw-Hill, New York, 1957. 

7W. H. Farrow, Jr., Radiochemical Separations Plant 
Study, Part 2 .- Design and Cost Estimates, DP-566 
(March 1961). 
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Fig .  24.4. Reprocessing Costs vs Plant  Capacity.  
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Fig .  24.6. Z i rca loy  Cost  and Requirements vs F u e l  

C y c l e  Capacity. 

on b i d s  from producers ,  based  on a cont inuing 
production. T h e  va lue  of plutonium produced 
and s o l d  w a s  taken at $6.70 a gram. 

If many la rge  reac tors  using the  fuel c i ted 
above were i n  operation, the  quantity of plutonium 
produced would l ikely affect  the  value of plutonium. 
To determine t h e  upper limit of t h e  fuel-cycle  c o s t ,  
the  “throwaway” case w a s  est imated a t  10 and 
30 t o n s  per day  of uranium. In t h i s  c a s e ,  pluto- 
nium w a s  assumed t o  have  no value,  no process ing  
of irradiated fue l  w a s  done,  and t h e  spent  fuel  
e lements  were s tored  under water in  a constant ly  
expanding has in  near  t h e  reactor. , F u e l  c y c l e  
c o s t s  were $24.96 and $22.57 per kg of uranium 
at 10 and 30 t o n s  per day  of uranium respect ively.  
T h e  breakdown of t h e  es t imate  i s  shown in T a b l e  
24.1. 

’The cost of a plutonium-recycle fuel c y c l e  w a s  
determined in  order t o  u s e  i t  in  reactor optimization 
s t u d i e s  s t i l l  in  progress. T h e  fuel  e lement  h a s  
t h e  same s h a p e  and  dimensions as  that  for t h e  
b a s e  case but conta ins  depleted uranium and 
recycled plutonium a s  UO,--O.S% PuO 2 .  The 
preparation of reactor  grade UO,.-PuO , w a s  based  
on a large s c a l e u p  of a few s u c c e s s f u l  laboratory 
sol-gel  p r o c e s s  experiments. Twelve i n c h e s  of 
concrete  sh ie ld ing  and remote operation were pro- 
vided for t h e  sol-gel and fuel  fabrication s t e p s .  
F u e l  c y c l e  c o s t s  were $59.74 and $22.49 per 
kilogram of uranium a t  1 and 10 t o n s  of uranium, 
respect ively.  A more complete  summary of the  
es t imate  is shown on Table  24.2. 

‘4 rough es t imate  was made foi a 10-ton-per-day 
s ingle-purpose fuel  c y c l e  for a reactor fuel  e lement  
of t h e  Dresden type,  u s i n g  1.5% enriched fuel. 
T h e  resu l t ing  cost breakdown i n  dol la rs  per 
kilogram of uranium was: burnup = 55.50; inven- 
tory = 14.30; Zircaloy -- 13.40; fabrication = 25.00; 
reprocessing = 4.25; losses (uranium only) = 0.56; 
irradiated fuel  shipment  = 2.96; other charges  = 

13.78; plutonium credi t  (at $6.70 per gram) = 29.20; 
net  fue l  c y c l e  c o s t  = 100.35. Burnup and inventory 
charges  accounted for 70% of t h e  net fuel-cycle 
cost .  Further d e t a i l s  a re  ava i lab le  in  ref 8. 

T h e  s t u d i e s  outlined above revealed: 
1. Unit c o s t s  a r e  reduced by a n  increase  in  

production requirements for all fue ls  considered.  
2. Natural uranium fue ls  have  t h e  lowes t  fuel- 

c y c l e  costs .  
... ... ....... . 

*F. J... Culler, T h e  E f f e c t  of Scaleup on ~ u e !  C y c l e  
Costs  for Enriched and Natural Fuel Systems, ORNL 
TM-561 (April 1963), 
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Table 24.2. Plutonium Recyc le  Case  (Case C) 

Dollars per k g  of Uranium a t  8.5% On-Stream Efficiency 

1 Ton U per Day 10 Tons  U per  Day 30 Tons  U per  Day 

UF, t o  U30ga  

U 3 0 g  to uo, 

UOg to U0,-PuQ, 

2 Subtotal UF6 to U 0 2 . . P u 0  

Fabrication 

Subtotal UF, to  element 

Process ing  

Shipping 

UF,  feed 

0.77 

2.08 

3.78 
. .... .- 

6.63 

18.35 
-. . . .. . .. 

24.98 

26.19 

1.90 

2. so 

0.23 

0.54 

1.20 

0.15 

0.39 

0.77 

1.97 

8.60 

10.57 

4.10 

1.82 

2.50 

Tota l  cyc le  without inventory 55.57 18.99 

1.31 

2.07 

1.82 

2.50 

aD. C. Brater and S. H, Smiley,  Capital  and  Operating Cost Es t imates  for Conversion of Uranium Hexafluoride to 
Urano-Uranic Oxide a t  Rates of  1, 10, and 30 Tons of Uranium per Day,  KL-1559 (Apr. 22. 1963). 

3. Plutonium va lue  in t h e  outlined recyc le  with 
depleted uranium will b e  deterniined by reactor  
s t u d i e s  now i n  progress .  Preliminary e s t i m a t e s  
ind ica te  i t  wi l l  l ikely exceed  $3 per gram. 

4. Burnup and inventory c o s t s  in  a s l igh t ly  
enr iched uranium fue l  c y c l e  exceed  t h e  complete  
c y c l e  c o s t s  for natural uranium. 

5. Slightly enr iched uranium fuel-cycle c o s t s  
a r e  a t  l e a s t  s i x  t imes t h o s e  for natural uranium 
fuel-cycle  costs a t  10 t o n s  of uranium per day. 

24.7 RADIOCHEMICAL PLANS SAFETY 
STUDIES 

T h e  hazards  a s s o c i a t e d  with a large radiochemi- 
c a l  plant e i ther  for fuel  processing or radioisotope 
source  production may exceed  t h o s e  of a reactor. 
?‘here are large amounts of f i ss ion  products  and/or  
nuclear  mater ia ls  i n  s torage  i n  s u c h  p lan ts  in  
readily d ispers ib le  form. IJncontrolled chemical  
react ions,  f i res ,  a n d  nuclear  acc idents  provide 
poss ib le  means  for  d i spersa l .  It i s  imperative, 
therefore, t h a t  t h e  hazards  and means  of combating 
them b e  a s s e s s e d  and understood befoie  s u c h  a 
plant  is built.  In order t o  accomplish this, three 

general  a r e a s  must b e  covered: (1) a s s e s s i n g  t h e  
credible  radiochemical-plant acc idents  and their 
consequences  and  determining which var iab les  
have  a major e f fec t  on t h e  hazards ;  (2) s tudying  in 
detai l  t h e  s ign i f icant  var iab les  (e.g., t h e  prop- 
erties of aerosols  produced in  an accident ,  t h e  
mechanisnis l e a d i n g  t o  a cr i t ical i ty  acc ident ,  the  
maximum cri t ical i ty  acc ident  poss ib le ,  etc.); and 
( 3 )  developing means  f u r  cornbating or  ameliorating 
t h e  consequences  of radiochemical-plant accidents .  

A comprehensive survey of the  hazards  a s s o c i a t e d  
with U 2 3 3  and PuZ3’  f u e l  fabrication and radio- 
i so tope  process ing  plants  w a s  made. T h i s  s tudy 
served  t h e  dua l  purpose of (1) ana lyz ing  fuel 
fabr icat ion and radioisotope process ing  plant  
acc idents  and (2) a s s e s s i n g  the  potent ia l  l iabi l i ty  
which might resu l t  from such  acc idents .  T h e  
d i s c u s s i o n  presented here  i s  e s s e n t i a l l y  a summary 
of t h e  s tudy  which i s  reported in  de ta i l  e lsewhere.  

’C. E. Guthrie and J. P. Nichols, Theoretical  Poss i -  
bil i t ies and Consequences of Majajor Accidents  in U 2 3 3  

and Pu239  Fue l  Fabrication and  Radioisotope Proc- 
e s s ing  P lan t s ,  ORNL-3441 (in press). 
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Theoretical Poss ib i l i t i es  ond Consequences 06 
~ a i o r  ~ c c i d e n t s  in u~~~ and ~u~~~ ~ u e l i  ~ a b r i -  

adioisotspe Processing Plants 

If the  ant ic ipated expansion in  radioisotope 
s o u r c e s  and plutoiiiuiii and IJ233 fuel for reactors  
is real ized,  s e v e r a l  radiochemical plants  for 
their  production must b e  built and operated within 
the  next  20 years .  Typical  1980 yearly production 
i s  expected t o  b e  l o4  kg of P u Z 3 '  fuel, 10' cur ies  
of SrgO sources ,  and  100 kg of i sa tope  
sources .  Radiochemical. p lan ts  a r e  normally 
designed such  that  i n  t h e  event  of an acc ident  
o n c  cw m o r e  containtnent s y s t e m s  operate  to  l i m i t  
t h e  r e l e a s e  of radioact ive material t o  the  environ- 
ment (contained accident). A simultaneous fai lure  
of Containment worild resul t  i n  the  radioact ive 
material being d ispersed  to t h e  environtnent (un- 
contained accident) .  T h e  s imultaneous occurrence 
of a fiee or explosion tha t  d i s p e r s e s  the  maximum 
ariiourit of material, containment failure, and 
unfavorable meteorological condi t ions (worst  un- 
contained acc ident )  h a s  s u c h  a n  extremely low 
probability of occurrence as to  be  deemed incred- 
ible ,  Even  so, a study of t h e s e  acc idents  i s  
val id  in  order t o  obtain a n  upper l i m i t  on liability. 
T h e  f inal  resu l t s  of t h i s  s tudy are  summarized 
in  Table  24.3. T h i s  presents  t h e  potent ia l  
economic loss from t h e  worst contained aad  worst 
uncontained a c c i d e n t s  i n  PuZ3', S r g O ,  and PuZ3' 
fabrication plants .  T h e  worst uncontained acci-  
dent  i n  s u c h  p lan ts  would possibly resul t  in 
bi l l ions of dol la rs  of economic loss  due  t o  damage 
to t h e  surrounding land and populat.ion. 

There h a s  been no major off-site contamination 
from radiochemical plant  acc idents  to date .  Al- 
though there  is not suff ic ient  radiochemical plant 
operat ing exper ience  t o  e s t a b l i s h  a probability 
for a major acc ident ,  in  general, the  frequency 
and sever i ty  of acc idents  i n  such  p lan ts  has  been  
lower than in  t h e  related chemical  industry. A 
review of t h e  acc ident  experience to d a t e  d o e s  
serve to point out that in  most cases serious 
acc idents  resu l t  from a n  unforeseen combination 
of severa l  independent  c i rcumstances  and that  
relatively minor a c c i d e n t s  can s t a r t  a s e r i e s  of 
e v e n t s  that  resul t  in  a major accident. 

In order t o  eva lua te  t h e  potent ia l  economic loss 
from radiochemical plant acc idents ,  contamination 
and personnel  exposure lkve ls  were assumed,  and 
a dollar loss va!ue w a s  ass igned  to e a c h  leve l .  For  
personnel  exposures  of greater than 500 i e m  per 
13 weeks to  t h e  critical. organ (category A in T a b l e  
24.4), a loss of $50,000 per person w a s  assumed;  
for exposures  of from 50 t o  500 reiii per 13 w e e k s  
t o  t h e  cr i t ical  organ (category 31, a loss of $10,000 
pet person w a s  assumed;  and for exposures  of 5 
to 50 r e m  per 13 w e e k s  t o  t h e  critical. organ (ca te -  
gory C), a loss of $2,000 per person was assumed.  
N o  loss wa.s assumed for personnel exposures  of 
less than 5 r e m  t o  the c r i t i ca l  organ in  13 weeks. 
Foi severe  a r e a  contamination (category I) re- 
su l t ing  in  long-term evacuat ion,  total  l o s s  of prop- 
erty, and no c r o p s  on farmland for 5 years  or 
greater, a loss of $10,000 per person evacuated  
W R S  asmrntd; for moderate area contamination 
(category 11) resul t ing in  short-term evacuat ion,  
ex tens ive  decontamination operat ions,  and restr ic-  
t ions  011 c r o p s  for 1 to 5 yr, a loss of $1,500 

Table 24.3. Summary ob Potentiol Economic Loss in Woxs$ Contained and Worst Uncantnined Accidents 

Worst Contained .4ccident 'Forst Uncontained Accident 
........................... . ..................... 

Release  to  Release  t o  
Atmosphere 

Type of Plant 
Potential  Economic Loss  Atmosphrre Poten t ia l  Economic Loss 

_1 ...... .- 

Pu 239 fuel fabrication 40 ?z $ 3 x  lo6 4 kg 5 4 x  10' 

S r g O  source fabrication 220 curies 2~ lo7 50,000 curies 5~ 10' 

P u ~ ~ '  source fabrication 2.2 g 5 l o7  2 kg 5 x 1 o ' O  

(2.5 cur ies )  (250 cur ies )  

(1.5 g )  (350 g)  

(37 curies) (34,000 cur ie s )  
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per person evacuated w a s  assumed; and for minor 
contamination (category 111) requiring only iiiinor 
decontamination operat ions and some destriiction 
of  s tanding  c r o p s  and milk, a loss of $0.005 per 
square  meter w a s  assumed.  T h e  quantity of 
Sr”, PuZ3’, and PfiZ3’ used for e a c h  of t h e s e  
ca tegor ies  is summarized in  Table  24.4. T h e  
l e v e l s  assumed for other i so topes  a r e  presented 
elsewhere.  ’The contamination l e v e l s  for 1 l 3  I ,  

SrgQ,  and C S ’ ~ ~  were based  on plant uptake 
s tudies .  For t h e  other i so topes ,  where such  d a t a  
a r e  not  avai lable ,  t h e  contamination l e v e l s  were 
based  on t h e  maximum permissible  concentration 
(MPC) and a resuspens ion  factor. 

A population densi ty  increas ing  f rom zero a t  t h e  
s i t e  to  500 persons  per  square  mile a t  20 miles 
and farther from t h e  s i t e  was found to be reason-  
ably typical  for fuel  fabrication and radioisotope 
process ing  plants .  T h i s  i s  essent ia l ly  t h e  same 
distribution used  in  t h e  comparable reactor liabil- 
ity study. l o  A uniform population densi ty  of 100 
persons per square mile was also used in  c a l -  
cu la t ing  t h e  loss economics t o  allow facile con-  
vers ion of the resu l t s  to var ious sites. 

T h e  a r e a  and downwind d i s t a n c e  as  a function 
of i sople ths  of exposure and ground contamination 
were ca lcu la ted  with the  Gauss ian  plume-disper- 
s ion  model, us ing  experimentally verified va lues  of 
dispers ion coeff ic ient ,  ve loc i t ies  conducive t o  
deposi t ion of par t ic les  (deposition veloci t ies) ,  
and washout (deposi t ion by condensat ion and 
precipitation) ra tes  for pract ical ,  cons is ten t  sets 
of weather condi t ions.”  T h e  effect  of weather 
condi t ions on t h e  loss  during uncontained acci- 
d e n t s  is summarized i n  T a b l e  24.5. Washout 
maximizes contamination a r e a s ,  and inversion 
maximizes personnel  exposure. In most cases the  
maximum loss is for t h e  washout condition. 

The  consequences  of a c c i d e n t s  involving 17 
i so topes  have  been ca lcu la ted ,  and the  potent ia l  
economic loss h a s  been presented as a function of 
cur ies  re leased  for each. ‘l‘he potent ia l  loss as a 
function o f  SrgO r e l e a s e  is shown in Figs. 24.7 and 
24.8. T h e  qunntjty of material that  must b e r e l e a s e d  
t o  c a u s e  a l o s s  of 60 million dol la rs  is presented 
i n  T a b l e  24.6 for severa l  isotopes.  Release of t h e  

f i ss ion  products  from a cr i t ical i ty  acc ident  or t h e  
worst uncontained acc idents  involving U 2 3 3  or Kr” 
would resul t  i n  less than 50 million dol lars  in  
darna ge. 

T h e  worst  uncontained acc ident  in  a PuZ3’ 
fuel  fabrication faci l i ty  ’was postulated t o  resul t  
froin a fire and  carbon monoxide explosion in a 
s torage  a r e a  for graphite fuel e lements  and re- 
su l ted  in the  r e l e a s e  of 4 k g  of p~~~~ (4% of the  
inventory) a s  smoke  t o  the  atmosphere. T h e  
worst unconiained acc ident  in  an isotope recovery 
and s o u i c e  fabricat ion plant was assumed to  re- 
s u l t  from a so lvent  explosion in  the c e l l ,  tiis- 
persing 20% of t h e  act ivi ty  to  the  atmosphere. 
T h e s e  and other postulated acc idents  are m o r e  
fully descr ibed and t h e  potent ia l  economic l o s s e s  
(?‘able 24.3) a r e  presented in de ta i l  e lsewhere.  

T a b l e  24.5. Effect of Weother on Economic L o s s  Due 
to an Accident Involving a Release ob 50,000 Cur ies  Sr 90 

Potent ia l  Economic Loss During: 
Loss - . .. 

Category Inversion Washout Sunny Day 

I $1.0 x 10’ $1.6 i o 9  $9.0 10’ 

3.0 Y lo9  5.8 l o 5  I1 109 

4.0 x lo8 4.2 x lo8  6.0 x l o 4  I11 

A 5.0 10’ 

B 1.0 l o 7  1.6 x l o 4  2.8 lo4  

C 1 . 3 ~  l o 6  1.6 x 10’ 5 . 2 ~  l o 4  

Tota l  $3.8 x 10’ $5.0 lo9 $1.6 lo6 
__-- --___ 

fc lble 24.6, Quantity of Mcstwial Releosed to Cause 

60 Mil l ion Dolloxs in Damage Under Washout Conditions 

Aoiount Released ____ Isotope 
( g) (curies)  

“Theoretical Possibi l i t ies  and Consequences of 
Majo: Accidents  in Large Nuclear Power Plants ,  WASH- 
740, p 78 (P&rch 1957). 

“W. M. Culkowski and H. F. Hilsmeier, Maximum 
Values  of Concentration, Fallnut  and Pashout for 
Radioisotope Releases ,  QRO-599 (March 1963). ~ ..... ... _.l__l_______ 

P”239 1000 60 

Pu238 3 60 

Sr90 7 1.000 

I 13 1 0.6 80,000 
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INVERSION "F" 
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F i g .  24.8. Potent ia l  Economic Loss Resulting from Relense ob Sr9'. Qnc hundred persons per square mile.  
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