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1. HIf!! Operations 

Four EWT’ m s  were completed during t h e  report  period. The primary objective 
i n  each run was t o  stJudy t h e  reactor  behavior with modified (OK downward) core 
flow. 

For 314 hr ,  the reac tor  operated a t  i t s  f u l l  power of 5 Mw (5C$ i n  the core) 
with no indicat ions of Tuel i n s t a b i l i t y .  On Apri l  17, while t h e  reactor  vas sub- 
crit ical . ,  t’ne mixlng rate between core and blanket increased s h a q l y .  
creased t h e  blanket, concentration, and accordingly t h e  blanket, power f r a c t i o n  
increased from 50 t o  6&$. 
wzs observed when the power was raised t o  5 M w .  This appears t o  have been a 
result, of uraniuii deposit ion Ln the  blanket region. 

T h i s  i n -  

After  t h i s  incident a power-dependent temperature r i s e  

I n  May, after* t h e  f i n a l  shutdown, examination of the  core i n t e r i o r  revealed 
t h a t  t h e  upper pat;& had f a l l e n  out a f t e r  t h e  patch b o l t  f a i l e d  a t  a point i n  
t h e  blanket region, thereby accounting for the  increase i n  core-to-blanket mixing. 

A period. of reactor  inspection, removal of corrosion specimens, and staid-by 
storage has been i n i t i a t e d .  The reactor  will nut be operated again. 

2 .  ILKP Processing Plant 

Fina l  hjrdroclone-system t,ests conf i m e d  previous observations t h a t  the  e f f  i- 
ciency of multiclones operated with induced underflow i s  very low. 
moval rates with the  revised u n i t  averaged only 0.3 g/hr, someginat less than with 
t h e  o r i g i n a l  s ing le  hjrdrocl-one and subs tan t ia l ly  less than with the i n i t i a l  multi- 
clone u n i t .  
the  core-flow reversa l  was s ignif  i c m t P j  hi,gher than i n  previous runs. 

Solids  re- 

For unknown reasons7 the  i ron  content of s o l i d s  removed following 

Reactor off -gas samples :?ere obtained following two peri0d.s of constant- 
power operation f o r  subsequent m;?m;-spectrographic analyses from which Xe13’ 
polson f rac t ions  may be ea1 ciilated. 

Development of tine uranyl peroxide fuel -processing system t o  remove nickel  
and other  soluble contaminants was conclud.ed with f u l l - s c a l e  nonradioactive engi- 
nccring t e s t s .  
of the y r e c i p i t a t e .  
t h e  simulated f u e l  a t  a concentration of 7’5 e; of U per l i t e r  w e r e  approximately 

Decontamination f a c t o r s  of 100 were obtained with three  r inses  
Losses of uranium due t o  s o l u b i l i t y  of uranyl peroxide i n  

3 s  * 

Efficiency tests conducted on the s t a c k - f i l t e r  iodine t r a p s  showed t h a t  io -  
dine i n  very l o w  concentrations i s  not remxed ef fec t ive ly  from the  vent i la t ion  
air, but Y i a t  deeontmlnation fac tors  of a t  least 1000 would be obtained f o r  
l a rge  releases  i n t o  the  :caste system, 

iii 
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Runs were made with the HRT flow moc$e1 t o  invest igate  the  ueutron-level 
f luctuat ions observed i n  the  reactor.  Power generation was simul.ated by i.nject- 
ing salt  i n t o  a nunber of locat ions i n  -the core. By analyzing the  output con- 
centrat ion R S  a function of t i m e  with the  a i d  of an axialogue computer, simulated 
power-time t r a c e s  were obtained which were very sirni.l.ar -to tine power-time t r a c e  
of t h e  EWT i t s e l f  - It w a s  concluded t h a t  the power (neui;mn-level) f luctuat ions 
of the KRT were caused by fl.ow pe,-turbations. 

A f l o w  nozzle w2s deleloped f o r  inser t ion  i n t o  the  HFi?I' which vould improve 
the w a l l  cooli ng and also reduce t h e  neutzon-1Pvel f luctuat ions . 

A corrosion- speci.men holder ana 8 thrmocouple probe ?or inser t ion  in to  the 
HRT core werc tlesigned and were tes ted  i n  t h e  f l o w  modeb. Excessive bypassing 
of inle;, f l u i d ,  obse-mcd i n i t i a l l y ,  hias corrected by i n s t a l l i n g  a conical b a f f l e  
a t  the  core i n l e t .  

A mi of the  Fill' mockiqr ;,ith high acid concentration vas terminated a f t e r  
the l e v e l  con t ro l l c r  f a i l  cd. 

Omiscope attachments i e r e  rcceivPd. One of tiiese go throu& ihe 3,'s- 
i n .  holes i n  the  HRP core scyeens and w i l l  permit vieviag of the  lower nozzle. 
'l3e other  i s  a 5X mngnify ing  objective foy r i & t . m g l e  viewing i n  the core. 

Following a satisfactory.  pretreatment run, +,he spare IRT fuel-circulat ing 
pump w a s  s l i g h t l y  damgert during inspection. The pwnp was judged t,o be s t i l l  
operational and ŵ as placed i n  stanrihy. 

4. -KRT Reactor Analysis 

Power-trace data  from t h e  FEU have been subjected t o  a variety of s t a t i s t i c a l  
t e s t s  coverlng both the  observed f1.uctuatiom and the  r e a c t i v i t y  changes necessaiy 
t o  produce them. The posi t ive powcr and renztiv-ity deviations were found t o  be 
consis tent ly   large^ on tile average than t'flc negative devia-tiom . %he pcrcmtdage 
d.evistion increased w - i t h  core power level ;  it was not es-tablished whether pres- 
SUTC: teiirperatuve, OT f l n w  rate a f fec ted  the deviations.  Comparisons of the  
f3.uctuatiom of a hydrodynamic pa.-rame.l;er wd t'n measurements made i n  a core mockup 
showed. a stroiig s imi la r i ty .  While agre~meni;  between the mockup neasiirements md 
the  reactor data i s  HO 1; conripiete, thc  coiiipa.irison offers considerable support t o  
t'ne idea 'cha.;'i hydrodynamic f luctuat ions are a rmjor cause of the  yowei- devi3;tions. 

On changing the power l e v e l  i n  t h e  HRT, temperature tmnsients.  due t o  density 
changes inay occur. 
an i n i t i a l  temperature rise of about O.'("C l'ollowed by a grpdual decrease over a 
2-hr period t o  an equilibrium point 1..3"C below the  i n i t i a l  assumed 3-eve1 of 265°C. 

It, was cal-culated t h a t  going f ~ o m  z e ~  power t o  5 F T w  pro&uccs 

5 .  Devef.opment of Reactor Components and Systems 

'The alumina bearings o r  the 2902 pump continued to  ope;*ato s a t i s f a c t o r i l y  up 
t o  a t o t a l  of 11,072 hr .  The hydz-adit dr ive system of lcltl~ Yniee-stage compressor 
for contaminated oxygen was modified t o  eliminate d t r t  part ic les  which had been 
causing diaphragm failurn:;. 
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Further t e s t s  of t h o r i a  s l u r r i e s  f lowLng through srmll-bore capilla-ry tubes 
showed the  presence of a s l i p  e f f e c t  c h a r a c t e r i s t i c  of some s l u r r i e s .  Chemically 
dispersed. s l i i r P i e s  exhibited no s l i p  e f fec t ;  it was found t h a t  t h e  r a t i o  of 
dispersed-slurry v iscos i ty  t o  water v iscos i ty  was independent of tempera-Lure a t  
constant volume f r a c t i o n  so l ids .  

I n  run 2OOB-5, it -cws shown that f r i c t i o n  fac tors  for s lur ry  i n  turbulent  
€low cor re la te  vepj  well with Reynolds numbers based on the  dispersed-slurry 
v iscos i ty .  These tests were conducted i n  t h e  temperature range 33 t o  240°C. 

6. Reactions i n  Aqueous Solutions 

Preliminary experiiiients show t h a t  protactinium does not  prec ip i ta te  rapidly 
i n  2 li4 Th(N03)4 - 3 M EN03 o r  2.5 lis4 T%(NOs)4 - 0.5 M KN03 solut ions a t  tempera- 
t u r e s  ranging from 21  t o  180°C. This indicates  t h a t  protactinium would be a v a i l -  
able f o r  removal by processing a side stream of a solut ion blanket.  
i n  t h e  l i t e r a t u r e  and the  r e s u l t s  of' one preliminary experiment reported here 
indFcate t h a t  a solvent-extraction method i s  an a t t r a c t i v e  p o s s i b i l i t y  f o r  re-  
mving protactinium from solut ion.  

Information 

m e  s o l u b i l i t i e s  of hydrogen i n  water and of deuterium i n  deuterium oxide 
The cTfects on solu- from room temperature t o  300°C are reported graphically.  

b i l i t y  caused by t h e  addi t ion of some inorganic ions t o  t h e  solvent are shown 
f o r  t h e  hydrogen-water system. 

7. IIeterogeneous Equi l ibr ia  i n  Aqueous Systems 

I n  a study of the  system I~03-S03-H20 from 170 t o  300°C, v i t h  p a r t i c u l a r  em- 
phasis on the nature of Lhe uo3 sol id  phases, the s t a b l e  hydrates found corre- 
sponded t o  @.J03*&0 a t  1501C, f3U03-Hfl a t  225"C, and UOs-1/2 E20 a t  300°C. 
i d e n t i t i e s  were establ ished by comparison o f  x-ray d i f f r a c t i o n  pat terns  with 
knom pat terns .  
conversion of the s o l i a  phase over an 18-hr period w a s  noted, The slowness of 
t h i s  conversion i s  believed t o  have been responsible E"or previous reports t h a t  
U03*H& r a t h e r  than U03.1/2 HzO w a s  t h e  stable s o l i d  a t  300°C i n  t h i s  system and 
i n  re la ted  systems. 

Their 

Upon changing the  temperature f r o m  150 t o  225 o r  300°C, a slow 

The e f f e c t  o f  hydrostatic: pressure i n  ra i s ing  the  temperature of l iquid-  
l i q u i d  i m i i s c i b i l i t y  of solut ions containing U02S04, H&3O*, and E& was observed 
v isua l ly  f o r  the  first t i m e .  Easi ly  reproducible values a t  pressures up t o  5000 
p s i  were obtained for a 1 . 4  .m U02SO4 i n  H$ solut ion and f o r  a B,$ solut ion of" 
0.6 m i n  UOs and 1.0 m i n  DzSO4. Upon plot-Ling tne temperature of l iquid- l iquid 
imiscL-wiiity against  t h e  pressure, a s t r a i g h t  l i n e  was obtained which gave 
respective pressure-temperature coef f ic ien ts  of +5.42"C an6 +8.13"c per 1000 p s i .  
These were i n  agreement with t h e  expectation t h a t  pressure e f f e c t s  would be 
r e l a t i v e l y  large i n  t h e  v i c i n i t y  of 300°C and could become very large near the  
c r i t i c a l  temperature of t h e  solut ions (i.e., near 374"C, t h e  c r i t i c a l  temperature 
of pure ~ 2 0 ) .  

C r i t i c a l  temperatures and compositional boundaries for l iquid- l iquid immis- 
c i b i l i t y  between 300 and 1110°C were determined f o r  t h e  system U03-Cu0-S03-D20 a t  

1 and 0.333, and f o r  the system U03-CuO-NiO-SO3-D;X) at both ~ u o : ~ 0 3  and 

w+,uo:~%03 = 0.333 = constant, f o r  the  system U03-NiO-S03-D& a t  - - 
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and r i .  : T ~  = 0.25. I n  each s e t  of experiments the  temperature of 1-iquid-liquid 

immiscibili't;y w a s  determined f o r  a s e r i e s  of @omposi.tions i n  which the SO3 conipo- 
nent was held consta.nt and the sumrmtion of Yne molal. r a t i o s ,  

was varied frorii 1.0 t o  0.05. The separate famil ies  of curves were analogous t o  
those obtained previously f o r  the  systems U03-S03-D20 and CuO-SQ3-D20. 
centrat ions of rfietal oxide components were observed to be s tab le  i n  the super- 
c r i t i c a l  f l u i d s ,  

10 3 

o x i d e : ~ 0 3 ) ,  

High con- 

A compilation of s o l u b i l i t i e s  of salts i n  H2O above 200°C wi?s presented t o  
show that  very l i t t l e  published i n f o m t i . o n  e x i s t s  above 374°C f o r  salts  having 
moderate s o l u b i l i t i e s  i n  the  supercr i t ica l  f l u i d s .  The observations a t  ORNL t h a t  
metal 0xid.e components such as UOs,  N i O ,  an& CuO were vely- soluble i n  supercr i t i -  
c a l  S03-H2,0 fluids--gaseous mixtures i n  a l l  respects---open up a new region of 
temperature f o r  ful%her invest igat ions.  
rnay uYlAmately be specif ied which ~.~ould. be s tab le  at, 25°C as well as a t  tempera- 
-tures consi.derab1y above 374°C. 

Aqueous homogeneous f u e l  compositions 

Further s o l u b i l i t i e s  of Th02 iii I€N03-Hp0 solut ions were determined a t  200°C 
and a t  a new temperature of 1 5 0 ° C .  
molal r a t i o  

1.0 and 10 ?d (at  2'5°C). 
10 ill 'W03. Refractory Thop dissolved moderately f a s t  i n  HN03-H,0 solut ions a t  
150"c as  w e l l  as a t  2'00 and 3 0 0 " ~ .  
aqueous solut ions of KNOB a t  these temperatures may be useful  f o r  dissolving Tho2 
s o l i d  i n  chemical processing. 

There w a s  l i t t l e  change i n  t h e  saturat ion 
between 150 and 200°C a t  ImOs concentrations beiween ' %02 :mmvo3 

These molal r a t i o s  were 0.11 i n  1.0 i?l KN03 and 0.24 i n  

'Lkis const i tuted addi t ional  eviidence t h a t  

8. Solution Corrosion 

A 0.085 M U02S04 soluti.on i n  heavy ,water containing 0.020 M CuSO4 and 0.21~5 
M D,S04 (room-temperature concentrations) was circul.ated f o r  553 h r  a t  360 t o  
365"~ i n  R titanium loop. 
t r a t i o n s  of s u l f u r i c  acid (and possibly uranyl s u l f a t e )  were present i n  the vapor 
above the solution. Conosion of the  t i tanium loop was negligible,  but Zircaloy- 
2 specimens exposed t o  the solution corroded a t  rates between 7 and 9 mpy. 
Corrosion of the f r o n t  aluminum oxide pump bearing by the  highly acid solution 
forced termination of the run. 

The solution appeared t o  be s table ,  but  low concen- 

9. Radiation Corrosion 

One autoclave ~ras operated wLth a fue l  solution, 0.08 m UO,S&, 0.02 m CuSO4, 
and 0.24 m DzSO4 i n  DrO f o r  350 h r  out-of-pile a t  360°C and f o r  a short  time a t  
2 8 0 ° C  i n  beam hole Em-5 of the L I T H .  The t e s t  was t c m i n a i e d  prcmnturely because 
of a leak. 

%ne corrosion r a t e  out-of-pile aPLer the i n i t i a l  50 h r  w a s  about 1.3 mpy9 
which i s  i n  l i n e  with extrapolations of previous autoclave resukts a t  lower t e m -  
perature.  
showed a very srilall amount of uranium sorption (0.24 i.g/crn2). This i s  consistent 
with other info-mation which has shown t'nat uranium sorption i s  low with a solu- 
t i on  of high excess -acid concentration. 
constants were deternined from r a t e s  of pressure increase followinq i n i t i a t i o n  of 
i r rad ia t ion .  The +u values were ''I x lo2, 1.9 x IO", and 6.6 x 10' 
(STP)/mole-hr a t  230, 250, and 28ooc, respectively.  
crease i n  ku with increased excess acid which has been shown previously. 

Alpha counting of washed specimens a f t e r  124 h r  exposure out-of-pile 

Deinteriunn-oxygen recombination rate 

l i t e rs  
These values ver i fy  the  de- 

Electrochemical measurements using galvanosta1;ic ana potent ios ta t ic  tech- 
niques were made i n  the  temperature rmge 150 t o  3 0 0 ° C  on a Zircaloy-:! specimen 
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passivated i n  0.05 rn H2S04 a t  293°C. 
measurements, the  ac t iva t ion  energy of the  anodic react ion (oxidation of z i rco-  
nium) was 31.1 kcal/mole over the temperature range 180 t o  3W"C and f r o m  -0.700 
t o  -r-0.300 Y t o  Pt as reference.  The ac t iva t ion  energy for the  cathodic react ion 
(reduction of 02)  w a s  10.8 kcal/mole a t  -1.400 v t,o €% over the temperature 
range 220 t o  300°C and 5 .ti. kcal/mole a t  temperatures below 220°C. A t  the  poten- 
t i a l  -1.200 v t o  Pt as reference the  ac t iva t ion  energy was 5.4 kcal/mole over the  
e n t i r e  temperature range invest igated,  180 t o  300°C. 
galvanostat ic  measurements, t he  self-consistency of the po ten t io s t a t i c  data was 
ve r i f i ed .  

From the r e s u l t s  of the pote t i t ios ta t ic  

From the results of the  

It i s  considered possible t h a t  these results apply t o  the  white-oxide type 
of corrosion which occurred on a small area (3 t o  6% of t o t a l  area)  of the  
specimen. 

10. Thorium Oxide I r r ad ia t ions  

The black vi t reous mater ia l  formed on i r r ad ia t ion  i n  D20 of 1750"C-fired 
alumina-coated tho r i a  pellets w a s  spectrographically iden t i f i ed  as carbonaceous. 
It is  probably the  carbon residue of the  polyvinyl alcohol binder used i n  the 
p e l l e t  fabr ica t ion ,  which was not removed by the 1750°C f i r i n g .  

A DzO s lu r ry  of c l a s s i f i ed  Tho2 - 0.4% U02 i r r ad ia t ed  i n  a s e t t l e d  condition 
a t  2 8 0 ° C  i n  the LITR t o  a t o t a l  nvt of 5 x 101" neutrons/cm2 showed pronounced 
p a r t i c l e  damage. 
average s i z e  and O.5$ Q p) was recovered as a dispersed suspension with an 
average p a r t i c l e  s i z e  of 0.25 p. 
t o  t he  bottom of the autoclave and been resuspended by s t i r r i n g  hc2d an average 
s i z e  of 1.6 p but  a very s teep s ize-d is t r ibu t ion  curve, indicat ing t h a t  nearly 
a l l  t h i s  mater ia l  had suffered p a r t i c l e  damage. 
by drying the  autoclave and shaking it t o  remove so l id s .  
w a s  somewhat degraded. 

Twelve per  cent of the i r r ad ia t ed  mater ia l  ( i n i t i a l l y  2-1 11 

A port ion of the  mater ia l  (26%) t h a t  had s e t t l e d  

Additional mater ia l  w a s  recovered 
Possibly all the  oxide 

A review of the pa r t i c l e - s i ze  i n f o m t i o n  obtained i n  18 slurry i r r ad ia t ions  
made during the  past  several years suggests p a r t i c l e  damage i n  some cases. 
Tho2 f i r e d  t o  1600"~ 1m5 r e s i s t a n t  t o  rad ia t ion  damage f o r  the 200- and 300-hr 
i r r ad ia t ions  t o  which it was subjected. 

Pure 

Additional f a c i l i t i e s  are being developed f o r  both dry and wet i r r ad ia t ion  
o f  t ho r i a  powders and p e l l e t s .  

11. Development of Gas-Recombination Catalyst 

Cal ibrat ion of t he  gas - in  jectiori apparatus used i n  the gas-recombination- 
ca t a lys t  development s tud ies  continued. I n  a s e r i e s  of expe rben t s  oxygen and 
deuterium (first 02 and then D2) were charged t o  the  capi l la ry  system connecting 
the  pressuxizable gas bu re t t e  with the  react ion autoclave, were displaced T i th  
various quan t i t i e s  of water, and the gases were allotred t o  recombine t o  apparent 
steady state. 
i n  the  react ion system increased, i n i t i a l  recombination rates increased, and the  
t o t a l  quant i ty  of D2 combined increased u n t i l  e s sen t i a l ly  complete react ion of 
t he  D2 added t o  the react ion vessel was indicated.  
holdup i n  the  charging system should result i n  more def in i t i ve  rate data  i n  
fu tu re  ca t a lys t  development s tudles; .  

As the  amount of water in jec ted  increased, the i n i t i a l  D2 pressure 

Water displacement o f  t he  gas 
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Gas recombination w s s  studied with s l u r r i e s  of the Th - 12.4% U""' oxide 
and added palladium ca ta lys t  projected for use i n  t'ne next in -p i le  corrosion ex- 
per?.mneni;. 
Tho out-of -pi le  data  indicate  t h a t  i'ne cs-t;alyt i.c ac- t iv i ty  of the  proposed s lu r ry  
(782 g of Th per kg of D20; 1)+60 ppm Pd, based on Th) w i l l  be su f f i c i en t  t o  
maintain the  presslire of rad io ly t ic  Dz gas a t  <lo0 psj. at 280°C during the  in -  
p i l e  experiment. 
f i r s t - o r d e r  dependence of ratx on Yhe hydmgen p a r t i a l  pressure and a half  -oraer 
dependence on the  oxygen p a r t i a l  pressure.  

The power densi ty  i n  the proposed experiment w i l l  be about % w / d .  

The r a t e  data  ageed  with a k ine t ic  expression involv-iilg a 

1 2 .  Slurry Corrosion and Bla.nket Materials Tests 

Physical charac te r i s t ics  and supplementary. a t t r i t i o n  da ta  a r e  repoi-ted f o r  
code P-82 Tho, pe l l e t s ,  which w e  current ly  bei.ng evaluated i n  an in-p i le  tes t .  
The void volume, detemined by mercury intrusion,  of the p e l l e t s  w a s  5.5 x 
c c / g ,  and the  calculated average pore radius alnd densi ty  were 0.96 IJ. and 9.49 
g/cc, respectively.  Microexamination of the  i n t e r i o r  of the p e l l e t s  reveal-ed. 
i so la ted  voids. 

Only one prepara-tion of a se r i e s  of 11 new experimental Tl-10~ p e l l e t  batches 
which were eval.uat;&i i n  autoclave and accelerated spouted-bed a ' i - t r i t ion t e s t s  
displayed a resis tance to a i ; - t r i t ion  comparable t o  code P-82 p e l l e t s .  
code U-97, had. been fabricated by pressing r igh t  cylinders,  0.2-in.  diameter and 
0.2-in. length, and had been p r e a t t r i t e d  by mil l ing before the  spouted-bed t e s t s .  

 he pelle-ts,  

Autoclave experiment E52-1555 was perfomed. 'io evaluate the rndi.ation e f f e c t  
on the degl-a(.d.iz-t;ion of pa-Aicles i n  a sluriy gent,ly ag i ta ted  i n  a rocking autoclave 
i n  comparison with t h a t  observed i n  the s lu r ry  pumped in in -p i le  a l u r r y  loop 
e q e r i i w n t  L-2-275. 1rrad.i.atictn of the autoclave i n  the  HB-5 fac i l i t ,y  of the 
IJ!L'X h . 2 ~  been completed. The Zircaloy-2 autoclave contained thoria-urani a s lu r ry  
(0.4% U, based on 'Yh) prepared fi-om the same oxide batch (DT-22) used i n  the  in-  
p i l e  slurry loop experi-ment . 

The autoclave w a s  irrarZiated f o r  453 h r  v i t h  an e f f ec t ive  f lux  tiwe 8'6 of 
the poten t ia l .  From activation o f  a cobalt  f l u  monitor located inside the  auto- 
clave, the themal.-neutron flux i n  the  autoclave w a s  estimated t o  be 7.7 x 1Ol2 
neutmns/cm2.sec. A t  t h i s  flux, the  slurry- p a r t i c k s  should develop 5 . 1  x 1.0'' 
ioissions per  gram of so l ids .  

it i s  believed t h a t  cat,alytic and gamma recombination \?ere su f f i c i en t  i n  the 
experiment t o  prevent t he  &euelopment of observable -i.adioly'cic~-gas prsssures .  
No e r f e c t  of i i-radiation on the generalized corrosion was observed i n  t'nis 
experiment. 

M t e r  i r ra i i ia t ion,  the  surface area of LIE s l u r i y  w a s  30 m2/g, as compared 
t o  a surface a rea  of 8 m2/g for the  mirraciiateci mixture of the  or iginal  thor ia -  
urania and pallad ium-tiloria ca t a lys t .  
observed from paxt ic le-s ize  analyses.  

No degradation of slurxy p a h i c k s  w a s  

Radiochemical da ta  OH s lu r ry  samples fi-om the  e i i L l r e  course of the  f i r s t  
sl-uuny in -p i l e  loop e.xperliiierrt indicated the  development of 'f x lo1" f i s s ions  per 
gram of sol t i is ,  corresponding t o  an estimtcd. exqmsure of 1.6 x IO1' nvt a t  a 
flux averaged over the t o t a l  s lu r ry  volume of 2.4 x 10". 

Par t i c l e  degradation was exhibited throughout the i r r aa i a t ion  period i n  a 
number of ways. Pa r t i c l e  s i ze  snd  c r y s t a l l i t e  s izes  decreased progi-essiveJ-y, 
while sur face  area increased coi respondingly, 
c3 cs a t  various stages of the  experiment substant ia ted the  p a r t i c l e  breakdo-m. 

Electron inic cographs of the par t i -  



i x  

Post i r rad ia t ion  examination of the  core region of the  loop showed no s i g n i f i -  
cant deposi ts  of so l id s  In  t h i s  region. Small amounts of so l id s  (1 t o  3 mg/cm2) 
were removed from corroslon coupon specimens by scmbbing . Zircaloy-2 corrosion 
specimens showed weight gains of 1 t o  2 mg/cm2, indicat ing low corrosion r a t e s .  
Zircaloy-2 coupons i n  holder entrance pos i t ions  showed weight losses  a t  22 0 s .  

PRRTV. FUELMANUFACTURE: 

13. Thorium Oxide Production 

Large, rounded Tho;! p a r t i c l e s  have been prepared by the  sol-gel  process. 
This process consis ts  of p a r t i a l  deni t ra t ion  of thorium n i t r a t e  with superheated 
steam and subsequent dispers ion i n  water t o  form a Tho2 sol. The sol i s  then 
evaporated a t  70 t o  8 0 " ~  t o  form a gel ,  which breaks up i n t o  la rge  pa r t i c l e s .  
These p a r t i c l e s  a re  converted t o  dense Tho2 by calcinat ion a t  1150°C. The p a r t i -  
c l e s  thus formed a r e  i r r egu la r  i n  shape but  can be rounded by grinding. To date,  
e f f o r t s  t o  prepare rounded p e l l e t s  by formlng the  g e l  i n t o  spheres and calcining 
have been unsuccessful. 

14. Metallurgy 

A study has been made t o  determine t o  what extent  Knoop hardness was af fec ted  
by and could be correlated w i t h  t he  deformation cha rac t e r i s t i c s  and anisotropy of 
propert ies  of Zircaloy-2 sheet exhibi t ing a high degree of preferred or ien ta t ion .  
It was round that there  was a strong dependence of Knoop hardness on texture .  A 
simple model was proposed t o  describe the deformation t h a t  occurs when a Knoop 
hardness indentation is  made. The var ia t ions  i n  hardness could be cor re la ted  with 
t h i s  model and with the preferred or ien ta t ion  of the  m t e r i a l .  

Two methods f o r  forming rounded bodies of thorium oxide have been inves t i -  
gated. A method i n  which dome-ended p e l l e t s  were pressed d i r e c t l y  was found un- 
sa t i s f ac to ry  for producing a sound lamination-free product from modified batches 
of s t a r t i n g  powder. 
i n  which powder i s  formed i n t o  cubes, the  cubes are abraded i n t o  a spherical  
shape, and the spheres are s in te red  t o  f i n a l  dens i t i e s .  
spheres have also been prepared by using t h i s  pressed-cube technique. 

A method for producing spheres was successfully developed 

Batches of ThOp - 1$ U02 

P r n  VII. AmLY!rICAL CHEMISTRY 

1.5. Analytical  Chemistry 

An anrperometric method used f o r  the t i t r a t i o n  of thorium wlth ethylenedia- 
minetetraacetic ac id  i n  which Fe(1I) is usea as the  ind ica tor  has been extended 
t o  the determination of copper and some of the rare-earth elements. The method, 
adaptable t o  remote operations, provider an a l t e rna t ive  method for the  deterrni- 
nation o f  copper i n  samples of i r r ad ia t ed  homogeneous-reactor f u e l  solut ions.  
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PART 1. 

S. E .  Beall P. N. Haubenreich J. W. H i l l ,  Jr. 

D, F. Frech H. E. Piper H. F. Bauman 
J. R .  Buchanan R. H. Guymori J. L. Retlford 
S. R .  Buxton P. 8. Harley 
,J. R. Engel Ii. J. T3arvey H. C. Roller 

J. 0. Kolb 

D. M. Richardson 

Four HRT runs were completed during l;iie report  period. The end of t h e  Einal 
run (No. 25)  was a schedided permanent shutdown. 

1.1 RUN DESCRIPCTIONS 

1.1.1 Rim 22 

The first run v i t h  downward flow through the I€RT core vessel  (run 22) was 
i n  progress a t  the  s t a r t  of t h e  report  period. 
was t o  raise t h e  reactor  power i n  s teps  an? t o  observe the reactor  behavior f o r  
several  days at, each level, u n t i l  t h e  design power of 5 Mw was reached. The 
power lcvel had reached 1.8 Mw with no indications of f u e l  i n s t a b i l i t y .  However, 
t h e  roagnitude of the  reacbor noise, or small neutron-level f luc tua t ions ,  was 
about double that i n  previous operation with upward flow i n  the  core. T t  was de- 
cided, therefore ,  t o  study the  nature and causes of t h e  f luc tua t ions  before the  
power was ra i sed  higher. 
varied t o  observe tine e f f e c t  on the power f luctuat ions.  The basic operating con- 
d i t i o n s  f o r  run 22 were : core average temperature, 260%; blankDt average temper- 
a ture ,  2 3 0 0 ~ ;  core pressure,  1400 psig. Variations during t h e  experiments i n -  
cluded reducing t h e  core flow rate from t h e  normal 460 gpm t o  300 gpmj r a i s i n g  
thc core temperature to &l°C and lowering it t o  24OoC, and lowering t h e  pressure 
t o  1290 psig. 
on punched tape f o r  a t  least I+ 

The m i n  objective o f  the  run 

To t h i s  end, t h e  reac tor  operating conditions were 

A t  each condition t h e  neutron l e v e l  was recorded at 1-sec in te rva ls  
Analysis of the  data i s  described i n  Sec. 4 , l .  

On December 4, while the reactor  was operating a t  1209 p i g  and 1.8 Elw, the 
c e l l  air  a c t i v i t y  began t o  r i s e ,  and Eresh f i s s i o n  prvducts were detected i n  the  
sh ie ld  sumps. 
found t u  be a leak i n  8 feed-pump head (see Sec. 1.3.1). After the  p u q  vas re- 
placed, experimental operation (now run 2 3 )  of the reactor  m s  resumed on ~ e -  
cember 1.6. 

The reac tor  was shut down, and the  soiree of the  a c t i v i t y  wads 

1.1.2 R u n  '23 

During t h e  12-day shutdown, run 22 d a t a  b&d been studied s u f f i c i e n t l y  tQ 
make c l e a r  that a l l  t h e  nuclear power f luc tua t ions  were p a r t  of a s ingle  norm1 
d is t r ibu t ion .  T h a t  is, t h e  Lasgest f luc tua t ions  were bas ica l ly  not d i f f e r e n t  
from the  very rimll, frequent f luctuat ions.  For t h i s  reason, and because t h e  

1 



2 

r e l a t i v e  standard deviation o f  the  power was f o m d  t o  increase i n  an  orderly 
manner wit'n power from very loi,? powersy t h e  f luctuat ions were not symptomtic of 
fuel i n s t a b i l i t y .  Fwthermore , t h e  fluctuat:i.ons were not serious i n  themselves 
because heat capaci t ies  and mix:i.ng e f f e c t s  smeared them out so  that there  were 
no detectable f luctuat ions i n  t h e  steam heat removal system. Therefore the s tep-  
wise increase i n  power toward 5 Mw was resumed without delay a t  the beginning of 
run 23$ All operating conditions were the  saix as f o r  the  previous run. 

A t  each power l e v e l  f o u r  p a i r s  of sanplea were analyzed, and. t h e  reactor  
nuclear average temperature (NAT) ms observed careful ly  for changes. 
t i s t i c a l  d i s t r ibu t ions  o f  t h e  f luctuat ions i n  neutron bevel and p i l e  period v e ~ e  
determined. soon a f t e r  each new power l e v e l  bas reached. The n . o m b  d i s t r i b u t i o n  
w a s  then used as a reference t o  pern i t  detect ion of a b n o r m l i t i e s  which might in- 
d ica te  finel i n s t a b i l i t y .  

The st%- 

The power was ra i sed  t o  !j Mw on January 4,  a.nB during t h e  next week, 89 hr 
was spent at; t h i s  power. A t  no t i m e  was there BXIY evidence of fuel instabJ.l.tt;;y. 

1.1.3 Fuel Replacement 

Corrosion of sl;aiXLess steel. over a 22-month period had raised the  concen- 
t r a t i o n  of nickel  i n  sobution t o  the  point where there  w a s  some coneem over the 
p o s s i b i l i t y  of hydrolytic precipi*,ztion, About 5 moles o f  a c i d  was added on D e -  
cember 26y t o  help prevent t h i s ,  but it was decided t o  replace t h c  f u e l  charge 
before prolonged operation a t  high power w9.s imderAtaken. 

Before the old f u e l  charge, w i t h .  i t s  a c e m l - a t e d  l i s s i o n  and corrosion 
products, was removed, three days were spent i n  deterniining t h e  c a t a l f l i c  aetiv- 
i t y  of t h e  solut ion for inteynal recomblilatinn of radiolytic:  p s e s  (see Sec. l .2.2).  
Experbents  were conducted a t  1000 ps ig  and f i v e  d i f f e r e n t  core temperatures. 
each t h e  power was ra i sed  and bubbles were allowed to form i n  the core f o r  a 
brief  t i m e ,  

I n  

On January 13, the reactor  m.3 mde s u b c r i t i c a l  by dilutAon. The tempera- 
t u r e  was held a t  180% by external heating, wh1l.e the old f u e l  was concent,rated 
in the dump tanks and then i so la ted  i n  the f u e l  storage tarks. 

Fresh f u e l  sol.ut;ion was charged i n t o  the  dump tanks, on ,Pdnuary 16, thus  ef- 
f e c t i n g  a complete refuel ing in three days, without interrupt ion of circulat ion.  

1.1.4 R u n  24 

During run 21+, after two days of c i rcu la t ing  t h e  f r e s h  f u e l  ( t o  i q i r o v ~  the  
protect ive oxide f i lm on the  giping),  a new series of recombination experiments 
WELB i n i t i a t e d .  T'nc new f u e l  contnimd only half the  n o m 1  copper, and after t h e  
cataLytic a c t i v i t y  was meawwcd w i t h  t h i s  amount, t h e  copper was brought up t o  
n o m 1  and t h e  measirremznts were repeated before full-power operation vas resixfled. 

During the  next few days, t h e  l.etdown heat exchanger was found t o  be bypass- 
ing  payt of t h e  f e n d  stream i n t o  t h e  letdown stream through a leak i n  the  con- 
centric-tube heat exchanger. This rwde it iiipossible t o  obtain good f u e l  inven- 
t o r i e s  (one measure of p e r f o m n c e ) ;  so p lms  w e r e  mde t o  replace t h e  heat ex- 
changer. 
10 t o  20 crrsies), and samples from the  c e l l  sumps showed fresh f i s s i o n  products. 
O n  February 8 the  reactor  was shut down t o  loca te  t h e  S O U T C ~  of the  fresh activ-n 

Furthermore, the  c e l l  zctAvity again increased (from t3. few curies  t o  

ity 3 

The leakage was found t o  be escaping from a crack i n  a stainless steel  
forged t e e  i n  t h e  fuel-dump-tank dra in  l ine,  Since t i l e  t e e  could not be reputed, 



the  leak was stopped by freezing each s ide  of the t ee .  
replacements were mde  during the sliutdown a l s o  (see Sec. 1.3.2). 

Several other  eqxipment 

Before operations were resumed, t he  i n t e g r i t y  of t he  f u e l  low-pressure 
system was confirmed by hydros ta t ica l ly  t e s t i n g  the  fue l  dump t a n k s  and assoc i -  
ated equipment a t  500 psig f o r  1 hr, No leakage t o  the  outside could be detected. 

The reactor  high-pressure system was successful ly  hydros ta t ica l ly  t e s t ed  t o  
a pressure of 2675 psig.  

L . I . .~  RW eg 

I I'nb ' c, main purpose of run 2.5 was t o  obtain more information on t'ne reac tor  be- 
havior a t  fuLl power (5 Mw). 
the  preceding runs 

Temperatures and pressure were the same as during 
260°C core, 230% blanket,  and 1400 psig care pressure I 

On Apr i l  6 t he  power was ra i sed  t o  5 Mw and held without; d i f f i c u l t y  for most 
of the  next 11 days. 
reduced t o  heat loss.  The heat-balance flowmeter showed t h a t  the  f u e l  feed r a t e  
'had f a l l e n  off by an amount which would account f o r  t he  N\T decrease. The reactor  
was subcri?;ical  f o r  9 kr while the feed pump was readjusted.  Wnen the  reac tor  W " ~ E  

made c r i t i c a l  a@iin, the blanket concentration was found t o  have increased Prom 
1.8 t o  2.9 g o f  U per kg of D 0, indicat ing an increase i n  core-blanket mixing 
from 2 t o  14 lb/min. 
t h a t  the upper patch i n  t'ne core wall. had f a l l e n  out;; the  patch b o l t  'had melted 
on the  blanket s ide . )  The mixing r a t e  had been p rac t i ca l ly  steady a t  2 lb/min 
s ince the  patches were i n s t a l l e d  p r i o r  t o  run 22. 

With the  high blanket concentration, about #+$ of the  power was generated 

Then the MRT began t o  decrease sharply, and the  power was 

(This cki~nge vas explained l a t e r  when inspection showed 

i n  t h a t  region. 
steam pressure i n  the blanket heat exchanger was only l9O psig,  and the  capacity 
of the  blanket steam valve was reached. 
increased t o  2kO°C t o  r a i s e  the steam pressure and permit 5-Mw operation. A t  
t he  saae time, 14 moles of su l fu r i c  ac id  was added. t o  r a i s e  the  f u e l  acid- to-  
suJ3at-e molar r a t i o  to 0.43, 

A t  a 5-Mw t o t a l  power and a 230% blanket average temperature, 

The blanket temperature was therefore  

When the  powcr was next ra i sed  t o  5 Mw, a noticeable NAT rise of 2 or 3OC 
occurred dwiog and after the  power increase.  
1400 psig. 
core tank, the  pressure was ra i sed  t o  1700 psig. 
served a t  5 Mw a t  t h i s  pressure,  the  pressure was reduced t o  1250 p i g .  
again rose a few degrees when the po-der xas r a i sed  t o  5 Mw. An addi t ion  o f  CuSO,,, 
was m d e  which nearly doubled the  f u e l  copper concentration, atid the 5-Mw experi-  
ment was repeated twice with the  same r e su l t s .  
a t i o n  nor the increase i n  copper concentration had a noticeable e f f e c t  on the 
observed temperature increase,  
and on the last day of power operation the  power was ra i sed  t o  5 Mw f o r  4 hr, 
The NflT rose and leveled off a3 before. 
experimental program of the HRT was t e r d n a t e d .  

Tiiis was observed three  times a t  
Then, to  inves t iga te  the  poss ib i l i t y  of boi l ing  deposit ion on the  

A f t e r  similar behavior was ob- 
The NAT 

Neither the l a rge  prossure ywi- 

The blanket temperature was reduced t o  near ;130°C, 

A t  4r3O p.m. on Friday, A p r i l  28, the  

1,2 ANALYSTS OF EXE'mmmRIS WITH MCIDI.FIED ( D O W m - F T , O W )  CORF: 

Experimental e f f o r t  in the  four  runs described above was devoted t o  a dc- 
t a i l e d  study of f u e l  s t a b i l i t y  arid in t e rna l  recombination with dowmmrd flow 
through the  core. 
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1,2,1 Fuel. S b b i b i t y  

During runs 22 throug,J 25, between November 1960 and- Apri l  1961, the  re- 
ac tor  vas c r i t i c a l  f o r  2371 hr ,  a t  powers above heat l o s s  f o r  1177 lm, and a t  
5 bfv f o r  a t o t a l  of 347 hr. 
system pressure of 1400 g s i g  and a core average tenpe-rature of 26ooc, These 
conditions we.re the  same as t'nose which exis ted d-wing much of runs 20 and 21; 
t h e  operation i n  runs 22 Ynrroiigh 25 di f fe red  i n  t'mt the core flow was downward, 
t h e  blallket temperature was lower, and t h e  f u e l  a c i d  l e v e l  ms generally higher, 
The combination of these changes wits evidently e f fec t ive ,  f o r  t h e  reac tor  was 
operated f o r  long periods with no signs of f u e l  i n s t a b i l i t y  a t  5 Mw, br7ice the  
power a t  which i n s t a b i l i t y  had. been evident before t h e  changes. 

Neal-by a l l  t h e  high-power cxperation was n l t h  a 

It i s  very l i k e l y  that the improvement in -the fuel. s t a b i l i t y  was a t t r i b u t -  
ab le  i n  large p a r t  t o  more e f fec t ive  removal of separated urandum ( i f  present)  
from the  core and b e t t e r  cooling of silrfaces of ,the core tank, The b e t t e r  
cooling of the  core tank resu l ted  la rge ly  from inereased ve loc i t ies  and a higher 
heat t ransfer  coef f ic ien t  on the   COP"^ side.  
ture (230% instead of equal t o  t h e  core) a l s o  contribiited t o  keeping the core 
tank cool. 

The lower blanket average t e m p r a -  

The f u e l  composition m3y have been another signLficant fac tor .  Ratios of 
acid- to-sulfate  of 0.34 or grea te r  wcro maintained i n  a l l  operation at above 
2 bfw. This assured that t h e  two-liquid-phase minimum -temperature ~ac: always 
higher than -the pressurizer  temperature a t  1400 psig by a t  least 10°C (rei?. I). 
Before t h e  flow wits reversed, unstable operation occurred i n  run 21 at; l!tOO ps ig  
an& 4 Mw a t  an acid- to-sulfate  r a t i o  of 0.32, A t  tinnt time t h e  core and blanket 
solut ions were near the five-component s o l u b i l i t y  limits a t  300%. On the other 
hand, i n  run 25, the  reactor was repeatedly s tab le  at l 4 O O  ps ig  aiid 5 Nw w i t h  an 
acid- to-sulfate  r a t i o  of 0.34. 

On Apri l  17, after over 300 hr at  5 Mw, tne  upper core-patch b o l t  melted 011 
The fai l ixc i s  a t t r i b u t e d  t o  overheating and t h e  blanket, s ide  (see Sec, 1.1.5). 

deposit ion of uranium under the low-velocity conditions i n  the blanket. 

After reversal  of the core f l o w ,  t h e  o ~ i l y  indir-atiion of f u e l  i n s t a b i l i t y  
ever observed w a s  t h e  power-dependent temperatwe r ise  (I, t o  2%) wh.ich was ob- 
served during the last  t e n  days of operation, after the  core patch had f a l l e n  
o f f .  This sml.1 r i s e  i n  reactor  nuclear average tempera.t;ure, which was observed 
repeatedly a t  1400, 1700, and 1250 psig,  whenever the power w a s  r a i sed  above 
about 4 M w ~  does not appear t o  have been caused by solut ion mixing t ransients ,  
changes i n  temperature pat terns ,  o r  f u e l  ins"b.bi1ity i n  the  care.  Because of 
-the unusually high blanket concentration, -the power density on t'ne blanket side 
of  t h e  core wall was higher than a t  any oLher time i n  the h is tory  o f  t h e  reactor .  
These new conditions appamntly caused i.m.ni?anl depnsi l;.j.on on t h e  blanket s ide of 
the  C O K ~  tat&, w i t h  a resu l tan t  increase i n  reactor  average tempcra'ture. 

The corrosion r a t e s  f o r  t,ype 347 st,aiIfiess steel  ranged from 0.4 'co 0.9 mpy 
u n t i l  the  final 150 hi- o r  operation. 
was ra i sed  t o  0.43, and the  corrosion rate was 2.4 mpy. 

111 t h i s  period t h e  acid- to-sulfnle  r a t i o  

1 e 2 2 R e s i d  i;s of Internal-Recombination Experbent 

Internezl-recambi~t ion experiments were perf omed with t h e  old f u e l  charge 
a t  t h e  end of run 23 and with the new charge a t  the  begiming of run 24. One 
set of experiments w a s  performed with t h e  o ld  charge t o  obtain the  e f fec t ive  
recombination rate constants i n  the presence of s ign i f icant  concentrations o f  
f i s s i o n  and corrosion products. Tra sets o f  experiments wcre performed with the  
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f r e sh  f u e l  charge, a t  d i f f e ren t  l eve l s  of ac id  and copper, t o  measure the r a t e  
constants without long-lived f i s s i o n  products and corrosion products. 
consisted of four or  f i v e  experiments at d i f f e ren t  core average temperatxrrs. 
A l l  experiments were w i t h  downward core fl .ow. 

Each se t  

For each experiment, the reac tor  power l e v e l  ims raised u n t i l  a sharp drop 
Tne i n  c r i t i c a l  temperature indicated the formation of radiolyt ic-gas  bubbles. 

power *was lowered about 500 kw t o  allow the  temperature t o  recover and Ylen 
ra i sed  again t o  check the bubble point.  
formed i n  which the power was held j u s t  below the bubble threshold for several  
hours t o  see i f  there  was any e f f e c t  of short- l ived f i s s i o n  products on the  e f -  
f e c t i v e  recombination ra te .  

I n  each se t ,  one experiment was per- 

Evaluation of‘ the reconibimtion constants was based 011 the  ca lcu la t ion  
model- which considered the  temperature d i s t r ibu t ion  i n  the external  piping o f  
the  core loop as w e l l  as i n  the core i tself .  The core temperature d i s t r ibu t ion  
used was that predicted from experiments on a f u l l - s c a l e  hydraulic model of the  
vessel ,  
radiolyt ic-gas  bubbles would appear f i r s t  i n  t he  core vessel ,  where they would 
be detectable  by t h e i r  e f f ec t  on the  reac tor  c r i t i c a l  temperature. Letdown of 
r ad io ly t i c  gas could not be expected, and was not observed, 

Preliminary calculat ions indicated that, with reverse  flow i n  the core, 

I n  evaluating the  recombination r a t e  constants,  a l l  the  recombination was 
The r a t e  constants were evaluated i n  

When f i v e  experiments were performed, t en  independent values 

a t t r i b u t e d  t o  copper cata1y-Li.c a c t i v i t y .  
terms of the e f f ec t ive  spec i f ic  r a t e  constant a t  250°C and the  ac t iva t ion  energy 
of the  react ion.  
were obtalned f o r  each constant. 
s e t s  of experiments. For the  spec i f i c  r a t e  constant,  both tne  average value 
and the range of the  severa l  independent values a re  given. The unit;s of the  
spec i f i c  rate constant express the  lzbsolute react ion r a t e ,  i n  gram molecules per 
second of deuterium reacted per l i t e r  of 250°C solut ion,  a t  uni t  molar deuterium 
concentration and un i t  molar copper concentration, w i t h  molarity expressed a t  
the  temperature i n  question. 
ac id  concentrations and the  ac t iva t ion  e n e r a .  I n  the  las t  set of experiments, 
one value d i f f e red  appreciably from the others. 
average spec i f ic  r a t e  constant i s  1.97 l i ters /g-mole see, and the  average ac-  
t i v a t i o n  energy is 23.3 kcallg-mole. 

Table 1.1 presents  the results of the  three  

Only average values a r e  given fo r  the  copper and 

If t h i s  po in t  i s  discarded, the  

Table 1.1. Results of Recombination Experiments i n  Runs 23 and 211 

A c t i v a t i o n  Fuel No. of cu Ac ic i  Specif ic  R a t e  
Charge Exgts. Coiiccntration Concentration Constant a-t 250”~ Energy 

(g-moles/kg DgO), (g-moles/kg D20) -(L&Flz?l-&mole. scc )  (kcal/g-molc), 
Average Average Average Ranae Average 

Old 5 0,0138 O.ij%RO 2. (31; 1.39-2.07 23.8 

El-esh 4 0.0077 0.0195 2.25 2.16-2.32 22.1 

Fresh 5 0.0133 0.0230 2.00 1,93-2,%7* 22.8 
~- -. _... . . ...... .. . _I__....._ ~ ..-........ 

“One value, out of t en ,  m s  above 2.02. 

Tie r e s u l t s  of tine last two sets of experiments ind ica te  lower capper ac-  
t i v i t y  a t  the  higher copper and ac id  concentrations. Jf it is assumed t h a b  t h i s  
e f f e c t  is due olclny t o  the  ac id  concentratSon, ana if this ac id  dependence is ex- 
t rapola ted  t o  the ac id  level. of the old f u e l  eexperiments, an  enhancemeat of the 
c a t a l y t i c  a c t i v i t y  by the  f i s s i o n  and/or corrosion products i s  Indicated.  There 
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was no detectable e f f e c t  on t n e  catal.ytic a c t i v i t y  of short-term operation at 
power leve ls  j u s t  below t h e  bubble point,  

The results reported here are based on deuterium and. oxygen s o l u b i l i t i e s  
reported by Battel.1.e Memorial I n s t i t u t e  .* 
the  reactor  are la rger  by a f a c t o r  of 1.5 t o  2, 

If -lie same s o l u b i l i t i e s  a r e  applied 
t o  the out-of-pile data of McDuffie and Stone, 5 the  rate constants determined i n  

1 , 3  MAUVl!ENANCE ACTIVITIES 

During t h e  report  period there  were two intersiiptions of reactor  operation 
f o r  maintenance. The f i rs t  followed rm 22 and the  other run 24. 

1.3.1 Elimination o f  Primary-System Leak Following R u n  22 

Within s i x  d a y s  after detect ion of ihe primly-system leak that ended PIXI 
22, the system had been shut down, tine leaking component had been located and 
rep]-aced, and closure of the containment sh ie ld  had begun. 
ponent; was found by smearing c e l l  equipment systematically while working through 
t h e  dry-mintemnce  f a c i l i t y . 4  Hot smears local ized the  leak, which was found 
t o  be a t  a we1.d between the head and discharge check-valve chamber of the e a s t  
fuel fced pimp. 

The leaking com- 

The wcld w i l l  be examined t o  determine why it f a i l e d ,  

1.3.2 Act iv i t ies  Following Rrm 24 

Albhough run 24 was terminated because of a primary-system leak, the  shut- 
down afforded an opportunity f o r  some nlaJor mintermnce a c t i v i t i e s  i n  con- 
junction with t h e  leak hunt and repair .  
the  maintenance and leak repa i r  a c t i v i t i e s  were completed--sooner than had been 
est inlated . 

Within 30 bays aftep t h e  end o f  run 24, 

The smear tec'mique used t o  loca te  t h e  e a r l i e r  system leak (see Sec. 1.3.1) 
was used t o  loca te  the  second one also.  This leak or iginated i n  a cracked tee 
f i t t i n g  i n  the  feed l i n e  ( l i n e  1.07) from the  e a s t  f u e l  durq tank.  
r a t i o n  of the feed l i n e s  from the east and w e s t  dump tanks was such that t h e  
l i n e  containing t h e  leaking f i t t i n g  could be deactivated while use of t h e  l i n e  
from the w e s t  tank continued. Therefore, f reeze jackets were remotely i n s t a l l e d  
on each s ide  of t h e  Leaky f i t t i n g  so "it it could be i so la ted  by i c e  plugs 
during reac tor  operation. For addi t iona l  protection, a clamp was placed on t h e  
f i t t i n g  t o  mke the  crack l e s s  l i k e l y  to increase i n  s i z e .  

The configu- 

The f u e l  letdown heat exchanger was replaced because of an i n t e r n a l  leak 
between the feed and letdown portions. Because of  i t s  configuratAon, the  heat 
exchanger was a very formidable component f o r  remote replacement. 
2 in .  a t  i t s  mimum diameter, it w a s  qui te  long and covered a wide a rea  (see 
Fig,  1.1). 
one in ,  it was necessary t o  remove t,emporarily the  two fuel space coolero, t o  
discomect  the  a i r  l i n e s  t o  the f u e l  letdown and. dump valves, and t o  disconnect 
several  thermocouples. Even with .theso d i f f i c u l t i e s  t h e  job was completed 
rapidly without spread o f  contanination or ovcrexposure of personnel t o  radi- 
a tion. 

Although only 

I n  order t o  get the  old heat exchanger out of posi t ion and t h e  new 

Both remote heads of the f u e l  feed pump, the  blanket dump valve (XV-252) , 
and both chemical-pUnt i s o l a t i o n  valves (HCV-141. and -142) were rout inely re- 
placed during t h e  same shutdown. The east diaphragm head o f  t h e  feed pump had 
failed during run 23. The w e s t  head was replaced because a t race  of f r e s h  
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UNCLASSIFIED 
ORNL--LR-DWG 59169 

Fig. 1.1. Schematic of the Fuel Letdown Heat Exchanger. 

f i s s i o n  products was detected i n  its interme&iate system after run 24 was com- 
pleted. 
%?e seats .  

The three  valves were replaced because of excessive leakage through 

After the  rim-25 shut,down an inspection of the i n t e r i o r  o f  t hc  care vessel  
revealed t h a t  t h e  upper ZireaLoy patch had become detached from the vessel  and 
was l y i n g  on the upper diffuser screen along w i t h  a port ion of the b o l t  from 
the  patch. 
vessel  surfaces appeared 8 s  they had p r i o r  t o  run 22- 

The l c k - 6 ~  patch rras Fu place, but  i t s  gold gasket was loosc. Core- 

Tlie detached patch and bold; fragment were removed from the  core f o r  exami- 
F~elFzniwq? mternscopic i nve~ t ig~a t ions  revealed that; the b o l t  Md nation. 
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melted on the  blanket s ide  near the  toggle nut (see Figs. 1.2 and 1.3). There 
was no evidence of a t t ack  on the core s ide  of the patch or  on i t s  surfaces which 
contacted the  vesse l  o r  b o l t .  The blanket s ide  of the  patch, however, exhibited 
some of the  same a t t ack  found. on the  bol t .  
of both the  b o l t  and patch. 

and storage of the  reac tor  ( i n  an  assembled s t a t e )  a r e  now i n  progress. 

Microscopic examinations w i l l  be made 

Operations necessary f o r  removal of corrosion specimens and. f o r  inspection 

U N C L A S S I  F lED 
PIE 193 

1 

_- 

Fig. 1.2. Remnant of Zircaloy-2 Bolt Sticking Through Upper Patch. 
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Fig. 1.3. Scale Model of Upper-Hole Patch Assembly. 
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2. HRT PROCESSING PLANT 

W. D. Burch 0. 0. Yarbro 

2.1 PERFORMANCE OF WISED MULTIPLF: HYDROCLONE 

In three additional operating periods, totaling 2059 hr, the relatively 
inefficient perfomnce of the revised multiple hydroclone was confirmed. 
Cold tests with this unit and with other similar parallel-hydroclone systems, 
reported previously,l had shown that efficiencies with such systems dropped 
drastically when underflow ratios were decreased. In these final tests the 
revised multiclone unit was installed to operate with induced underflow; with 
this method of operation the effective underflow ratio is only 2 to 3%. The 
basic improvements obtained with the smaller hydroclones (0.4-in. diameter, 
compared with 0.6 in. for the original multiclone) and higher pressure drop 
across the unit were completely offset by the reduction in efficiency attri- 
buted to the induced-underflow operation. 
presented in Table 2.1. 

Data from the final three runs are 

Table 2.1. Removal Rates and Solids Composition for. 
Final Multiclone Runs 

Run No. 

22-27 22-28 24-29 

Date run began 11/7/60 =/30/60 1/30/61 

Operating hours 603 564 892 

Solids collected (g) 162 224 300 

Removal rate (g/hr) 0.27 0.40 0- 39 

Solids composition ($) 

Fe 30 30 25 

Cr 8 1-3 18 

zr 33 27 28 

Ti 0.7 0.6 0.9 

Comparisons of the revised multiclone with the original mdticlone and 
single hydroclone are somewhat clouded by possible effects of the core-flow 
reversal on circulating-solids concentrations. Removal rates are consider- 
ably lower than with the first multiclone unit and appear somewhat lower than 
with the original single hydroclone. This latter observation can be true even 
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with comparable c i rcu la t ing-so l ids  concentrations i n  the  main reac tor  flow 
loop. 
a 2-min cycle,  w i l l  maintain an average so l id s  concentration i n  that c i r c u i t  
below the  concentration i n  the reac tor  if t h e  &ticlone e f f ic iency  does not 
exceed 16. 

The s ingle  hydroclone, processing the  multiclone underflow receiver  on 

Sol ids  compositions were somewhat d i f f e ren t  from those of previous runs. 
The iron-to-zirconium r a t i a  is  approximte ly  1 i n  these runs, compared w i t h  
an  average value of about 0.5 throughout most of the period from reac tor  runs 
1 7  through 21. 
recent  runs, a somewhat higher stainless steel corrosion rate, or  some hydro- 
dynamic mechanism connected w i t h  the reversed core flow, may be responsible 
f o r  the var ia t ion  i n  composition, but t he  data, are too l imi ted  t o  permit posi-  
t i v e  deductions. The uranium and copper content of the so l id s  could not be 
determined because of t he  leakage of an undetermined munt of f u e l  through a 
valve i so l a t ing  the reac tor  and chemical p l an t  during the  chemical-plant r i n s e  
operations. 

Several  f ac to r s ,  such as the  higher ac id  concentration i n  

2.2 XENON BEHAVIOR STUDIES 

Ef fo r t s  Were continued t o  improve the measurements which determine the 
behavior of Xe135 i n  the  reac tor  system. 
tine reac tor  off-gas upstream of the  charcoal adsorber beds, and severa l  
samples were obtained i n  the f i n a l  reactor  run. 
proximately 100 l i t e r s  of off-gas was routed t o  the  vapor space above the  
chemical-plant decay tanks, and an a l iquot  was subsequently removed v ia  the 
tank-bubbler instrument l i nes .  Techniques f o r  removing small samples f o r  
ana lys i s  of the radioact ive isotopes by gamma spectrometry had not been per- 
fec ted  when reactor  operations were terminated. Several  sample 
were removed and analyzed, but  only the  rubidium daughter of Kr 
detected.  
removal of undiluted samples u n t i l  a f t e r  the  samples had coole 
and some unexplained mechanism p re fe ren t l a l ly  separated the Rb 88 from i ts  
parent and other gaseous isotopes when only a small quant i ty  of a c t i v i t y  was 
col lec ted  i n  the sampling system, 

A system was Ins t a l l ed  for sampling 

I n  tlds sampling system, ap- 

type could be 
The f a c i l i t y  was not adequately shielded or contained t o  permit 

f o r  two days, 

Two s e t s  of samples (six per set)  were removed following periods of con- 
s t a n t  reac tor  power. These samples w i l l  be analyzed b mass spectrometry f o r  
the  r a t i o  of Xe136 t o  Xe1j4 following the  decay of Xe133 t o  acceptable levels. 
From these measurements the XeL35 poison f r ac t ion  w i l l  be calculated f o r  com- 
parison w i t h  a previous similar measurement.* 

2.3 FUEL PRCCESSING BY PEROXIDE PRECIPI-TATION 

The development of a process f o r  removing nickel and other soluble im- 
p u r i t i e s  from reac tor  fuel solut ions by p rec ip i t a t ing  the  uranium as. uranyl 
peroxide and f i l t e r i n g  off soluble contaminants was continued on a fu l l  engi- 
neering scale .  Three 4-kg batches of na tura l  uranium i n  simulated HRT f u e l  
were prec ip i ta ted  i n  a 6-in.-diam 20-ft-high column equipped w i t h  ex te rna l  
cooling and heating c o i l s  and two s in te red  s t a i n l e s s  s t e e l  f i l t e r s .  
dim 3-f t - long cy l ind r i ca l  f i l t e r  extended up from the  column bottom, which 
contained a 5-in.-diam f la t  f i l t e r  disk.  
on the f i n e s t  ava i lab le  s in te red  f i l t e r  (nominal 3-p pore s i z e )  without the 
use of f i l t e r  aids. A charge of 700 g of diatomaceous-earth f i l t e r  aid was 
added t o  the column and remained the re  throughout the runs. 

A 2-in.- 

The peraxide could not be re ta ined  
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Uranium losses of 6$ wit'nout p r e c i p i t a t e  bashing were lowered to 3$ by 

Decout;amimtion 
two washes. 
uranium concentrations, would fur ther  decrease the losses .  
f a c t o r s  for. soluble impurit ies were 8 wiLhout mshinp; and 100 w i t ' ?  th ree  
r inses  

Recycling t h e  i n i t i a l  portion of f i l t r a t e ,  which contained high 

Reprecipitation of t h e  uranium from one run, followed by two r inses ,  re- 
duced the a c t i v i t y  by a f a c t o r  of only 2. 
only 0.4$? probably because excess a c i d  had. been removed i n  the  i n i t i a l  pre- 
c i p i t a t i o n ,  making the uranyl  peroxide Less soluble, 
f e c t  by p a r t i a l l y  neutral iz ing t h e  a c i d  i n i t i a l l y  were dropped vhexi the cy- 
l i n d r i c a l  f i l t e r  f a i l e d  by corrosion, 
simulated f u e l s  almost continuously f o r  a period of about t h e e  mo~t;hs and 
ruptured a t  a pressure of 25 p s i ,  compared t o  its nominal r a t i n g  of 50 psi .  

U r a n i u m  losses i n  this run were 

Plans t o  study t h i s  e f -  

Wie f i l t e r  had been contacted with 

W i o r  t o  run 22, several  improvemen-ts were imde t o  the 7500 building 
vent i la t ion  system t o  reduce the poteiltial. hnzaPd :from wcontrol led releases  
of radioact ivi ty .3  Included i n  these improvements m::; a new stack f a n  arid 
f i l t e r  system, which incorporated a 4- in , - thick s i lver -p la ted  inesh bed and 
a charccal cannister system as iodine traps. When routine measurements of 
t h e  stack I13I release i n  March showed occasional daily releases as high as 
5 mi l l icur ies  (highest  release, 1-9 rnillici.ries ) and an external rad ia t ion  
survey of the t r a p s  showed t h a t  t'ney probably re.t;a:i.ned lens  tlmn 1 curie ,  a 
limited. program was undertaken t o  !fieaswe the efCI(: iency under control led 
conditions e 

stream and discharged i n t o  tlie was-te vent system. Fol.lowing t h e  first; ad- 
d i t i o n ,  t o  the vapor space above the l O 0 O - g a l  waste tank, no s igni f icant  in-  
crease i n  the  iodine concentration was detected e i t h e r  u stream o r  doimstreml 

r e c t l y  upstream of t h e  stack f i l t e r  system, l@ o f  Lhat  charged vas found i n  
the  air  stream upstream of t h e  iodine t raps  (implying that 9@ was renoved 
on t h e  f i r s t  absolute f i l t e r ) )  and a PzrVne?? reduction i n  concentration by a 
f a c t o r  of 100 was noted downstream of tile t raps .  

Two 10-mil l icur ie  charges of i131 vere volntil.ized i n t o  a he1ii.m 

of the  iodine ti-aps. I n  the second test, i n  which the I E was discharged d i .  

The tests incliccate that i n  norm1 day-to-day operations, where iodine 
concentrations i n  vent i la t ion  a i r  a r e  very low, no subs tan t ia l  reduction is 
achieved on the iodine t raps ,  but following a xmjor release, reductions of 
greater than a factor of 1000 should be obtained, p a r t l y  by deposlt ion on 
vent i la t ion  pipe wa1.l.s and p a r t l y  by adsorption on t h e  stack iodine t raps .  

It i s  planned tha t  t h e  7000-1.b D 0 inventory now an t h e  reac tor  w i l l  be 
decontaminated by two-stage dis t i l  l a t f o n  and a f ina l  ion-sxchange treatment, 
The i n i t i a l  d i s t i l l a t i o n  i n  t h e  reactor  durq "Lanks and a second d i s t i l l a t i o n  
i n  the wa. Le emparator  w i l l  lower the contamination l e v e l  t u  t h e  range of 

evaporator d i s t i l l a t e  and equivalent portions aP Dowex -1 in t h e  In;rdroxide 
form and Dowex-50 i n  the hydrogen form demonstrated decontamination f a c t o r s  
of 103 and bed capaci t ies  of approximately 750 cc of D20 per cub.bic ccntimetw 
of resin.  
ml, A simple system, employing an a i r l i f t ,  was designed t o  r a i s e  t h e  wzzste- 
evaporator condensate continuously for gravi ty  flow through a &in. colimn, 
ProcessS.ng w i l l  be don? later i n  t h e  year. 

lo3  t o  10 t counts/rain/ml. A laboratory t e s t  with a representat ive sample of 

This should reduce the  conlambation of the  D20 t o  < 10 counts/min/ 
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3 .  Effect of F1w-r Variations on IJcutron Level i n  ihe heactor 

Experiments brere perfomcd i n a ful-1-sca.1.e mockup Lo Ckt,er.iiiLne t he  extent 
t o  which fl~ow disturbances within ihe HR'I' core a r e  rcspmsib-  e for the va.riztions 
in neutron l~cve l  observed i n  HRT poT*-er operation with the  f i ow reversed. 

Thc h s i c  process i s  belicved~ t o  operate as follows: o sc i l l a t ions  i n  posi - 
t i o n  of tie JeL, which passes from %be top to khe bottom of t,he coi-e, ci-eate a, 
s l i g h t  v a r i z t i . o n  i n  t he  texijeratsre of the fluid leaving t h e  core, vh l l e  the 
inlet tempera%ne remr.ns constant. Thii: po6.1rces it sligh'; var: a t i on  i n tile core 
average ternperat1.1~~; since t h e  r eac to r  ha.s a negatrive temperature coaffiLcierit, a 
reacLj?iit;J varlati.  o r  i s  produced. T'he ne~Jtron l.?vei the2 ckanges continuous1 y bo 
cornpn:;aLe f o r  t he  varyin8 rciac i i v i t y .  

The v:iTLatiar; of the residence -cline (averag;c tcrnpera3uye) vas anal.y::ed by  
considering tha-t ihe YluiC. entering tile core took one of t w o  pa:.l-is. 'Yhe f l r s t  
pa'Lh ;?as 3 short-circui t  path t h e t  w n t  di.rectl-y froin t h e  i n l e t  t o  the  outlet. 
Measurements of s tep  charges i n  .;?I t. concenf,i'ai,i.oii by means of sa1.t conductivity 
$robes sensed hy a Sanborli recorder showed t h a t  about .?io$ of t he  incomi.l;g f l u i d  
took t h i s  loa th ,  an.d thzt t h e  t rampor t  clime .was about 0.6 sec. 
i o $  of 'tile fluid w a y  "well mixed" and took about 14 SIC on ti~e avera-ge t o  leave 
the  core. 

The rcrrzining 

'Yhe f o l l o v i n g  ecpatj.ons were ~ ~ e d  t o  dezcr ibe the  k ine t i c s  ot t h e  system 

i. :Jeutron lsalancc : 

For ra r ia t ions  i n  7AT o r  Ak which a r e  srnat'1 r e l a t i v c  t o  p, kq- (1) i s  m o d i -  
f i e d  t o  :' 

U 
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2 .  "he average core temperature i s  obtained from a heat  balance and i s  
related t o  k with the tpxgerature coef f ic ien t  of r e a c t l v i t y  : 

Neg1ecti.r.g the  heat  removed by Cne shor t -c i rcu i t  f r a c t i o n  (about 55% o f  the 
t o t a l  heat) ,  t h i s  becomes : 

3 .  The value of &(t), t h e  v a r i a t i o n  i n  the shor t -c i rcu i t  fraction, was 
measured continuously with s a l t  conductivity probes i n  a n  experiment uherc a 
constant salt, input was added t o  the recirculated f l u i d  within the core mockup 
w h i l e  f resh  watlsr waz passed through thz  core continuously. The r e l a t i  onship 
between the s a l t  concrntration and the  shor t -c i rcu i t  f r a c t i o n  w a s  calcul.atcd from 
a mater ia l  balance of the s a l t  stream added and removed Prom t h e  core: 

where 

P = instantaneous power l e v e l  i n  core, 

Po = average powel. level- i n  core, 

t = time, 

Tl = core i n l e t  t e q c r a t u r e ,  

- 
T = time-varying core average temperature, 

Ak = charge i n  r e a c t i v i t y  due t o  change i n  !?, 

7 = temperature coef f ic ien t  o r  r e a c t i v i t y  = 1.5 x ~ o - ~ / O C ,  

4 = neutron generation lifetimp (6 x see f o r  core), 

p = f r a c t i o n  o f  neutrons produced which are delayed neutrons 
(it i s  assumed t n a t  tne  precursor concentration i s  
constant);  p w a s  calculated t o  be 0.006 f o r  HRT core, 

k = mult ipl icat ion constant, 

Ql = volume flow r a t e  i n t o  core, constarit a t  1 cfs, 

3 V = core volume, 10.3 f t  , 
= vol.metric heat capacity of core solution, 

tS = 
t r a n s i t  time of short  c i r c u i t  f l u i d  = 0.6 sec, 
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u ~ ,  = average short-circuit ,  f r ac t ion  = 0.3, 

shor t -c i rcu i t  I 'ractlon about u 

outlet sa l t  concentra Lion, 

concentration i n  coi-e. 

0' 

A cpccial-purpose analogue computer was used t o  cai cul  t j  ie t inc va r i a t ion  - 
of t he  "power" and or core average temperature, T, from L i i e  s a l t  concentration 
in the  o u t l c t  s t r e a m  of e nodel -. and f r o n  ~ q s .  (la), (za); arid ( 3 ) .  ~ a m p 3 .  
L I ~ C  simu.l_aied power t r a c  , 'IC ii'aces, aiid the  o u t l e t  s a l t  concextration as 
corded are shown i n  E~Jig;s 3.1, 3.2, and 3.3. The caicii.lai;ed poTpier t r a c  
s i r i b r  t o  HRT power %races. 
l a rge  peakt with data ob'ceined f!,om the  RRT.2 
the root  -mean-sqiiare d w l a t i o n  Tlroni mi. power of the  yos i t ivz  xi15 ncgative 
peaks cn.1 culated b y  tlne flow-node1 aim iie with those obtained from t h e  reac tor  
data  (calcu1~atl.ons by M. 'Tobias and. D. nd.y). The f a c t  t h a t  th? negat,i.ve power 
peaks f?oi~i %he reac tor  are iower than the pos i t ive  peaks froiii t he  reactor  :irhile 
ilie inodel- :shows a more syimetr lcal  behavior i.s actr ibu 3 io  the treatment of 
L i l t .  delayed neutron; ir: Eq. (la). For khe mort: r igo r0  

constant, a change of t he  reactor corc tenperat,ure of 0.4 C -">roald rcsul-t i n  a 
ch:.,nge of  about 11$ oil a pos i t i ve  Ak and. about ?$ on A negative L?JJ from Eq. (I), 
id,nile finom Eq.  
change:? . 

, l  

Figure 3.11 shows a co:iiprison or" t h e  frequency of 
Figure 3.5 chow a comparison of 

T r P  vv.,~l.d 1 b,n asymmetrical. Assuiidng that the  delayed-neut 
0- 

( l a )  the  chazge w o ~ 1 . d  be  1.0$ f o r  bo-Lh po"i t,ive -2nd. iiegative 

The calculated poxer r e q o n s r  t o  s inusoidal  changes ic .;hart -ci r c u i t  
finaction i s  shobn i n  Fig.  3.6  with power as  E parameter. At low pwers t h e  hi&?- 

quei?cy oscil  1-a'iions have t l e  e f f e c t  oii the power l eve l .  thc  pomr  2 eve1 
iilci?acEd, the  reac LOT PO responds to smaller osci.llat.i.or., . 

,FIE frequency dis-l,rj.butio;i of flow disturbaiices xas clcterin.iiied froill thc  out- 
1 et sa l ' s  concentration of the flow moriel. %ne remit i s  shown iii Fig. 3 .  ~ ( ,  

s*-hich shows t%e o s c i l l a t i o n  that, e::i s::, in t n e  raiige a:? p.:;'ioc.s or: 2 -to 48 ..ec 
(frequencies between 11 and. 0.13 radian/sec) .  
response a i d g r a m  (Fig# 3.6), c ~ l l  ;:xh oscil lations should p~*oducc an observable 
p,ower f luc tua t i~on  vhcn the c o ~ ' ~  powel' is 2 . 5  blw; inore rapid fl-uctua.tAoiis shou1.d 
i roduco  very l i t t l e  c f f ec t  on the power t race .  

Accordini: t o  the fyequcncy 

11' the $ i s t r ibu t ion  of Flab disturbance- showri i n  Fis .  3.7 occurs also i n  
the  reac tor  JC 2.5 M h  COTC powe;, then th? frequcricy of occul-rence of pos i t i ve  
osci l labions i n  yon,-r would be expccted t o  look l i k -  the cumulJtive freqw-cy 
curve. 
expcct to scc about 0.22 osr i l la t ion /sec  ( o r  about 0.11 pos i t i ve  peak per 
second a1id 0.11 ;leg%tive peak per second). 
p e r  second obsei-wd i n  t he  nodel compares fLvoi*ably w i t h  t he  0 . 1 2  per ,>econil 
obsermd f o r  t he  EiKT a i  higher powers (see Scc. !1-1.2). 

>.t a t o t a l  power of 5 14w i n  the HRT (?. j to 3 Mw i n  the  corc) one would 

The v a ~ u e  of 0.~ 1  pos i t ive  peak 

it was concluded from t i i s  flou cxperinent and comparison y N j t h  thn hN power 
behavior t h a t  the osc i l l a t ions  i n  neutron l e v e l  were ca3~sed by hyci-ociynemic 
o s c i l l s t i  o m .  
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Fig. 3.1. Effect  of  Power Level on Flow-Model Power Oscillations. 
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Fig. 3.2. Ef fect  o f  Power Leve l  on Deviations in Flow-Model Core Average Temperature and Changes 
i n  Mult ip l icat ion Constant. 
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Fig.  3.3. Outlet Salt Concentration During Power and .Zk(AT) Traces Shown in Figs. 3.1 and 3.2, 
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F ig.  3.5. Comparison of HRT Power Average Osci l lat ions with Amplitudes Colculotcd from Flow Model. 
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Fig. 3.6. Calculated Frequency Response o f  HRT Core Power to Flow Short-circuit Oscillations. 

3.1.2 Flow Test of Proposed. KTT Flow Diffuser 

A f l o w  diffuser  TWS instal.l.ed. i n  the  ILtiT flow model t o  t e s t  its ef fec t ive-  
ness in reducing core w a l l  temperature and core power oscil-latioris. 
(Fig. 3.8) was designed t o  d i r e c t  the  i.ncoming fluid down t,he w a l l  of  the  core 
through r a d i a l  swirl- vanes. 
sect ion of the  d i f f u s e r  t o  cool the  region jus- t  beneath the  diffuser .  

The d i f fuser  

Five 3./4-in. holes were provided a t  the  center 

The di f fuser  decreased the bypass f r a c t i o n  from 0.30 t o  0.16, and decreased 
the magnitude of the  simulated power--trace o s c i l l a t i o n s  by a t  l e a s t  a f a c t o r  of 
2. 
r i s e  zbove the  core inlet ternperntu.t-e t o  the average core temperature r i s e  i s  as 
indicated i n  rl'ab1.e 3.1. 

Fl.uid-age traverses indicate  t h a t  ?;he r a t i o  of tlle local f l u i d  temperature 
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Fig. 3.7. Frequency of  Occurrence of Flow Osci Ilations. 

Table 3.1. Minimum and Naximm Values of i iat io of Local TeurperatuTe B i s e  
a t  Several. f ieva t ions  t o  Average Temperature Rise 

-..-. ....... .....- 
.I. .-I 

M i n i m m  Location f o r  
Eievat. ion ( a t  w a l ~  Maximum Y!xi:num Value 

.... -...._ 
Outlet  (bottom) 1.0 1.0 

0.96 1.04 Center line In te rsec t ion  of cones 

0.90 7.04 j in. f r o m  wall Z i n .  above 90 conz 

Equator 0.92 1.14 4 in .  from m,!.! 

0 

l / ~  In.  above equator 0.72 1. I 10 'Jnder d i f fuse r  edge 

;2-1-/2 in .  above equator 0 .54  1.. 20 Under d i f  f 'user edge 

_I_______ -__--___ ...... _.-__I 
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Fig. 3.8. Proposed HRT Core Diffuser. 

noted that f l o w  oscillations occurred below the cooling holes at the 
at times the flow was upward through 

into the inc 
slots were c 

. These holes were plugged, and ten 1/ 
ally spaced in the diffuser to simulate condi 

roposed for installation in the , These alterations 
ratio appreciably. 

Maximum f lu id  velocities, which occurred 1/16 to 3/8 in. from the wall are 
compared with those In t nt m’J! core in T 
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Table 3.2. Fluid Velocity i n  Vicinity of Core Wall 

__ . 

El evat i on 
Maximum Fluid Velocity (fp S ) 

HRT Reverse Flow Reverse Flow with Diffuser 

7 1/2  in .  above equator 

Equator 

1 .5  
1.9 

5.0 

3 -7 
10-in. below equator 3.2 2.3 

The flow model with d i f fuser  was t e s t e d  f o r  so l ids  removal by addi t ion of 
sand, metal chips, and s m a l l  polyethylene b a l l s .  A l l  so l ids  remained f lu id ized  
and were swept out of the  vessel .  No addi t ional  measurements were made since 
t h e  HRT program was curtai led.  However, the  d i f fuser  t e s t e d  appears t o  provide 
b e t t e r  flow conditions than those i n  t h e  present  HRT core. 

3.1.3 HRT Core Corrosion Specimen Holder and Thermocouple Probe 

The corrosion-specimen holder3 was developed t o  permit a d i r e c t  measurement 
of t h e  corrosion rate under HRT core conditions with the  flow reversed. The 
thermocouple probe i s  a device f o r  posi t ioning a number of thermocouples i n  
c e r t a i n  regions of the  HRT core. I t s  development w a s  undertaken t o  a i d  i n  the 
invest igat ion of t h e  o s c i l l a t i o n s  i n  neutron l e v e l  observed following the  
reversa l  o f  flow. Because of curtailment of reactor  operation, nei ther  device 
was a c t u a l l y  i n s t a l l e d  i n  the  reactor .  

A prototype specimen holder was i n s t a l l e d  i n  t h e  HRT flow model t o  determine 
i t s  e f f e c t  on flow pat terns .  It was noted t h a t  the  assembly produced an increase 
i n  the  d i r e c t  bypass f r a c t i o n  from 0.30 t o  0.45. 
because the  holder was located a t  the  v e r t i c a l  center  l i n e  d i r e c t l y  between the 
inlet  and o u t l e t  nozzles. A t  a very high bypass fraction, core power would be 
l imi ted  by t h e  small amount of f l u i d  rec i rcu la t ing  i n t o  the  bulk of the  core. 

This increase i s  log ica l  

With a 2-in. cone placed a t  the  center  of the  3 l/Z-in. i n l e t ,  it was 
possible  t o  reduce t h e  bypass f r a c t i o n  t o  0.36; a 2-1/2-in. cone indicated 0.30. 
Other configurations t e s t e d  were l e s s  promising. 

The design of t h e  thermocouple probe i s  shown i n  Fig. 3.9. The probe con- 
sists of a cent ra l  Y-shaped s t r u c t u r a l  member with three  folding arms. Each of 
t h e  folding arms and the  cent ra l  mast pos i t ion  three  thermocouples ( f o r  a t o t a l  
of 1 2 )  i n  regions of i n t e r e s t  when the  device i s  erected within the  core. One of 
the  thermocouples attached t o  t h e  cent ra l  mast extends through the  screens t o  the  
s t r a i g h t  sect ion of t h e  core out le t .  I n  order t o  guide t h i s  thermocouple through 
the  screens as t h e  device i s  being erected, a t h i n  (about 5-mil-thick) col lapsible  
copper funnel is prepositioned i n  the  center  holes of the  screens. During the  
process of erect ing t h e  device, the  funnel i s  collapsed. It i s  subsequently 
dissolved by t h e  f u e l  solution. The s t a i n l e s s  s t e e l  sheath of the  thermocouples 
i s  seal-welded t o  t h e  core-access cover flange, and the  leads a r e  sealed by 
packing glands. 

reduced t o  0.26 with t h e  use of the  2-1F-in.  cone a t  the  inlet .  
The thermocouple probe induced a b ass f r a c t i o n  of 0.46, which could be 

Both the  corrosion-specimen holder and the  thermocouple probe appear t o  be 
p r a c t i c a l  devices, but  some addi t ional  flow t e s t s  would be needed. 





Shortly a f t e r  beginning a run on simulatrd KK'I' f u e l  solution, except t h a t  
0.045 M ac id  w a s  used instead of the normal. 0.030 t o  0.035 5 the  mockup l eve l  
cont ro i le r  Tailed; s o  the run w a s  discontiniJed. 
and placed i n  s t a d b y  condition. 

The system was drained, rinsed, 
The con t ro l l e r  w i l l  not be repaired. 

3.3 KRT KEPLACENENT KF24CTOH VESSEL 

'The design study of a replacement reac tor  vessel  f o r  i n s t a l l a t i o n  i n  t ie  
presenL reac tor  system was terminated early i n  the repor t  period. 
report ,  der;cribing i n  d e t a i l  t he  design, w a s  wriLten.5 
the  termination of tlne study i s  e s sen t i a l ly  as reported previously.6 

A s m a q  
'The conceptual design a t  

3.4 HRT REMOTX MAINTENANCE AN33 INSPECTION 

Development of tools f o r  improving the patching of the  H N  cor2 tank was 
discontinued. 

A special. at'iachuient f o r  the  Omniscope, capab1.e of passing through the 
3/8-in. holes of the screens i n  the  core vessel ,  was received from L e m  
Englneering Corpora-1;i.m. iiihis device provides the  capabil-ity of viewing l;he 
lower poy'iion of the screen d i f fuser .  A new object ive lens,  whf~ch provides up 
t o  5X magnificati-on, vas a l so  received. 

A new ul.trasonic: thickness gage w a s  designed and. Sa'oricated t o  obta i.n '&.e 
final.  measurements of t h e  core w a l l  thickness. 'The t o o l  i s  simj.1.ai- t o  the one 
used earliei" t o  measure the  contcal  port ion of the vessel ,7 but i t  i s  capab1.e of 
measuring the spherical  por t ion  as well. 

3.5  f i , l lLFOHCING C W  AND FFXEZEHS FOR HRT LlNE lo( 

After locati i lg a leak i n  a tep  i n  HHT l i n e  107 (be twen the two fuel dump 
tanks), a reinforc-tng c l a q  was riesiglied and installed t o  prevent rupturc of the  
faui ty  tee. 
l i n e s  to i s o l a t e  the f au l ty  t e e  during o p r a t i  on. 

Temporary f reezers  were modified and i n s t a l l  cd on the connecting 

The spare HRT circul-ating pump, with s t a in l e s s  s t e e l  par-Ls replacing the  
t i tanium p a r t s  i n  the hy&aul.ic end of the pimp,8 and with piping aLtached t o  
f i t  the HRT f u e l  system, was given a 100-hr pre'ireatiwnt run-in. 
the pump during the  pretrea,tm.ent a t  Z50°C and 750 psi. w a s  without incident.  
U p J l  disassembly o f  the  pump f o r  a dimensional. check a f te r  the  pretreatmcri-L run- 
i i i ,  the lower GraphiLai- bearing was s l i g h t l y  damaged. However, it i s  believed 
tha-L tile beari.ng uselull-ness i s  not impaired. 'The pump rms reassembled and 
placed i n  standby conditLon f o r  possible  use i n  tlne KXT. 

Operation of 
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P. R .  Kas'ien 

14. T r -  Tobics U. E. Vondy T. 3 .  Eoirler 

7"ne power-trace &aka i'ro::i t!ie H2:ill v i th  ciomward fl.01~~ have been subjected Lo 

'?he var iables  observed were (1 ) the  s i ze  of 
3 var ie ty  of s t a t i s t i c i l .  studies with the  aim of obtn3.ning ayi expiamation for. the 
c m c e  0 - C  the 0bser.ve.j. € luctuat ions.  
the  fluctuati.ons; ( 2 )  t n e i r  fr'rcquency; (3)  the  r e a c t i v i t y  changes necessary t o  
produce the fl.1ictuat.i ous; 3.nl (11)  a hydroriynamic parameter a,  t he  so-cal3.ed short-  
c i r c u i t  f rac t ion .  The P- i r s t  t1.0 iterns a r e  obtainable d i r e c t l y  €ram the  power 
t race;  t h e  other two nru::i; be coiqmteti. 'file fourth i t m  was coxpared with cx.- 
periinental measurements narle by C .  G .  Lar~oi i  i n  a mockup 0.C tile m'1' core. 

Yke princip3.l. coi:iputati.oiid 'iools of t h i s  anal;rsis were t:?e iBd 7090 pro- 
g i - a ~ ~  PIP and SNAWJY. %nr.ough the  cooperation oi' R .  K.  Adms and J .  0. Kolb, 
ths power t r ace  of tlic HFX Sanbol-n recorder w a s  digi.-t:i.zed pyincipally a t  the  
rat? 0.C one number per second i n  the I'oriii o f  a paper tape.  The paper tape was 
checked f o r  gross e r rors  by an 0rrtcl.e code and converted t o  IBM curds. 'L'ne cards 
were then trea-Led by e i t h e r  ur both oT the  1 R l ~ l  '(090 program. 

'yhe PIP procrfun i s  &signed t o  obtain frequency d ish- ibut ions  or the  input 
The d ig i t i zed  power data  were averaged i n  arb?. t r a y  batches of  approxi- data ~ 

nate ly  5 rnin worth of  data,  and tile deviations Proin t h i s  average were used t o  
compute such i-teris as the following: 

1 . T%e average posi-i; ive arid negative dcviat  i.m I 

2. The average pos i t ive  and ncgatjve peak. 

3. 'The standard deviation, kurtosis ,  and molwrital skewness of 
all poj n t s  and oi" all peaKs . 

4. 'The standard deviation, ino~nental skermess, an& kurtosis  of 
pos i t ive  and nezative peaks separately.  

5 .  The frequency d i s t r ibu t ions  oi' posikive and negative peaks 
and of pos i t ive  and negative dwia t lons ;  -that is ,  the f rac t ion  
of tne cleviatioiis which were i n  excess of a ce r t a in  s i ze  m.!; 
computed and 'ia'oulateci. 

Tne SNAVjjLY p i - o p ~ ~ ~  computes t h e  r eac t iv i ty  c:la.nge:: necessary t o  p r o h c e  -tile 
o'oserveil power t races ,  ass1min.g that  the var ia t ion  i n  aower i s  l i n e a r  with t i n ?  
becween d i g i t i z e r  i"ea3ings. The r a t e s  of r eac t iv i ty  additiori tire also computed rl 

as ve1.1. as the var ia t ion  i n  the bypass f rac t ion  Q which would be required t o  
provide the r eac t iv i ty  chaiiges, TLP eqiiatioris used i n  SNAVFLY are:  
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where 

CiCJ C i B  = concentration of L-tn group of delayed-neutron 
precursors i n  core and blanket, respectively,  
i n  pover u n i t s  

C = heat capacity of core and blanket f lu ids ,  respec- 
t i v e l y  (energy per degree pcr init mass) 'pel pB 

T = f r ac t ion  of power generated i n  the core 

Ak = excess r e a c t i v i t y  

c 

A]hF = m y  r e a c t i v i t y  addi t ion "driving force"; some re- 
a c t i v i t y  addi t ion t o  tile reac tor  

= prompt-neutron l i f e t ime  

n = a constant used t o  r e l a t e  i n l e t ,  ou t le t ,  and 
nuclear average temper atme s 

P = total reac tor  power at time .t 

Scf  SB = t o t a l  heat capacity of coi-e ai& blanket, respec- 
t i v e l y  (energy per degree) 
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't, Ai; = 

wc, WB = 

a =  

time and time iric reiiieiit, respectively 

nuclear average temperature i n  core and blanket,  
respect ively 

equil.i.brfim nuclear average teqeraixres i n  the  
core and. blanket, respect ively 

i n l e t  and oiitl-et temperatures of the  core and 
b l a rke t ,  re spe e t  ive  ly 

mass f7.ow r a t e  through core and blanket,  respect ively 

bypass f r ac t ion  ( f r ac t ion  of flow through the core 
wliich does no t  una.ergo rec i rcu la t ion)  

temperature coef f ic ien ts  of react ivi iy  f o r  changes i n  
the temperatures of the  core a d  blanket, respcct ively 

f-r..action of delayed neutrons 3.n i - V r i  group i n  core  
and blanket respect ively 

decay constant of i - t h  gmup of delayed-neutron 
precursors 

DiPference analogs of Eqs. (1), (4), and (5) a r e  used, while (2)  and (3)  are in-  
tegrated under the  assumption t h a t  P i s  a broken-Line function. Giveii Lhe d ig i -  
t i zed  power-tmce data,  Ak may be calculated from Fqs. (l), (2), and. (3)  as a 
Function of time and m y  be subjected t o  the s t a t i s t i c a l  treatment given 'LO the 
power t race  i t s e l f .  Also, using the remainder of the  equations, we can cal-culate 
(a) Lhe var ia t ion  i n  m and a: required t o  produce the  calculated / % I s ,  01- (b)  the  
AkDF required t o  produce the  observed power t r ace  assuming t h a t  m i s  fixed, The 
r a t e s  of r eac t iv i ty  addi t ion and the time between zeros of r eac t iv i ty  addi t ion 
my  a l so  be obtained. 

Other mathematical tools employed t o  some degree have been Fourier nnaJ-ysis 
acid auio- and c~oss -co r rz l  a t ion  techniques. 

b.1..1 Results of Examination of Power Trace with t h e  PIP Code 

The PIP code r e s u l t s  confirm the v isua l  impression of unsjmmetry given by 
-t;iie po-wer t r ace .  Posi t ive peaks aye oil the  average larger 'inan negativo t roughs,  
and the  average pos i t ive  deviat Lon is  la rger  than the average negative deviation. 
Further, -the var iable  which a f f e c t s  the rrfignitude or" the peaks inost i s  the core 
P O W ~ P  l eve l .  A few experiments have been done i n  which the pressure, the  flow 
ra te ,  and the tempeyature have been varied individually,  a7.1 w t t h  ambiguoins re - 
s u l t s .  Figure 4.7. shows the r e l a t ive  root-mean-square deviation of pos i t ive  and 
negative deviations as a function of core power. The data  show a considerable 
a.xmnt of s ca t t e r ,  bu-t there  is  a clear ,  almost l i nea r ,  upward t rend which seems 
t o  curve over at 3 Mw. 'Tine points  f o r  1000 ana 1200 p s i  l i e  above the c o r r e -  
sponding ll~cOO-psi .  points .  However, the  points  aL 280 and 21cO"@, which represent 
subs tan t ia l  changes i n  overpressure, l i e  below o r  on tile l i n e  drawn f o r  the 260Y 
core, which a t  1.east p a r t i a l l y  contradicts  the idea tinat pressure i s  havi.iig any 
e f f ec t .  A s  for reawed flow ra te ,  the changes i n  -:;he deviations appear. s l i gh t ,  
and as witln t he  pressure and teInperature tes t s ,  there  is  too  l i t t l e  evidence t o  
drav f i-m conelmions 
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Fig. 4.1, Relat ive  Root Mean Square of Power Peaks vs Core Power for Downward Flow. 

M u s t  of the  data m e  f r o i a  ilull 23 when d i g i t i z i n g  was done a s  one point per 
second. 
d e f i n i t e l y  lower (leviation than -the information from run 23. 
this di:fference i s  ava,iLable 

Some data. were taken i n  run 25 at f o i ~ r  points per Second. and show a 
No explanat im for. 

m e  Prequency d-istributions .which have beexi made by usirg PIP reveal t h e  
hig1il.y random character o f  The deviations.  
f l o w ,  t h e  averege deviation was s m d l ,  but; there were some large excixsions. 
dow~r?md-flol~r operation, i n  contrast ,  d t h m g h  the average d.eviation was about 
forrs times greater ,  an excursion as Large as 20$ was a rizri ty.  
i l l u s t r a t e d  in F i g s .  4.2 and 4.3. Fl.gure 4,2 i s  a t y p i c a l  ~r'rz!~uency-distri'i,utlion 
plot,  with prcbabLlity sca1.e~ on which a. Gauosicn d i s t r i b u t i o n  would appe.w as a 
s t r a i g h t  l i ne ;  F i g .  4.3 i:; a p l o t  of t h e  frequency of positive-peak occiurence vs 

\Then t h e  HRT vas operated i n  upwsl;r.tl 
In  

"hese facts  are 

L 0 t . d  po.iscr. 
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4.1.2 Results of Fxamination of Power-Trace Data 
by U s i n g  t h e  Kinetics-Analysis Code SNAVELY 

The computed r e a c t i v i t y  addi t ions (A1%,) which would be requii-ed t o  produce 
the  observed f luc tua t ions  i n  power were found t o  be urisynunetric a lso .  
r e a c t i v i t y  additions trere, on the  average, somewhat lager than the  negative re-  
activi-ty addi t ions.  
addition. Referring t o  Figs. 4.4 and 4.5, it i s  seen t h a t  t he  pr inc ipa l  var iable  
i s  t h e  core power; t he  e f f ec t s  o f  changing temperature, flow ra t e ,  or pressure are 
far less evident.  Also o f  i n t e r e s t  i s  the  f a c t  Chat t h e  r e l a t i v e  standard devia- 
t i o n  of the  r e a c t i v i t y  addi t ion appears t o  be independent of core power as shown 
i n  Fig. 4.6, whereas the  r e l a t i v e  standard deviation of the  power i t s e l f  (given i n  
Fig. 4.1) increased with increasing power. This suggests s t rongly Ynat while t’ne 
r e a c t i v i t y  additions increase with core power, the  f luc tua t ing  mechanism which 
produces t h e  additions i s  independent of power l eve l .  

%be pos i t ive  

The sane w a s  t r u e  of pos i t ive  and negative rate:; of r e a c t i v i t y  

Changes i n  t he  temperature d i s t r ibu t ion  i n  t h e  core produced by f luctuat ions 
i n  the  f r ac t ion  of f l u i d  rec i rcu la ted  could produce these  r e a c t i v i t y  addi t ions.  
To t-est tizis hyclrrodynmic hyllothesis, i t  wits assurnetl ( i n  e f f ec t )  that Ak i n  
Q. ( 9 )  was zero, and l;ne time var ia t ion  of T w a s  computed. using ~ g .  ~ J Y ) ~  it 
w a s  possible  t o  obtain the  time dependence ofCthe var iab le  m given i n  Eq. (6). 
By a simple argument (C.  G. Lawson, personal coinmunication), m can be r e l a t ed  by 
Eq. (7) t o  the  bypass fr:%ction a (i .e. ,  t h a t  f r ac t ion  of t h e  flow i n t o  the  core 
which does not r ec i r cu la t e ) .  The frequency d i s t r ibu t ion  of deviations Prom the  
average m obtained f’rom t h e  reac tor  power %race could then be compared with a 
similar fk-eyuency d i s t r ibu t ion  abtaincd from a f u l l - s c a l e  model of t he  _HRT core 
i n  measurements made by Lawson (see See. 3 . 1 ) .  
for  several  core power l eve l s .  

?“ne r e s u l t s  a r e  shown i n  Fig. 4.7 
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Fig. 4.4. Average Posi t ive  and Negative Excess React iv i t ies  vs Core Power. 

It i s  seen t h a t  the  var ia t ion  i n  m obtained with ,the model i s  verjr s i m i l a r  

(These correspond to t h e  asymmetry i n  the  
t o  t h a t  obtained with the  reectoi- except fo r  t h e  ever-present asyinmetry which i s  
noted at the  l a r g e r  deviations i n  m. 
power t r ace .  ) 
core power can be pcrce-iveci. A t  t he  present; time, explanations f o r  t he  asymmetry 
are avai lable ,  but they rest, upon ui?verifiabl.e conjectures.  It is of  i n t e r e s t  t o  
note t h a t  Lamon, using analogue-computer equipment, was able t o  construct an 
ar t i f ic ia l . .  power t r a c e  using continuously obtained s a l t  t r ace  measurements of m 
(or a )  obtained i n  t h e  WI' core model as the  dr iving function. 

M ~ B  ~riuuch l i k e  the  actiual. power t r ace .  It i s  t r u e  t h a t  any randomly vary.i.ng 
dr iving f h c t i o n  could produce a qi.ralitaf;ively s i m i l a r  power t race ,  but t;he 
standcarti deviation of m observed i n  the  reac-tor i s  i n  zood. agi-eenint with t h e  
snlt  trace ~ i ;  t h i s  strongl-y suppol"ts the hypothesis t h a t  t ne  HRT' power f luctu-  
a t ions  or ig ina te  hydrodynarn.ic:~ally. 

No consis tent  dependence of -the degree of t h i s  aspmetry  upon 

This "power t r ace"  
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lt J . 3  Fourier h d y s i s  ,and Cross-Cormlation Techniques 

Another means of detect ing resernlnlziices between the  salt t r a c e  observations 
and t h e  reac tor  power 1;races might be bjr i:ieans of  Fourier analysis.  The E'oilrier 
series o:f .Yne power t r a c e  was constructed, t r e a t i n g  t h e  d i g i t i z e d  data as points  
on a broken-line function. The "fract ional  power" due t o  each fkequency w a s  ob- 
tained, t h a t  is, t h e  miii of t h e  squares of t h e  s ine  and cosine coef f ic ien ts  of a 
given frequency divided by t h e  sum of the squares of a l l  t h e  coef f ic ien ts .  No 
par t iculax frequency or n;zr.row band o f  f requmcies  was observed as being oi" spe- 
c i a l  importance. 

Use of an auto- and cross-correlation program based upon t h e  ideas of J. 'NT, 
Tukeyl has as yet shown notining s txikip4 i n  t h e  way of pasticulaxr frequencies. 

One of the causes for a (iz.irtiw of t h e  nuclear average temperature i n  t h e  
HRT appears t o  be assochtecl wi.th a densi ty  change i n  t h e  core circulatixg systen 
of 1;he IM'r as the reactor  power i s  ch.ulged. The mechmism i s  b r i e r l y  t h e  following, 
A t  heat-loss power, t h e  core, t h e  heat  exchanger, and the inlet ,  ~ m t l  mtlr3t l i n e s  t o  
t h e  core a r e  all a t  a3most t'ne same temperature. O n  going t o  'j Mw, t h e  average 
core temperatwe rexains Yhe same, but the i n l e t  arid o u t l e t  teniperatures f a l l  below 
t h i s  temperature, so t'nat l i q u i d  must be added t o  t h e  core system t o  make up f o r  
the con-traction i n  t h e  core external  volime. T l i s  l i q u i d  comes ifitimate3.y from t h e  
blanket dump tank, wkiich contains rsdter only. I n  t h i s  process, -l'uel m s  f i r s t  fed 
t o  t h e  core Pram t h e  core dump tank so t h a t  t h e  core concentration and temperature 
w a s  s l i g h t l y  raised i n i t i a l l y .  
t o  permit t h i s  r ise  i n  concentration. ) 
condensate vas added t o  ii;. 
t r a t i o n s  vas higher Yn,m t h a t  which corresponded t o  equilibrium cond.itions w i t h  
t h e  various pixnpfmg ra tes ;  as the equilibrium ra-t;io was gradually restored, the 
core concentration arid temperature f e l l  below t h e  or ig ina l  vra.lucs a t  zero power 

This process was analyzed2 based 0x1 the  following assumptions and r e s t r i c -  

(The other  s.tream:; t o  t h e  core T t r T t 3 r e  disturbed so a s  
To keep t h e  core dumptank weight constant, 

b.t t h i s  point t h e  r a t i o  of core-to-dufip-tarik concen- 

t i o n s  E 

1, Bie Praction of  power generated i n  the blanket i s  conskant. 

2. 'l'he weight o f  wdter i n  tihe core fiimp tank is  held const 'mt.  

3 .  The blanket temperature i s  constant. 

IC. The back-mixing r a t e  froin core t o  blanket i s  constaiit. 

5 .  The reac tor  i s  c r i t i c a l  a t  a.l.1 times, cud the t o t a l  amount 
of trraniura in t h e  reactor  i s  a fixed quantity.  

6. M e t a l  expansion i s  neglectecl. 

'7. Zero-power ra ther  th,m heat-loss power i s  used as t h e  starting 
condition. 

Using spec i f ic  reac tor  conditions (corc temperatwe 265OC, blanket 230°C, 
60s of power generated i n  t h e  core), it w a s  assuned t h a t  1-5 m i i i  im; required 
t o  go f r o m  zero por.rer t o  5 1%~. It was es-timatcd t h a t  t h e  core temperature w0ul.d 
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rist. i . n i t i d l y  aimlit 0 . 7 O c ,  rol.lowed by a gradualL fall over a 2-hr period t o  an 
ecpilibrium p o i n t  1. . > O C  below the i . n - i t i n l  level. of 263OC. FigJre ,’. .8 gi.ves the  
calcii.lated time-tezpcrature vz r i z t ion  dur ing  and following the power r i s e .  
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PART 11. ENGINEERING DEVELOPMENT 

5. DEVELOPMENT OF REACTOR COMPONENTS AND SYSTEMS 

I. Spiewak 

R. H. Chapmn J. E. Jones Jr. 
D. M. Eissenberg J. C. Moyers 

The 200% canoed-motor pump, which has il. motor s imilar  to those used i n  the  
KKT c i rcu la t ing  pumps but  which contains p a r t s  more su i tab le  f o r  use i n  c i rcu-  
7 at lng t h o r i a  a l i i r r i e s ,  cori-tinued t o  operate i n  high-temperature water i n  a tes t  
of i t s  alumina r a d i a l  bearings. The p m ~  ha:; operated s a t i s f a c t o r i l y  f o r  
11,072 h r  t o  date.  

5.2 OXYGEN COMI’l3ESSO3 

Modi ficat,ions wqre coapl e ted on the  three-stage oxygen con?pressor,l dwigned 
t o  recycle radioact ive omjgeti, and the u n i t  was placed i n  standby. 
report  waa wri t ten s m a r i z i n g  the development of the  compressor 2 

A statu:; 

The u n i t  operated 2000 h r  without a f i rs t -  o r  second-stage diaphragm 
f a i l u r e .  Six third-stage diaphragm fali 1.ure.i occurred; a l l  but  one can be a t t r i -  
buted t o  the  presence o f  foreign matter i n  the  system. 
umi t ,  believed t o  be the source of the foreign r a t t e r ,  was replaced wi-th an oil- 
operated t r i p l e x  uni t .  The -t,rip.lex &rive actuates  %he intermediate water system 
through Neoprene pulsator uni t a  . The system vas not operated following these 
modifications because of charge:; i n  the program. 

Tlie packed-piston drive 

5.3 SLUKKY ENGINEEIIING 

5.3.1 W a l l  S l i p  Ynenornena i n  Viscometer Tubes 

Tests wcre repoi’ted previously f o r  a slurry of pumped 160O0C-fired 1.5- 
micron thor ia  TlowiGg through f i v e  v e r t i c a l  cap i l la ry  tubes. 3 
slurry did not appear to exhib i t  a wal l -s l ip  phenomenon a t  30%. 

That p a r t i c u l a r  

AddLtLonal runs made i n  lan inar  flow with other s l -urr ies  revealed a sl.j:p 
e f f e c t  c h a r a c t e r i s t i c  of p a r t i c u l a r  mnterials.  This e f f e c t  takes the  :Porn of 
separate pseucloshear diagram:; f o r  d i f f e r e n t  diameter tubes, 0.s i l l u s t r a t e d  i n  
Pig. 5.1. The e f f e c t  seems to be most pronounced a t  intermediate shear r a t e s  
where forces  a r e  great enough t o  lift, f locs  a‘vray from t h e  wall but  not great, 
enough t o  compl-etely d is rupt  the f l o c  a2;ructure. %he s l i p  e f f e c t  appears t o  
&crease w i t h  decreasing concentration. Because s l u r r i e s  I n  t h e  l a r g e  tubes, 
which theore t ica l ly  show less slip, go i n t o  turbulent  flow a t  r e l a t i v e l y  law 
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Fig. 5.1. Example o f  Wall Slip Effect  at  High Concentration o f  a Low-Fi red Slurry. 

shear  ra tes ,  it i s  no; possible  t o  demonstrate whether a-t high shear r a t e s  t he  
s l i p  effeci. would disappear en t i re ly .  IIowever, it. w a s  noted t h a t  chemically d is -  
gersed slux.i-j.es exhi.bit no observable s l i p  e f f ec t .  

The sha.pe of t he  small-tube pseudoshear diagi-am i s  such t h a t  an estimate of 
t h e  coef f ic ien t  of r i g i d i t y  taken a t  high wall shear rates w0uJ.d not be af fec ted  
by Yhe preserrce of 'die s l i p  e f fec t .  The zl.ip e f f e c t  cauzes an apparent lower 
value of the  yield stress ai; high shear rates. 

'This discrepancy i s  uiuch less, however, than the  e r ro r  produced by limi tirg 
rheometers t o  tuber, k-hich d.o not show s l i p  (0.125 in .  and l a rge r ) .  
a O.lZ5-in. tube i s  usual ly  i.n turbulence wi'ih a ra-te of shear of 1.00-125 
( lbf  sec)/(lb, f t ) .  Heferriiig t o  F ig .  5.1, the y i e ld  value and coef f ic ien t  of 
r i g id i ty ,  based on w a l l .  shear rat,es l e s s  than 125 (]-by sec) / ( lbm f t ) ,  wou1.d be 
in e r r o r  by as much as  8. factor of 2 o r  3; the y i e ld  value based on the various 
viscometers would be d i f f e ren t  by a t  most 20%. 

A s lurry i n  

A study was made of -the sheai- diagrams of chernical1.y dispersed s l .urr ies  i.n 
t he  temperature range 20 to 8OoC. 
dic ted  for nonflocculated suspensions by HappeJ..4 
cosity,  (vi-scosity of s l i r r ry) / (viscosi ty  of water), of disperscd s l u r r i e s  i s  
dependent essen t i a l ly  on t h e  volume concenti-ation of solids an4 i s  not a func- 
t i o n  of temperatme. The volume concentyation deDendence given i.n ref 1 w a s  
 related^ to  t'ne cdxperimental val-ues f o r  di spersed tho r i a  s l u r r i e s  when appropriate  
correct ions were made5 f o r  the  partic1.e bu3.k density.  

It w a s  found tha t  the  behavior was as pre- 
'I'hat i.s, t,he spec i f ic  v i s -  



'i%e general. coriclusion Erom 11ii.s work i s  that, sma.11-bore capil.lary vi  scoiii- 
e ters  should be preferred f o r  rheological meas?ireiiients i n  s p i t e  of i;he s l i p  
e f f e c t  noted with some s l u r r i e s .  The great> advantage of t h e  small. tubes i s  
t h e i r  ability t o  Teach high r a t e s  of  shear i n  I.a;rainar flow. 

5.3.2 200.73 Loop Operation 

The ZOOB loop pLping w a s  modified (Fig. 5.2) t o  permit measu-rrment of 
pressure drop i n  turbulent  flow across a ver t ical .  sect ion of loop p ip i ix .  The 
t e s t  secti-on i s  1 2  f t  6 in .  long an& 1-1/2 in .  i n  ins ide  diameter, giving a n  
L/D of 1-00. 
cruciform baf f le .  
vided for l a t e r  use for meacurenient of burnout heat  f l u x  t o  e s lur ry  flowing 
tiir7sulently pas t  a heated surface. 
tube capi l la ry  viscometer has been i n s t a l l e d  i n  the loop (Fig. 5.3)  and i s  
being tes ted.  

The section i s  preceded by a 4- f t  calming section cont;a:ining a 
A second electrieal.1.y insulated test sect ion has been pro- 

I n  addition, a i i  i.gh-teinpei-atui^e v e r t i c a l -  

One .mn (ZOOB-5) was completed i n  which turbulent  pressure-drop measure- 
ments were obtained for a slurry of 1.8-rilicron 1.600'C-fired oxalate-precipitated 
t h o r i a  (Ut'-12 and M'-1.3). 
obtained with water end a t  s ix  sluriy concentrations in the  ra ixe  h.00 t o  
1 h O O  g of ThOZ per l i t e r  and i n  -the temperature range 33 t o  %4OoC. 
have been correlated by using the  conventional Fanning f r ic t ion- fac tor  - Xeyaolds 
number p l o t .  

Measurements of pressure drop vs flow rate were 

Tlie r e s u l t s  

'l%e primary dj f f i c v l t y  in applying the  cor re la t ion  was t h e  se lec t ion  of an 
ai?E,mpriate v i scos i ty  i n the  Reynolds number t a m .  'Yhe viscos i ty  selected w;% 
that of cheniically dispersed slurry,  believed t o  be approximately equal t o  the 
viscos i ty  of the i'locculateci s l u r r y  a t  very high r a t e s  of shear. I n  Fig. 5.4 
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it can be seen t h a t  the  slope of the  pseudosheai" diasram ( inverse coef f ic ien t  of 
r i g i d i t y )  of the  floccu?.ated ZOOB--5 sl.u.ri-y tends t o  approach the  slope obiaiiled 
with the  dj-spersed slurry (I~riverse viscosity) a t  high rates of shear. 
eleva-ked temperatures the viscos i ty  was calculated by assuming (vtscosi-ty of 
s lur ry) / (v iscos i ty  of water) t o  be independent of temperature a t  constant, vol~llile 

f r ac t ion  so l ids .  

A t  tlie 

When cor re la tcd  i n  the nlanner indjcated,  the  slurry turbulent  f r i c t io l i  
fac tors  f e l l  between the  experimental w a i e ~  ca l ib ra t ion  l i n e  and the  conven- 
t i ona l  smooiii-tube l i n e  (Figs. 5.5, 5.6 and 5.7) .  

No attempt was lmde i n  t h i s  Tun t o  cor re la te  t he  t r ans i t j on  and laminar- 
flow pressure drop because of tile problem of s lu r ry  dropout i n  horizontal  sec- 
tions of the  loop a t  t he  l o v e r  flow r a t e s .  The loop i s  equipped w i t f i  a bypass 
1 i ne  arouind the  fri c i j  on-factor sec'don which w i l l  enable, i n  t he  fuiure, 
meawrernents of t r a n s i t i o n  and laminar-f'low pi-essure drops while mai ntairiing 
good suspension i n  thc  horizontal  loop sections.  

RFFERIANCCES 

1. I. Spiewak -- e t  al., KKP Quar. Pi-og. Repp. July 31 1960 ORNT,-3OO4, p 39; 
I. Spjewak -- e t  al.,  &"\T Quar. Prog. Rep. Jan. 31, 1960, ORNL-2920, p 24-25. 

2. J. E. Jones Jr., S ta tus  Report of Oevelopment of ' lhree StaKc OB 
Conipressor for Aqueous Homoaeneous ...---.- Reactor s_e_E_"&vv ORNL CF-cl-5-77, 
(my 3 ,  19611. 

3. 

4. J. Happel, J. App1. Phys. 28, 1288 (1957). 

I. Spiewak -___. e t  al.,  KKP Quar. ??fog. Rep. Nov. 30, 1960, ORT\JT,-306l, p i ~ 1 .  

_I 

5. 0. M. Eissetherg;, Concentration of Se t t l ed  Bpds of Thoria S l u r -  ORl'-3107 -- . . .. .. .- 
(Ap. 18, 1961). 



PART H I .  SOLUTION FUELS 

6. REACTIONS I N  AQUEOUS SOLUTIONS 

M. J. Kelly 

C.  J ,  Barton Ii. H. Stone 
D. R. Cuneo J. E. S t r a in  
L. 0. Gi lpa t r ick  

6.1.1 Introduction 

Thorium n i t r a t e  solut ions a r e  a t t r a c t i v e  for use as a breeder blanket i n  an 
aqueous two-region homogeneous reac tor  i f  t he  N1” imtope  can be produced a t  a 
cost  below $2.25 per  gram, according t o  Linasej..” He suggested t h a t  a blanket of 
t h i s  type be operated a t  a m a x i m  temperature of about 175°C t o  avoid hydroly-tic 
p rec ip i t a t ion  of thorium but  had no information concerning the  s t a b i l i t y  of pro- 
tactinium i n  thorium n i t r a t e  - n i t r i c  ac id  solut ions under proposed blcanket 
operating conditions.  
b i l i t y  o r  cost  of removing uranium and protactinium from the  blanket;. 
reported t h a t  protactinium can be e f f ec t ive ly  removed from solut ion along with 
about 2$ of the  thorium by peroxide p rec ip i t a t ion ,  

Lindsey also lacked data  necessary t o  determine the  f e a s i -  
Kelly e t  al? -- 

The purpose of the present invest igat ion,  from which only preliminary r e s u l t s  
a r e  ye t  avai lable ,  i s  t o  provide da ta  on the  s t ab i l i%y  of protactinium i n  t,horium 
n i t r a t e  - n i t r i c  acid. solut ions and t o  continue the study of methods of removing 
pi-otaetiniiun and uraniim from such solut ions.  
the experimental e f f o r t  was applied t o  the s t a b i l i t y  problem. 

During the past  quarter,  most of 

6.1.2 Experimental. Procedure 

A simple experimental arrangement was devised to heat  protnctiniuu-containing 
An 8-ml s t a i n l e s s  s t e e l  bomb containing thorium n i t r a t e  solut ions i n  a glove box. 

about li. m l  of the  t e s t  solut ion was connected t o  a s t a i n l e s s  s t e e l  f i l t e r  u n i t  by 
a shor t  U-shaped length o f  6- o r  20-mil-ID sLainless s t e e l  tubing. The f i l t e r  
was connected by means of 6-mi.l.-ED s t a i n l e s s  s t e e l  tubing t o  a high-pressure 
needle valve t o  which another short length of cap i l l a ry  tubing was attached t o  
p m n i t  f l u sh  l i qu ld  and samples to be t ransfer red  from the  bo~ib i n t o  su i t ab le  
containers.  
r a tus  was loaded and leak t e s t ed  with oxygen a t  about 1000 psi .  
then f i l l e d  with a heat-conducting medium 2nd heated on a small hot  p l a t e  equipped 
T d t h  a thermostat. 
mometer inser ted  i n  the  heat  t r a n s f e r  medium. 

The bomb and f i l t e r  were placed i n  a 400-mL beaker a f t e r  the  appa- 
Z’he beaker xias 

Temperatures were measured by means of a 250°C nercury the r -  

moriwn n i t r a t e  .. n i t r i c  ac id  solut ions containing and pazs3, the  
lat ter adaed as a t r ace r ,  were prepared In the  following mtwnei-. 
233 tracer was produced by i r r a d i a t i n g  severa l  hundred milligrams of Th(MC)3)**4H20 

Protactiniuin- 
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i n  the Oak Ridge Research Reactor f o r  about 2 min. 
material w a s  dissolved i n  9 Id H$O4 - 6 N BC1, as recomtiierided by Kirby,3 and ms 
extra,ctcd wtth a inixtu1-e o:t' &isobutyl. &&bizlo1 (DTBC) and xylene (63-37 vol  $). 
'Lke organic layer  containing h233 was washed twice with 9 N &SO4 - 6 
solilkion ana then trarrsferred. -to a glove box vhnere it vas c';;ntacted w i t %  ar! 
aqneous phase containing Pa231 a d  i t s  d.ai@ter piporiucts i n  9 N H2SOa - 6 N I I C l  
solut ion.  A f t e r  extracting the  Pae3' i n to  the  DTBC, the  latte7 w a s  mshed-with 
9 M H&04 - 6 E, B C l ,  and then a porbion of t n e  D B C  w a s  removed from the glove 
boTi_fa;: alpha and g a m  counting. m e s e  counts estab;bli.slLled a r a t i o  betweexl the 

t r a c e r  
so t h a t  the gamma count could be used. as a means of tlet,emini.rg t h e  pi-otactiniiuii 
content, of solutions contalning a high concentration of thorim. 

Al"ter cooling overnight, . this 

xx 

ccrnteuit of the mix tu re  and the gmom count resiz~.ting from the 

"he effect iveness  of tlze above procedure in separatirig Pa'"" f r o m  i t s  daughter 
products, some of iv-hich are short-li.ved alpha e n i t t e r s ,  w a s  demonstrated by pulse- 
height analysis  of a DTBC ex-i;r'act. 
could not be detected, indl.cal;i.ng t'nat more than 99.3$ of the slpiia-active ra ter ia l  
?.ti -the DIBC w3.s t>n2"' . The prota.ctinimn was then washed out of  the  D U C  by con- 
t a c t i n g  i t  with di lute  HN03 solut ion containing a trace of f luoyidc t o  complex 
the  proI;a,ctinim and prevent Lt f r o m  hyd m1yzing. I n  prepartrig tnc so3-ution :For 
exqxrirncn'i 5 (Table 6.1), oxal ic  ac id  vas used as the c o q i e x i a g  agent in.s.tenrl 
of fl..imride t o  eliminate t h e  p o s s i b i l i t y  of carrying tracer, of f luoride ion Into 
the final. solu'cioii. The pro.t;aci;inium UELS precipi ta ted along vith a small mount; 
of thorium cai-rier by ad.d.i.tion of N&OB and was then sepal-atcd from .LIE super- 
natant liqui.6 by centrifuging and. decnn!;ing. 
disti.ll-ed w z t e ~  and ap;ai.n centrifuged t o  pe-rinit removal. of 'che vash solut ion by 
decantatlon I 'The precipi ta ix  was finally d.issol.ve& i n  11. ml of a bTh(NOs)4-IENC)3 

ritixturc of the desired coni-posltion, 2nd an aliquot of the solut ion was removed 
fox. a gam= count to deteimine i t s  protactinium con-i;eiit before trans:eerri-ng t h e  
soJ.ution to the bomb. 

Peaks a.t;tributahle to other  alpha mi t tem 

The prec ip i ta te  -m.s trashed with 

3rfPLcien.t  ow-gen was adj-nitted t o  the  bomb assembly a.Pkr. it had been sesled 
and Leclkc t es ted  t o  give a pressure of 600 ps i  a% room temperature, 
roimdinz the bomb and f i l t e r  with a heat-trmlsfer in?dium as described above, the  
rheosta3; on the  hot  pla-%e 'CELL adjusted. t o  give the desirea tempel*a"cui-e, and 
sanples of the bomb solution 17e1.e removed a t  intervals foi. ge..rmna counting after 
f i i - s t  flushing tile l i n e  with a srimll amount of tlne solut ion.  In some experinentr, 
a1iqnot.s of Uie soI.u-tion wem dried and ignite<- at 800°C: t o  detemtne their 
Lhorituil coiltent , arid t o t a l  nitra-i;e concentrations mi-e detei-sniried by t i - t i a t i o n  

i v i t i i  diluiie NaOH af.i;e~ passing an aliquo-t of the solui;ion thi-ough. a Dovex-50 ioii- 
exchange colurm, 

After  sim- 

G.I.3 Results and Discussion 

Data obtained i n  f i v e  separate experiments conducted t o  datc are  con.i;ained 
i n  !i?ahle 6.1. 
roo171 i;e::per8tilre, 3u-k the -rzt;"Lher rapid drop i n  protactinlum concentration -t?iai; 
occui-red. on hea t ing  the bomb pmbably reml  tcd from preclpl-t;ai:i.on of thorium a t  
a tcmprrature above the l . h i L  of stabi.l.it;y or  Vnis solut ion composition. Exami- 
nation of the bomb con-texi-ts a'i the end of  'iiw expei-bent revealed a lai-se amount 
of s o l i d s  di:iaich contai.ned a s igni f icant  f rac-Lion of the n t a r t i n g  ariiou2t of 
protactinhiin. 

In experiment 1, some l~oss of pi-otactini.iu1i occurr2d on s.Laiding a t  



Table 6.1. S t a b i l i t y  of P r o t a c t i n i m  i n  ? & ( n ' O ~ ) ~ - K N O ~  Solutions a t  
Teqeratures in the R a g e  from 21 t o  200°C 

Ecperiment 5 Experhent 1 Experbent 2 Experimnt 3 Experiment 4 
2 M rn(NO=j)*  i 2 M f h ( N O s ) *  + 2 M Th(N03)4 4- 2.5 M m(rqo3)4 + 2.5 M Th(NOs)4 i 

3 M m03 3 M ID103 3 M xto3 0.5 M 0.5 M BYTO3 -+ Z i r c d o y  
T h e  Tern. Pa Conc. Tirue T e q .  Pa Cone. Time Temp. Pa Cone. Time Texp. Pa Cone:. Tine Temp. Pa Conc. 
(br) ( " C )  (gp> (hr) ("C) ( p p )  (hr) ("C) (pprn) (ilr) ("c) ( p p )  (hr) ( " c j  ( p p )  

0 

17 
19.6 
20.3 

21.3 

22.8 

23 -5 
41 

21 5 *3 0 21 

21 2.4 62 21 

>2CO 1.5 66 u3 
>205 1.3 68 u3 
>20O 0.9 80" 113 

-a23 0.7 89 14.7 

4.23 0.7 92 149 
4-23 0.2 130 150 

1x7 180 

13.5 

u . 7  
11.5 
Li.8 

10.9 
ll.l 

ll.0 

lG.5 

10.2 

0 21 23.7 0 21 

18 21 21.6 19 21 

43 -125 24 181 22.6 

44 179 21.3 50 -i25 

67 150 21.7 67 -125 

74 200 20.4 74% 1.81 
101 200 20.8- 80 181 

92 139 

95 1% 

9s 200 

95 *6 
103.8 
101.6 

99.5 u 

91.8 

73*4 
67.0 

A 

68.2 
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v e r t i c a l  heat  grarlieni exis ted i n  the bomb enviconment so t h a t  the solut ion tern- 
pera-lures are r;ot accurately kno-kg?. S-tnce the Lhemamcter %?fib vas placed mar 
t h e  botLor[i of the coiitaining beaker just abave ihe heat  source, the bomb, vhich 
was flu"ibe;. away f r ~ m  thc heat soiirce, was probably 20 Lu 40°C cooler than t h e  
highel- tcqm-atures recorded f o r  t h r s e  experiments i n  Tab'Lc 6.1. This tempera- 
t u r e  uncertainty was clindiiated duping %he IaL'cer ~ 3 1 %  of exqpcriinrnt 5 by re- 
placing tihe alwninum powdzr with mnercury. 
s ign i f icant  oC the series b~cnuse of the improved tn_iiiprat,~ir=e control, t h e  pres- 
ence of Zjfrcaloy-2, a part  of whjch had an oxide coating, arid eliiiiinatjion of the 
poss ib iUty  of trace amounts or" r luoride ions i n  the solu!,ioii. 

This expwifiient i s  consideyed %he moat3 

It seems deai- frurn the I-esvlts obtained i n  the latter pari of experiiiient 5, 
Y W L C ~  show on ly  about an 88 tiecrease i n  protactinj-im concentration over a period 
of' I8 hr a t  189OC, that pmtact;inium i n  a sol.iit5a-1 containing a high eoncerrt;ra%ion 
of t.horiwn and- a low concentmtian o f  free n i t r i c  acid does not preci-pitate 
rapidly when the solution i.s I n  c o r ~ k ~ c t  wLth stainless steel, Zircaloy -2 ,  ana. 
oxidize& Z1rca1.oy-2 a t  t h i s  t m p e m t u r e .  
200°C t o  j u s t i f y  a d e f i n i t i v e  statement concemiag the  sta,bil.i.t;y of p m t a c t i n i m  
i n  2.7 M T h ( N 0 3 ) 4  - 0.5 A4 HNO3 R;L t h i s  temperature. 
e t  al.," indicate  that tinopiurn might precipitate from a solut ion of t h i s  composi- 
t i o n  a t  200°C.  Although t h e  protactiniiun concentration dmpped rathey drastica3.3.y 
iii 3. hr at, th3.s tempei*&i.Lre, there vas no detectable change i X k  t h e  thoriwii eon- 
centration. This i idleates  t h a t  protacti.~iiwn m y  hydrolyze at, a slightly lower 
temperature than thorium usicler the conditi.ons greva-iling i n  this experinwit. 

Insuf f ic ien t  dn-La bnve been obtained at 

D a t a  repo-rted by bkr.sha1.1 

To-tal n i t  rate de teMna ' i  ions showed a sm3..1. but signif icmt decrease i n  
nitrate concentration du.ring t,he experiment. T h i s  my have been di;e t o  mm92on 
w i l l i  st;ainkess s t e e l .  It vas noted t h a t  por t ions of -tile solut ion remov-eii. for 
sampling through -the s t a i n l e s s  s.i;eel. i_"iltey: wliich bas a v e r y  large aurfaca area 
as compared tio -tihe bomb, va-e dark green w'ilile the s o l u t i ~ n  remining i n  the bo& 
at the  conelus5on of the expel-bent v e ~ e  almsst color less .  This  seeills t o  iiidi- 
cate -that n i t m t e  a t tack  on s t a i n l e s s  s t e a l  T ~ S  s t m n g l y  dependent, on t h e  surface- 
to-volume ratio. 
fiitwe irL.th apparatus which wri.11 permft b z t t c r  control a& masuremerit of I;he 
solut,i_on t c q e  mture. 

Further eqerirnenta of t h i s  type wiLL be pei-fomed. I.n -!Ale near 
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s t a r t i n g  volume. Mtlnough t h i s  invest igat ion m s  di rec ted  to3.rrtrd the  objective 
of obtaining se lec t ive  separat ioc of protactinium from uranium as well as t'norium, 
it seems l i k e l y  t h a t  conditions c~an be found that will permlt extract ion of both 
uranium. and s r o t a c t i n i u n  prom 'Ri(NO:Ii)4-Ki\JOs solutions.  
Kelly e t  al. 
tine peroxide i n  the  presence of a high concentration of t h o r i m ,  fur-'t;lier study of 
the  extract ion method. appears t o  be warranLed. 

Since t e s t s  repox-teclt by 
indicate  th:xt srmll. mownts of uraniiun cann.ot be precipitss-t;ed as 

_cI 

6.1.4 Conclusions 

Based upon the  preliminary experiments reported here, %ere seems t o  be no 
1-eason t o  bel ieve t h a t  prec ip i ta t ion  of pmtactiniuva i n  a thorium n i t r a t e  - n i t r i c  
acid solut ion blanket a t  183°C vould be s u f r i c i e n t l y  rapid t o  prevent i t s  removal 
by processing i n  a s ide  stream a t  a moderate r a t e .  I n T o m t i o n  i n  the  l i t e r a t u r e  
and t h e  r e s u l t s  of a preliminary experiment reparted here indicate  1,hat a solvent- 
extract ion method m y  be su i tab le  f o r  recovery of protactinium from it solution 
blanket, and it i s  possible  t h a t  such a method. may be ef fec t ive  i n  removing 
uranium a lso .  

6.2 STUDIES om GAS SOLmILlm IN VrnIOUS SOLrnTS 

G.2.1 Introduction 

Studies on gas s o l u b i l i t y  i n  aqueous systems provide data of d i r e c t  i n t e r e s t  
t o  opera-Lions an& design a c t i v i t i e s ,  These studies,  %hen broadened Ln scope, mc~y 
provide ins ight  i n t o  the  mechanism of the  homogeneous hydrogen-oxygen recombi- 
nation react ion catalyzed by copper. The e f f e c t  of concentrations of inorganic 
species on s o l u b i l i t y  has been studied on ly  :;Li@tly, p a r t i c u l a r l y  w i t h  changes 
i n  t h e  temperature parameter as wel l  as concentration. 
have both applied and. funtlarnental i n t e r e s t s .  

'l"nese stud.ies, therefore,  

The experimental procedures and some previous data have been repoi%ited 
else.cdere 6, 

6.2.2 Resiilts and Discussion 

Figure 6.1 shous t h e  s o l u b i l i t i e s  o f  hydrogen i n  1120 and deute-ciim i n  D20 
f r o m  mom tet:rl,erature t o  3oO"C. 
as shorm. Tabulate& data, including t h e  observed experimental deviation, from 
room temperature Lo 250°C are avai lable  el~ewhcre.~ 
of some ionic  solut ions on t h e  s o l u b i l i t y .  
noticeable a t  low concentrations, with smaller e f f e c t s  noted. at higher temperatures e 

The data are su i tab le  f o r  engineeririp, purposes 

Figure 6.2 ahor~r, the  e f fec t  
"Salting-out" efr'ectr; are p a r t i c u l a r l y  

6.2.3 Conclusions 

The data presented are usefu l  t o  those concerned with design and operation 
of reac tor  systems using aqueous solut ions o r  s l u r r i e s .  Preliminary da ta  on t h e  
effect  of added ionic  const i tuents  show t h a t  a precise determination can be ride 
of the  effect, of various ions on the  s o l u b i l i t y  of the  gas. It I s  believed t h a t  
sufji icient da ta  of t h i s  type r r i l l  provide ins ight  i n t o  the  solution process. 
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7 .  HETEROGENEOUS EQUlLlBRlA IN AQUEOUS SYSTEMS 

W. L. Mm-shall. 

5. S. G i l l  J. E. Savolal-nen 
E. V . Jones R. Shisher 

'7.1 SOLUBILITY AND r ~ 4 ~ u ~ m  OF' TTE uo3 HMFATES 
IN TEE SYSTEM Uo3-SO3-H2O, l~o-joo*c:  

In a previo-us ini-estigation' Yize s o l u b i i l t i e s  of UOs hydrates ;.sere de1;emnined 

In  t h e  majority- of expesimerits t he  concentra- 
i n  solut ions of SOs and H20 a t  ten-peratures between 150 and 290°C ard a t  concexi- 
txatioria of SO3 from. lov3  t o  l.O m. 
Lions of the  sa tura t ing  compoi:ierit U03 and component SO3 were determined. by a method 
involving the d i r e c t  rneasurem.erit ELL 25°C of the  pH of solu-tion samples d.ra.wn from 
the equi l ibra t ion  vessel.. Many of the past  determinations were repeated i n  the  
current investigat;i.ori, and addi t iona l  sol i r 'o i l i t ies  a t  300°C were obtained. Bar- 
ticxlar a t t en t ion  w a s  d i rected t o  the various byd.rates of UO, and the  region of 
teniperuture and concentration of SO, a t  which each one was st:%bl.e. 
rin. t ~ i e  experiments and ana ly t i ca l  procedures were reporl;ea previously.* 
a1.l work i s  incorporat.ed in to  a. paper vhich w i l l  appear sh0rt2.y.~ 

Apparatus iwed 
Ttie over- 

In  one s e t  of experiments the s o l u b i l i t i e s  of U03 hydrates were de'iennined 
a t  150, 225, and 300°C i n  water solu-tions from 0.001 t o  0.1 m i n  t o t a l  SO3 
(Ta'u1.e '9 2). 
s,mpl-lrig t h e  solut ion phases e A f t e r  the  s o l u b i l i t y  determiriatioris a t  300°C the  
so1.i.d phases were removed from mar;;y o r  ihe vessels  and iden t i f i ed  by x-ray 
di:E:P:r.ac:t ion. 

Mixtures were equi l ibra ted  f o r  1.6 h r  a t  each temperature before 

I n  another set of experiments s o l u b i l i t i e s  of U03 hydrates i n  H2S04-I120 solu- 
t i o n s  were determined from liquid-phase samples obtained i n  l e s s  than an Ix2ii.r a t  
225 and 300°C m d  a f t e r  18 hi- at 150, 225, and 300°C (Table '7.1). 
se1.s was removed after each 18-%ir sampling. The s o l i d  phases were dr ied  between 
sh.eet,s of f i l t e r  paper w i t h i n  1.0 min aftel. removal f r o m  a vesse l  and were idei-hified 
by x-ray d i f f r ac t ion  within 2 lir a f t e r  drying. 
removed and opened a f t e r  30 m i n  a t  500°C in orcie:r' t o  i den t i fy  the  so l id  phases a f t e r  
a short length of t i m e .  

A pai.r of VES- 

P. szcond p a i r  of vessels  ~r.ias also 

obtained by extrapola%ion from 290 to 300°C 

of previolus data' :for t he  systerii TJ03-S03-i€20 yielded ratios approxhal;el.y I.& higher 
than those reported here. I n  the present study o f  the  system U03-S03-H20 most 
soliution-solid mixtures were rocked a t  300°C for a m i r i h u m  of 16 hr. 
although experimental da ta  were seproducibl-e a f ies  1.5 rnin a t  one tempera-!;ure, an 
e n t i r e  run--at several  teriiperatures--vas usual ly  f in i shed  i n  10 hr. The stsLbl.e 
sol-id phase a t  300°C i n  the current ir ivestigation was i den t i r i ed  as the hemihydrate, 
T.J03*1/2 H20, by the use of  a n  accepted x-ray d i f f r ac t ion  pattrxrn $01' t h i s  solid." 
However, i n  tile earlier invest igat ion up t o  2 9 O 0 C Y  UQ3 monohydrate was s t a t ed  t o  be 
th.e sol.id pha.se. In pure water ii.rider a sa tura t ion  vapor pressure t%e exact teinper- 
ature €or  a t ra r i s i t ion  frcm Damon's e t  al. UO3.1.0 H 2 0  orthorhombic JI phase, i n  
t;his yeport designated 6U03*H20, -to UG-v2 H20 i s  i n  ao1rb-t bul; i s  reported4 t o  be 
between 280 and 325"~. 

' ynLTo~:mso3? Saturat ion molal r a t i o s  

Previously, 
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Table 7 . l .  So lub i l i t i e s  a t  1-50, 225, and 300°C of 
U03 Bydrates i n  H2SO4-H2O Solu'i,ioris 

._.. . . . .. 

16 
18 
16 
18 
16 
16 

16 

18 
16 

IF; 
16 
16 
16 

0 2 5  

0.25 

16 
16 
16 
16 
16 
1.6 
0.50 
0.50 
18 
16 
16 
1.6 
0.50 
0.50 
18 
16 
16 
16 
16 
16 

At 150"~ (Stable s o l i d  = CYTJO~*H~O) 

0.0954 0.1157 0.392 
0 .o joJt 0.0834 0.993 
0.0295 0.051.5 0.995 
0.01589 0.01829 0.996 
0.009611 0.01063 0 e997 
0.001X 0.00119 0 0997 

A 

A + D  
b 

At 225 "C (Stable  Solid = f3U03-B20) 

0.0967 
0.067'9 
0.0689 
0 -0303 
o .01583 
0.01614 
0.0103g 
0.00324 
0. OOlj) L 

o .io77 
0.0730 
0.0741 
0 .OjO7 
0.01549 
o .01590 
0 .00913 
0.00279 
0.00098 

0.992 
0 * 993 
0 *993 
0 -995 
0.996 
0.996 
0.997 
0.997 
0 *997 

A t  500°C (S tab le  S o l i d  = U03.L/2 H20) 
C 

0. 2204c 
0.1.758, 
0.1.248 
0.1031. 

0.0697 
0.067'i 
0.0736 
o .oJ+91. 
0.0490 
0.0312 
0.01584 

0.0974 
0.0969 

0.016~~5 
0. os.691 
0.01208 
0.01092 
0.00347 
0.0015 5 
0 .oon.3 

0.2125 
0.1731 
0.1314 
0 -1053 
0 -0974 
0.1000 
0.0j12 
0.0696 
0.0729 
0.0477 
0.0470 

0 .011+17 

0.01450 

0 .0081'7 

0.0281C 

0.01!+50 

o .00922 

0.00233 
0.00068 
0.00044 

0.990 
0.930 
0.992 
0 -992 
0.992 
0.992 
0.993 
0.993 
0.993 
0.5'95 
0 9995 
0.995 
0.996 
0.996 
0.996 
0.997 
0 - 997 
0 39'7 
0.991 
0 - 99'7 

b B t A 

b 
B + A  

C 

C -t Bb b b  + Ab 
C + R  + A  
C 

% t <  
13 + A  
C 

.I-.._ _._- 

a- 

'Metastable solids, decomposing. 

d- 

%ere: A JIF auo3.~,o, R = BUO~*H~O, c = U O ~ * ~ / ~ H ~ O ,  D = U O ~ . ~ H ~ O .  
Established by comparison of x-ray d i f f r ac t ion  pa t te rns .  

C Points on tex'nary 2L ciirve (no s o l i d  phase present) .  
Isotherinal invariant  point S -I- 2L. 
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In  view of the disagreement at 3OO"C, fu r the r  soli~bil.~.-ti.es were determined 
a t  150, 225, and 300°C; these are included i n  ICa.ble 7.1 and Fig. 7.1. Af-ter 15 min 
a t  15ooc, attempts t o  obtain c l ea r  samples of two solut ion phases, approxiimtely 
0.016 and 0.01 'yiz i n  SO3, produced a lemon-,white arid a yellow solid. suspended. i n  tlle 
samples. T h e s e  so l ids  presLma'oly were 8 U04 hydrate fomed upon the  addi t ion at  
25°C of H202 and. a U03 hydrate, respectively.  
solut ion m d  solid mixtures were opened. a f t e r  18 hr a t  l 5 O " C .  
solid was found i n  t h e  ves se l  containing 0.07 m SO3 solution, but both the yel low 
so l id  and a siiiall amount of t he  lemon-wiii-te so l id  were found i n  the vessel. contain- 
ing 0.016 m So3. Tile x-ray d i f f r ac t ion  pattern f o r  t'ne yellow so1.i.d. vas t i iat  for 
Daw:;on's -- e t  61. U03'0.8 &O ort'riorliombic I phase,4 i n  t h i s  report  designated 
aU0, *Fi2O. 'l%e pa t te rn  f o r  4;he lemon-white s o l i d  was t h a t  f o r  U04-2H20 ident i f ied.  
by Watt e t  al., foulid i n  cclntact with aqueou.s solut ions above 64°C by Gri.lp;atrick 
anti McEuf€ie ar?d confinfled by Silvermar: and Sa!.Lach.5 

Tile t T w o  vessels  cointaining these  
Only the yellow 

II 

SATURATION MOLAL RAl-IO, muOj / mSO, 

Fig.  7.1. Saturation Molal Ratios a t  150, 225, and 300°C fur  the Solubility of UO, Hydrates i n  H,SO,- 
H,O Solutions. 

Decreased a c i d i t y  of a soliution phase corrtaining dissolved U04 wj..I.l reduce 
the  solubili-ty of U04 hydrate and lower i t s  rate of decomposition.' 
of an solut ion i s  lowered by satv.rati.ng i-t with U O ~ ; '  tj.iiis t>ie r a t e  of decom- 
pos i t ion  of dissolved U04 i.s reduced, A t  t he  higher tempera!;ures a l l  U04 hydrate 
w a s  decomposed, leaving only tlte U03 hydrates. 

The a c i d i t y  

Resillts in Table 7.1 where indicated show t h a t  ~'iJOs*f120 i s  a s tab le  solid 
phase at 15ooc, p r e s u m a ~ ~ ~ y  P U O ~ * H ~ O  at 2 2 5 " ~ ,  and uo3.1/2 H,O at 300"~. 
temperature a me-tizsta'ole so l id  i s  pl-esetit but I s  coiiverting t o  the stnb1.e solid, 
tine observed s o l u b i l i t y  s1ioul.d be that f o r  the metastable sol:id vhich has ti?e higher 
solubj.lity. The previous data  a t  2-70 and 290°C and the extrapolated data  a t  300°C 
(Fig. '[.l) should be those f o r  t he  solub?.l i ty of @UO3*I-I20, which a t  l e a s t  a t  g00"C 
i s  metastable. In Fig. 7.1 even t h e  previ0u.s data  a-t 225°C may represent t he  solu- 
b i l i t y  of metastable aU03.1120, while the  present d.a.t;;z at; 225°C are f o r  t he  sol?lhil.ity 
of s t ab le  BU03-H20. Two cii.rves ak tlnis teiiiperature a r e  d.rawn although t'nere i s  at 
most on ly  a 5% difference i n  m o l a l  r a t i o  between the  two s e t s  of data.  A low beat 

I:Y at any 
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of t r a i s i t i o n  between the three so l id  hydrates of 'J03 may be expected, and therefore  
it apljears tha-l; metas tab i l i ty  by o m  or ihe other could. very e a s i l y  occur i n  the  
above range of teinpcrs.ture . 

In  previous investizations'  on thc two-liquid.-p?case regions of the  system 
U02S04 -CuS04-f!$04. -1120, the se c o d  1. i.quid phase was ob served to oc cur monient ari. I.y 
a t  -iexperatiires several  degrees below that observed under equili.briurii conditions. 
-Cnis phenomenon was f i r s t  observed i n  1.95'7 by J. S. G i l l .  ijnen tubes coctaining 
selected conpositions of solut ion wei-e quickly inser ted  i n t o  a l i qu id - sa l t  bath 
held 5 o r  6 " ~  7~el.oi;~ the expected teiiiperntiire (-310°C) f o r  tb.e occurreuce of l iqu id-  
I.iquid i.mmiscibili ty. A secozd 1-i.rpj.d phase would appear niorcentarily but would 
disappear irim?diately upon vtbrat ing a tube. This e f f ec t  may be considered a 
negative-pressLxe e f f ec t ,  which 'Tbxnexmam trried t o  f i r d  in  other  systems by ex-. 
per-irnental. mearis .' (The vapor pressure had not increased 'io the  saturat ion value, 
and therefore  a pressure l e s s  -than the equi l ibr i im pressure exis ted inomentarily.) 
Since z t  510°C the  saturat ion vapor pressure for these solut ions w a s  approxi-nately 
97 a t m  and s ince  L'ne in i t ia l .  pressure could not bc l e c s  than kiie satu.ration vapor 
pressure a t  25"C, the  r e l a t ive  e f f ec t  of hydrostat ic  pressure on t h i s  system w a s  
considered t o  be la rge .  Furthemore,  applicatiori of a hydros t a t j .~  pressure should 
r a i se  r a the r  than lob-er the temperature of l iqu id- l iqu id  k n i s c i b i l i t y .  

Later,  a r e l a t ive ly  la rge  e f f ec t  of press.Jre on a s i . m i l a r  system w a s  show-ri 
wken a solut ion volume containing U03, SO,?,, N205, and H20 compiments expanded i n  
a sealed tube, as the ter.perature rose, t o  f j l i  completely the cavity.  This oc- 
curred 1 ° C  below the expec'ml ternper~ture  (near 351°C) Tor 1iquj.d-liquid inmisci- 
b i l i t y .  As the tenperature rose further, the  vol.iue of I..iquid phase was cocstant,  
and. Ytierefore the presslire increase6 considerably Feyoild t h a t  of saturat ion vapoi-. 
Liquih.-Liquid imniscibil.l_'iy was not observed. I n  another set of expeyiraents, 
the e f f ec t  of pressure on 1.iquid-lj.cpid irrsniscibility ?.n t'ne system U02S04-&0 
and its D20 analog m.s observed ind i r ec t ly  a.na was t o  be grea te r  than 
approximately t1.goc/1.o0o ps: but; l e s s  tiiaii 4-8 .7°c/1000 ps i .  

In the  study of the e f f ec t  of pressure it was desirable  t o  make d i rec t  visual  
observa'iions of 'die occiurence of 3-iquid-liquid immiscibil i ty as well as quanti-  
t a t i v e  measurements of pressure and terperatui-e. I n  order t o  make visual- obser-. 
vations,  a metal.- Lo-glass connection unit  w a s  developed.. By means of thLs connec- 
t i o n  uni t ,  solutions of U03, SO3, and H20 were su'ujected t o  quant i ta t ive,  hydrostat ic  
pressures a t  selected temperatures, and. the effect of pressure on 1iquid-l.iquid 
immiscibility vas deteizIiiried. Preliminary r e s u l t s  are given i n  Pigs e 7.2 and 7.3 
f o r  an H20 sol.iitioi; 1 .4  TA ii? U02S0, and for a D,O solut ion 0.6 PZ i n  lJ03 axd l .0 i-n 
i n  SO3. 'i'nese e a s i l y  reproducj-bl-e r e su l t s  a re  the f i r s t  ob.tained by tbe visu.21 
method. The changes of k i i i s c i . h i l i t y  temperature w i t ' n  pressure,  At/&?, cal.ciiLated 
from the slopes i n  Figs. 7.2 a n d  .{.3 were +5.~&2"C/l.000 ps i  f o r  the  1..4 m U02S04 
so1u'C;iou and +-8.S~"C/lOOO p s l  for -Eie sol. i i i ; io~ 0.6 rn i n  UO, and 1.0 m i n  SO3. 
These pressure coef f ic ien ts  are witiiin the  l imits  estimated previously.'' They 
a re  in agreement with 0u.r expectations tha t  pressure e f fec t s  w0ul.d. be la rge  i n  
the vi.cinity of 300°C and may become very large near t he  cri.ti-cal temperature of 
the solutions (i .e. ,  near 774"C, t i l e  c r i t i . c a l  temperature of pure &O). 
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Fig. 7.2. Effect o f  Hydrostatic Pressure on the Temperature of Liquid-Liquid Immiscibi l i ty  o f  a 1.4 In 
U02S0, in  H,O Solution. 
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Fig .  7.3. E f fec t  of Hydrostatic Pressure on the Temperature o f  Liquid-Liquid Immiscibi l i ty  of  a D,O 
Solution 0.6 m i n  UO, and 1.0 7n i n  SO,. 

The ulti:mat,e purpose f o r  the determination of the temperatures of  l iqu id-  
l i q u i d  iwnisc ih i l i ty  i n  D20 system containieg U03, CUO, TJiO, and SO3 components 
i s  .to d.eflne l i m i t s  or' stability of aqueous homogeneous reac tor  fuels over  a very 
viae range of coqooi t ion .  By a systeimtic approach, errpirical  eqimi;i.ons may be 
d.rveloped t o  express boimd<ary limits. 
t o  determine -t;hermocipnmic vdues . Later, -l2ieoretical equations m a y  be npplied 

Previously, teraperntures a t  which second l i q u i d  phases or c r i t i c a l .  phenomna 

were obsen-ed were reported For the systeiiis 1J03-S03-E20, U03-SO~-D20, CuO-SO3- 

D2C),13 ard UO3-Cu0-SO3-D2O; y, ,hn = 1..0.14 Tempera-tirres of immiscibil i ty and 
0.3 a03 



56 

crit ica7- ter lperat i res  ( i .e., -the temperature a t  which the meniscus he-tween I.icpid 

and. v a p r  o.isappear-s) were p i o t t e c  against  tiie sa-Liiration molal ra-tio, vz metal oxiae '  

VZ o r  tile sum of these r a t i o s  a t  various selected concentrations of SO3. The 

mola l i t i es  of SO3 5:ere varizC fro:il 0.02 t o  1.0. 
SO3' 

'These Livestigations have now been extended to tihe system UG3-CuO-S03-D20 st; 

= 0.335, to -be systerc 1J03-Ni.C-S03-D20 a t  ~ 5 ~ .  - 1 and = 0.533, and mcUo :%03 , v ~ o : ~ [ J o ~  
f i n a l l y  to the system U03-Cu0-Ni0-S03-D20. I n  t he  study on the  f ive-component 

cu0:wuo3 and "r\l : r io3 were he?-d cocsixnt a t  0.25. ' io system, iia;urs of m 

ments were car r ied  out by the  synthet ic  met'nod described previou.sP~-.~ 

A l l  expcri-  

The r e m i t s  f o r  tiie various systems are show1 i n  Figs. 7.4 '~hrougk- 7:/, 
:m ), against  e i t h e r  C(vketal oxide so3 plot-bed as the  sunmation of t.he molal ra t ios ,  

the  observed. c r i t i c a l  terqxratii.u.tt or t h e  texpcrature of l-jiquid-liquid i m i s c i b i l i t y .  
The cixv-es for ea& system are similar and a l so  comespord t o  t h e  curves presented 
previously f o r  tiie other  sys t em 
m e t a l  oxj-de corrqonents were observed i n  the  supe rc r i t i ca l  fl.iii~ds. 

'-'x4 I n  a l l  cases very I.arge concentrations of 

The syster~is vhj.ch con'ia.lned an R i O  component gave r e s u l t s  Qkich were not  as 
precise  as thcse from systems riot contaiiiiilg N i O .  'These var i a t i cns  may be T e l a ' t z d  

3 0.1 0 2  L 3  C 4  CE:  C 6  0' 0 8  09 10 
I7 

SATURATION M O L A -  R A l  IO, LLk 
7 S C ,  

Fig. 7.4. Pemperatures of L iqu id -L iqu id  lmmisci b i l i t y  
in the System UO,-CuO-SO,-D,O; rncuo:m = 0.333, 

uo3 

Flg. 7.5. Cr i t i ca l  Phenonieoo uild Temperatures o f  
L iqu id -L iqu id  I rnm isc ib i l i ~y  i n  the System UO,-NiO- 
SO,-D,O; m N i O : m  = 1.00. 

uo3 
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" 0 3  

t o  the f a c t  t h a t  t he  system NiO-S03-E20 was not found t o  show a reg.i.on of l iquid-  
l i q u i d  irmniscibil.ity under saturat ion vapor pressures .I5 Furthermore, var ia t ions 
i n  composition were fomd i n  ot;'her invest igat ions of systems containing an N i O  
component. l6 

Upon completion of these investig&,ions, volume models iiiay be constnic1;ed from 
t he  data t o  show l imits  oP composition and tep.pera-t,ure for aqueous homogeneous 
reac tor  fue l s .  

7.4 SOLu131Wi'l'Y OF UO3 JX S W 3 C R I T I C A L  FLUWS ABOVE 374°C 

The observations t h a t  high. concentrations of U03, as w e l l  as other  metal oxide 

This regi.ori of temperature and 
components, are so1.ubl.e i n  a supercr i t ical .  f l u i d  of SO3 and &&-a gaseous mixture 
i n  a l l  respects--open a new region f o r  exploration. 
composition extends f r o m  i % p p r O X i m a t e l j .  37""C, t he  c r i t i c a l  temperature of H20, t o  
the v i c i n i t y  of 800°C and. encompasses raetal oxides showing moderate s o l u b i l i t i e s  
i n  systems containing three  or more components. I n  Fig. 7.8 I s  0. corflpilation o r  
the rnaqority of s o l u b i l i t i e s  f o r  systems o f  stoichiometric sa l t s  i n  H ~ O  ( t w o  com- 
ponents) above 2OO"C, These were compiled in 195917 and &o not include i r p e s t i -  
gations a t  ORNL 01' invest igat ions by geochemists of s o l u b i l i t i e s  i n  the  range of 
pa r t s  per mil l ion t o  several. weight, per  cent. :Lt is evident t h a t  very l i t t l e  in -  
form;z-t;i.on e x i s t s  a'oove 3'['+"C. 
of stah i l i t y  may be defined f o r  solut ions containirig [TO3 and. other conponents. 
Fuel. compositions could then be specif ied which w o u l d  be s t ab le  at 25OC, as w e l l  
as a t  temperatures considerabbly above 374"~. The continuing, f-uidamentaI. aspect 
of the  phase-equilibria progran w i l l  l i e  i n  th i s  direct ion.  

With su f f i c i en t  s2;udy above t h i s  temgerature, regiort:? 
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U N C L A S S I F I E D  
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Fig.  7.8. Compilation o f  the Maiority of  Salt Solubi l i t ies in  Two-Component H,O Systerrls Above 200°C 
(Exclusive of ORNL Data and of Salts Showing Very L o w  Solubilities). Compiled by W. I... Marshall,  1959. 

7.5 SOLUBILITY OF Tho2 'I& SOLUTIONS OF HN03 AND X20 
AT 150 mu 2000~ 

Solutions of Tho2 i n  DN03 and II2O have long been considered18 as media f o r  t h e  
breedirig of U233 from Th232. 
of the  po ten t i a l i t y  f o r  1 arge-scale produc-tion of Low-cross-section N 1 5  ( r e f  1 s ) )  
a d  'ilie poss ib i l i - ty  t h a t  radiol.ytic N2 ani! O2 may be recombined economically by 
commercial processes .20 M. J. Kel ly  -- e t  al..21 'nave been invest igat lng processes 
for removal of the  in t emed i s t e  protactinium before t h i s  prod-uct ahsorbs fu r the r  
neiltrons t o  be conver'ted t o  nonfissj.onable paz3*, 
p1'Ogrm, addi t iona l  s o l u b i l i t i e s  of Th02 i n  :CK03-H20 were determined a t  150 and 
200°C. 
500°C. 

Some experimental prograxis were re - , in i t ia ted  i n  vieTd 

In view of the success O f  t h e i r  

These data  a re  supplemeritary 'LO those reported previously"2 ai; 200 and 
Experimental and. anal.ytical. piwcedures were t he  s u e .  



59 

Die over-all r e s u l t s  are given 1.n Table 7.2. Sol .ubi l i t ies  of 'Uh02 determined 
af ter  the  1.ongest in te rva le  of t k e  a t  the respective eqiJ.ili'oration t;engeratures 
a re  shown i.n Fig.. '7.9. 
thoae obtained previous1.y us ing  Th02  f i r ed  at 650"~ (OR& Pilot Plant  batch 
No. DT-58-650). 
u.sing t he  same Tho2 product, are inclu.d.ed in Fig. 7.9. 
of the  resul'ts i l l  Table 'f.2 with t'ne previous vnJ.ues show a moderately fast r a t e  

The current  values a t  200°C are i n  good agreernerr.!; with 

The e a r l i e r  values, as well as those obtained previously a t  300°C 
Inspection a,nd comr,arison 

Table 7.2. SolubiliLy of Tho2 -J [i IDT03-H20 
Solutions at 150 and 200°C 

( I n i t i a l  Mixtures: %ri02 Fired at  650°C 4- HU03-H20 Solutions) 

1-50 

200 

23 2.442 
0.941 
0.448 
0.224 
0 .oy/ 

65 9 .7 h0 
4.864 
2.442 
0.930 
0.441 
0.201 
0.060 

0 .lT( 
0.105 
O.oii'6 
0.018 

<o .0003* 

0.243 
0,226 
0 * 187 
0.098 
0.024 
0.001 

<o .00028* 

t 

I i [  0.4 - 

* 200°C (Previous) 
0 200oc 
* ( 5 0 ° C  / 

/---- 4 

y' f 
/" 

1 

,L , J  I L l L ,  I 111 LIId 1 2 1 
0001 0 01 01 

S A T U R A T I O N  MOL 41 P A T I O ,  mTho2/ mHNOJ 

Fig. 7.9. Solubility o f  Tho, in HNO,-H,O Solutions a t  150, 200, and 30OOC. 
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of d-i-ssolution of re f rac tory  Tho2 i n  sFN03-X20 solut ion a t  1.50 as w e l l  as 200 and 
300°C. This cons t i tu tes  fu r the r  evidence Liiat aqQeous solut ions of KN03 a t  
temperatures be-tween 150 and 300°C may be useful  for dissolving re f rac tory  Tho2 
i n  chemi-cal processing. 
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8. SOLldT!Bkd CORROSION 

J. C .  GL'iess H .  C .  Savage 
J. M. 'Baker 

8 .I Cmicus, EQUILIBRLA A F 2  CORROSION TN HIGH-TEMPE%TRE 
UIIANYI, SULFATE SOLUTIONS 

A srlal.l, high-pressure t i t a n i u m  loop, previously described, w a s  used t o  riemon- 
s t ra te  the  cher ica l  s Labil i ty  of a dilu-te uranyl su l f a t e  solut ion contain-ing copper 
su l f a t e  and su l fu r i c  acid a t  360"~ and t o  deteraine the  corrosion res i s tance  of 
t i t a n i u n  and Zircaloy-2 i n  such  a solut ion.  The room-teaperature composition of 
the  heavy-water sol.ution was 0.085 M UO,$On, 0.020 M CiiSOq, and 0.245 M DzS04. 
365"~, tne  solut ion contained about 3.0 g of uranium p-r l i t e r .  
McDuffie2 tha t  the sol.ution was chemically s t ab le  t o  at  l e a s t  365"~ and 'chat the  
copper concentration would be adequate t o  recombine the  r ad io ly t i c  gas a t  a power 
dens i ty  of 50 kw/l i ter  a t  t h i s  temperature. 

A t  
It w a s  reported by 

Specimens of titani.um-7(5A and Zircaloy-2 w e r e  exposed t u  t he  f3.owiiig solut ion.  
i ine  i l  iitmim 
specimens were cut  from a welded >.late i n  such a manner t h a t  t h e  specimens were com- 
posed almost e n t i r e l y  of weld meta?.. These s a m e  specimens had been exposed t o  a 
less-conceritrated uranyl su l f a t e  sol.iition containing l e s s  ac id  for 157 hr .  The cor-  

s-neciulens were machined from an ameal.ed p la te ,  and the  Zircal.oy-2 

were negl igible  during th i s  period..' 

The soliJ.i;ion was c i rcu la ted  for 553 h r  a t  360"~ i n  'ciie main loop  and 565"~ i n  
the  pressurizer .  During t h i s  time several  smplks  were wi-thdrawn from t he  main c i r -  
cu la t ing  l i n e  and from the  underflow pot o r  a hydroclone. Wlthin t he  precis ion of 
-the chemical analyses, no changes 5.n chemical composi-tion of t he  solut ion were ob- 
semed. Toward the  end of t h e  rm a small amount of a white s01id was found i n  the 
saxplen removed from the  underflow pot oT t he  hydroc.l.one. Spez-trographic analysis  
siiowed the material. t o  conkain mostly alumiiium, which o r i g h a t e d  from t he  aluiniiltm 
oxide bearings lused i n  the  pump, and a s m a l l  mount of 7,irconium. 

On heatling up the loop and while the  loop w a s  operating, samples of the vapor 
above t h e  solut ion i n  the  pressurizer  were withdrawn, condensed, and analyzed. 
'Table 8.1 shows the concectration of t he  conriensate col lected at various 
temperatures. 

The second and t h i r d  colixrns represent t he  ac Lual anal-ytica1l.y deterxined con- 
centrat ions i n  the  condensate. "he fourth column represents  t h e  n e i  sulfxk concen- 
t ra t io i i  (presumably as Ii2S04). 
uraniurn i n  -Li re  condensate samples got there  by entrainment of solut ion i n  t he  vapoy 
and car r ied  with it su l f a t e  i n  the  same ra- t io  i n  which it w a s  present i n  the  sol-u- 
'iion m d  then sQbtrac-Lirig t h i s  amount of sulfate f ron  t h e  t o t a l .  Whi.le these da ta  
a re  not hishly accura'ie, they do show t h a t  su l fu r i c  acid. (and p0sstbJ.y uranium a t  
the  higher temperatures) w i l l  be present i n  t'ne vapor above highly ac id i f i ed  uranyl 
sulfate solutions a t  tempemtures much above j 0 0 " C .  

This f igure  w a s  obtained by assuming -that a l l  the 

The corrosion r a t e s  observed on the  Zircaloy-2 specimens dUriKlg the  run are 
shown i n  Table 8.2, 
showed es sen t i a l ly  negl igible  weight changes except f o r  "Lie lead coupon which cor- 
roded at a rate of 0.4- rnpy. 

The t i tanium spechens  developed t h i n  black-blue films and 

The Zirca1.0~-2 specimens w e r e  white t o  gray i n  color 
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and showed signi€icant  corrosion rat;es -i ridependent of :fUw rate. The Zircaloy-2 
holder i n  which the specimens were held had a s imilar  zppearnnce, indi.cati.ng ?;hiit 

tiiere WRS no difference I n  behavior betveen weld metal (specimens) and wrought 
mater ia l  (holder). 

Table 8.1. Concentrations of U r a n i u m  arid Sillfate 
i n  tbe Vapor Above a Uranyl Sulfate  Solution 

Co n e  ct ed SO* 
( P P )  

Pressurizer  U 
Temperature Concentration Sulfate  

(ma) ( "c) ( P - P )  

3CO 8.2 12 2 (-1.5) 
320 5 =8 18.3 8.6 
340 5 -1 45 97 37 
360 9 2 228 210 

365 72 3 1010 1~70 
365 30 610 550 

365 16.7 365 340 

T a b l e  8 -2. Corrosion of Zircaloy-2 Specimens i n  
a U r a n y l  Sulfate  Solution-x a t  360"~ 

Velocity We i ykt Corro siori 
Range Loss R a t  e 
( - fps)  ( mg/ cm2 ) ( mPY 1 

7.4 - 8.6 
8.6 - 11 

3.3. - I3 
13 - 1.7 
17 - 24 
2h - 31 
31 - 39 
39 - 22 
22 - 1.5 
1 5  - 12 
12 - 9.3 

9.3 - '7.6 

8.4 
'7 .9 
9.11 
8 -2 
9.2 
8.6 
8.4 
9 08 
8.5 
8.4 
9 *2 
8.1 

8.1 
7 .6 
8-9 
7 -9 
8.8 
8.3 
8.1 
9.4 
8.2 
8.1 
8.8 
' I  .8 

%'Fine room-teinpera Lure coneelitration of the  heavy- 
water solut ion wss 0.085 MUOFS04,  0.020 M 
CuS04, and 0.24) M D;1SO4. 

The run was tenninated by f a i l u r e  of the pmp, which resu l ted  fYcjni excessive 
cor ros  Lon of t h e  :front aluminwn oxide bearing by ti?e r e l a t i v e l y  concentrated sul- 
f u r i c  acid solut,'i.on. An  autoclave t e s t  with a port ion of t'ne bearing showed t h a t  
a t  200°C the a1imi:riurri oxide corroded a t  a rate of  150 m p j  during n 500-iir test. 
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Except f o r  Lhe aluminurn oxid? and. the  Zircaloy-2, corrosion of t h e  sys’iern was iin- 
measurably smal.1.. However, before addi t ional  t e s t s  i n  -the high-acid system can be 
run) a su i tab le  pump bearing mater ia l  must be found. 

1.. J. C. Griess, B. C .  Savage, - e t  al., gX-..!F’rog. Rep. ..... ~ Ang, ~ 1 ~- - Nov. 30, 1960, 
om1~-3061, p 61-67. 

2. H .  F. McDuf‘fie, private cormmication, Oct. jl, 1960. 
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4 1. AU"0CIATE 'TESTS 

One in -p i le  nu.t;ocl.ave (L5Z-1.41.) was assembl-ed and operated diiriiig the report  
period. The expei-imen_i was designed. primnri1.y to provide in f'c;lmat;ion on the yadia- 
t ion  corrosion of Zircaloy-2 by a i ~ : ~ ~ i y l  sul.ftxt;e fuel. so1utl.o-c a-t te:tir,ere tures t o  
360°C. 
i n -p i l e  exposure before any 360"~ operstion. 
t,nined, and they are summarized here I Tmse include: out-of-pile corrosion at 
360"C, surface sor;p-Lion of v . r m i i ~ m  during out-of-pile exposure and rsdiolf i ic-gas  
recombination during in-pile ex-posiire . A dupl.icate experiment i s  planned t o  ac- 
compl.i.sli t he  360°C i s - p i l e  exposu-re . 

'This object ive w a s  not e.chie-v.ed beca.use a leak caused. termination of -the 
However, data  of i n t e r e s t  were oi3- 

like autocla-ve w a s  f abr icated of Zirczloy-2 and contained f i v e  Zircaloy-2 cor- 
rosi.on - t e s t  specLiaerrs. 
i n  D20 w a s  charged t o  the  9;J:t0ch.ve, and an oxygen gas overpressure was used, 'l'he 

A solu- t ion of 0.08 vz U02S0.4, 0.02 732 C-slS04, and 0.24 m .U2S04 

acid. w a s  requi.:r.ed' t o  ]3LZi.i7tci.T1 tile c i.cal s tab i l - i ty  of tile solut ion 
360"~. 

Before operation in-pi le ,  tlie autoclave wzs opersted. a t  360°C for 350 h r  out- 
of-pri1.e t o  obtain corrosion data f o r  comparisou with that observed imder irradi.ation. 
After 124 h r  a t  j60°C, t;he aud;od.ave was opened arid. the amount of u r a n i w  sorption 
i n  the  surlPace f i lm on Uie t e s t  s:yecj.meris vas d.e.te:i*u!iiied. by al.p'cla COUilttiig. 

The in-pi le  t e s t s  completed were concerned witi-1 a determination of the a c t i v i t y  
of the copper c a k d y s t  for recombination of  rad io ly t ic  gas. Reconbination rates 
at temperatures of 230, 2 j O J  and 280°C were ob-titritl.ed, after ~'rii.ch a I.oali i n  I;he 
autoclave caused termination of l;hP experiment. 

9.19i OiC-of-Pile Corrosiori 

r i  Ihe average over-all penstrt ' tiiori of tine Zlrcal.oy-2 dur j.rLg 350 hr a t  360°C was 

o.O( t o  0.08 m i l .  For tile l a s t  300 k i r ,  the corrosion r a t e  w a s  ab0u-L 1.5 mpy, based 
on oxygen uptake. This  ra-te i s  i n  l i n e  with 3a extrapolat ion o f  ra tes  observed fo:t, 
Zircaloy-2 i n  a previous autoclave experiment" w i t h  urmiy1 sLiLfa..te solut ion a t  290"~. 
Bowev-el', .the ra.Le i s  considemb1.y below the 8 nrgy obtained 011 ziTC3.1Oy'-2 veld m t a l  
with a s i m i l a r  soluti.oii in zi piim.p-l.oop t e s t  ( see  Chap. 8). 

9.12 Uraniuii SorpticJii on Specimen Surfaces 

A : T t e r  Elt hr of oper?;t;J.cjr! a-t 560°C (out-of -p i le )  the  quant i ty  of urmiurn sorbed 
on the wter-wash.ed Zircaloy-2 specLmen suri%ces aTJeraged 0.214- k ~ g / c ~ i ~ .  
-t,airiefi Tor the -ten surfaces ( t ~ ~ o  s i d . e s  of f i v e  specimens) rarlged between 0.19 a n d  
0.29 ~g;/cfii2. 
centimeter prevj.oiisly- found"' ' im specimens i r r ad ta t ed  wiyn solut ions containing 
ciboiut one-tenth 8.6 rmx5i excess acid as t h a t  i r i  t h i s  t e s t .  Correlation of the In- 
pj.1.e corrosion d a t a 5  and. out-oC-pile tests o : ~  uranium sorption O E  hydrous zirconia6 

Va1.u.e~ ob- 

m e s e  values a r e  s ~ i a 1 ~  cornpar-d t o  R few tens  of mi.crogranis pe r  square 
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also ina ica tz  marked reductior- of uranium sorpt ion w Ltii increased excess-acid 
concentratlon. 

9.1.4 Rates of Recomb?-nation of Ha.dio1.ytj.c Gas 

Recornbinati.on r a t e  constants a s  a function oE ternperature f o r  the  copper- 
cx ta l  yzed recornbination of radioly'i.ic gas were est:imated by analyses of the  r a t e  
of pressure increase fol.l.owing i n i t i a t i o n  of i r r ad ia t ton .  Y'he values obtaiced at 
2'30, 2501 a d  2-80"C are shown i n  Fig. 9.1. The aiialysis does not require a know- 
ledge of Gu2, but does incl.ide tile s o l u b i l i t y  of n,. 
bility were 0.45lt, 0.377, and. 0.283 p s i  cc-l  l i t e r  (volurnes a t  S P )  a t  270, 250, 
and 280"~, respective1.y. 

Valu-es emp1.oyed f o r  D2 s01.u- 

The values i n  F ig .  9.1 are lower by about one-third io  oiie-half t'naii those 
predicted f o r  uraryl su l f a t e  solut ions ( D20 solvent)  with lower ac id  concentra- 
tions.7-10 
i n  o ther  t e s t s ,  which indicate R decrease i n  K w i t h  :!.nueased excess-acid 
concentrations .lo' l1 

Thus i t  appears that  the resuLts are i n  agreement with rakes obtained 
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9.2 EmcTRa;mIC& STUDIES OF ZLKCAI,OY-;! COKHOSION 

A previous report12 men.l;ioned the  d i f f i c u l t i e s  which arose when t h e  e lec t ro-  
chemical mensiirements of Zircaloy-2 corrosion vere extended t o  tempe-ratures above 
250°C. White oxide f'ormed near and on a welded sectriori of t h e  smal.1. cpartz-tube- 
insulated lead  wire, and it w a s  then assumed t h a t  thj.s portion of t he  Zircaloy-2 
t e s t  specimen corroded at  ax1 accelerated ra-t;e adid that the  rLea:;u.rtd rate a f t e r  long 
e.xposure ti.m.es c o u l d  be dix erirtire1.y t o  corrosion a t  t h i s  area.  The white oxide 
:i"ormatioii has subsequently been  shown t o  occur  on um-elded lead wires and i s  now 
bel-ieved t o  rcsuli; from oxygen depl.etion i n  the t h i n  l aye r  of solut ion between +&re 
and. quartz tube.  It was hoped t h a t  a rnod.ificahion of tlne apparatiis t o  allow ~01.11.- 
t i o n  Yl.0-d past t he  port ion of the  specimen where the  accelerated a t tack  occurred 
vou_ld r e  au l t  iii more 1 m L f  o m  corrosion. 

Such 2 iiiodif i ca t ion  was made, and an experiment was perTomled i n  the  tempera- 
t u re  range 1-50 to 500°C w!-t,?i Zircal.oy-;? in the usual oxygenated 0.05 m, 'riaSon_ solu- 
t ion .  
potei i t ia l  mearjuremeiiis were made a . f te r  the r a t e  leveled o f f  a t  t he  in i t i a l .  temper- 
a tu re  of 2 9 3 " ~ .  
which a+utomatically maintat t:s the  poterr!;i.al. o:C a t e s t  e lectrode (cathode) a t  a 
chosen cons-t:in:L value wTtb respect t o  a reference electrode.  The net  current neces- 
sary t o  main-1;a:i.n -tihe potential. coustant i.s measured by recording tile voltage drop 
across precision r e s i s t o r s .  
ated- 0.05 m H$04. a t  about j 0 " C  which was bridged in to  the autoclave cel.1 containing 
the Zircaloy-2 t e s t  e lectrode.  'The po ten t i a l  of t he  reference wzs conshn'c a.nd 
independent of the  tempers.1;ii:re (150 t o  300°C) of t h e  aiAx~(:l.ave. 

I n  ad.di.tion t o  the  ty-pe of nieasu.nments previously reported,, l2 smie constsnt-  

These measurements were rmde with a potent j-ostat, an instrurrierlt 

The reference electrode vas i plo.tirun wire i n  oxygen- 

After  -the experiment wcs t;erzninated., an exm~wnLnation of t'ce specimen again re- 
vealed white-oxicie a t t ack  a t  -the Sam2 area oT the  t e s t  speciv-en. It i s  believed. 
that, the  modt.ff.catioii d id  not correct  f o r  the flow d i f f i cu l ty ,  and another change 
i n  design i n  which -i;%le quartz tube i s  eliminated. has been made for the next; 
experiment .. 

Althoiigh tlie rate--t;ime rneasure1nen.t s could no t  be m.echanist5cally interpreted 
o r  re la ted  t o  a unifom1.y corroding specimen, t;hey a r e  nevertheless va l id  rate 
measurements for the  over -a l l  specimen, and the  r e s u l t s  o r  the  measirrenieiits are 
sumnrized here.  

Posey13 has derived several  expressions f o r  tile e f f e c t  of temperature i n  
e lectrode klnet:i.os. 00.e expression for the simple case o r  one anodic and one 
cathodic process occurring a t  an electrode in te r face  can 'oe modified t o  gLv-e: 

Here Jp i s  Lhe ne-t, curre:it, t he  K's contai:rl tlie po ten t i a l  and. tenipem,ture- 
independent portions of the spec i f ic  r a t e  constaxi;s of p a r t i a l  processes arid the  

Concentration of reactants ,  arid &I:* and Ad'* s re  the (standard) entilalpiez of 

ac t iva t ion  of ,t;h? modic  and cathodic p a r t i a l  processes, respectively.  The 
(ah) ' s and. A0 have the  usual meaning: (a?\,) the electsocheiri:i.cal tra.ilsfer coef - 
ficient for tl-e anodtc o r  cathodic reaction, =id Q0 the elec-trot~~~-solu.t j .on 
poten t ia l  dif:i"erence * 

c 

I r i  Figs.  9.2 and 9.3 the  measured currents  a r e  plotlied as 3 function of 
temperature f o r  various f ixe& potent ia l s .  'file general. i.nl;erpreti;ations of ti-lese 
data,  based on the r e l a t iomhips  .?'no\iin i . r i  Eq. (1) , ,are i k e  follow-ing: A t  the 
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Fig.  9.2. Logarithm of  Current vs Reciprocal of  Temperature for Passivated Zircaloy-2 in Oxygenated 
0.05 rn H,SO, at  Various F ixed  Potentials. 

UNC'LASSIFIED 
OR N L -  LR ~ C U G .  5851 4 A  

e o Log i vs f a t  - 1.4OOV v s  Pt Ref.  
a Log i v s  + a t  - 1.2OOV Y S  Pt Re f .  

t 

- 
: . ,4850LUTE,  x i o 3  

Fig. 9.3. Logarithm of Current vs Reciprocal of Temperature for Possivated Zircoloy-2 in Oxygenated 
0.05 rn H,SO, a t  Various Fixed Potentials. 
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inore anodic po-terttials (A@ more pos i t ive) ,  i'ne contr ibut ion of the cal;ii(>tj.ic cur- 
rent; t o  -tile ineasured net current becomes negl igible ,  and simi1arl.y a t  the  more 
cathodic poten t ia l s  (A$ more negative),  the  ccntr ibut ion of t;he anodic current 
t o  the  iiieasixred ne t  current becomes negl-igible. A t  in tenmdia te  potent i.i%ls, f o r  
example, -0.700 v .to P t ,  Fig.  9.2, the cont;rj.bution of the  cathodic curreri-t t o  the  
t o t a l  measured net  current is negl ig ib le  from 500 to 240°C, but at 10IJer tempera- 
tiires t he  catliodic cirrei:t bec:orties more a;i?d more signifi-cant,  and a t  212!"C the  
anodic and cathodic currents  a r e  equal and J1, = 5 x 10-l' amp, o r  near ly  zero. 
A t  s t i l l  lower Lerriperatures the  measured. ne t  current reverses sigii, becoming more 
cathodic as the  temperature i s  furt'ner decreased. A t  po ten t ia l s  between -0 .TOO 
t o  -1.290 v t o  Tt, the measu-red net  current i.s a complicated funct ion of ternqera- 
t u r e  and i s  probably explahed  by contributioris from two or more of the f a c b r s  
enter ing in to  ~ q - .  (1). 

It was  found t h a t  tiie ac t iva t ion  energy for the  anodic react ion (oxri.da.ti.on of 
zirconium) i s  31. .1 kcal/mole, and i s  independent of poter t t ia l  a.nd terperntu:re. 
The ac t iva t ion  energy for Ute cathodic react ion (reduct ion of oxygen) i s ,  however, 
a fwict ion c/:f potent ia l  and temperature, lO.8 kcal./mole a t  -1.1-1-00 v t o  P t  arid 
between 220 and 3OO"C, changing t o  5.14 kcal/niole a t  temperatures belov 220'C. A t  
-1.200 v t o  Pt the ac t iva t ion  energy i s  5.b kcal/mole over t h e  e n t i r e  temperature 
raage, 180 t o  300°C. 

A s  experimental data, t h x  terriperature dependence of -the anodic and cathodic 

Fu.ri'iierrnore, the 
currents  a r e  remarkably reproducible. For tke an9di.c currents  the  measured values 
zre identical. wit& both heat,ing and cooling at all. po ten t ia l s .  
r a t e  a t  which the temperature was changed was not uniform; ce r t a in  terriperatures 
were maintained f o r  periods of  50 min, :,jhile some others  %rere obtained 5.n passing 
at, rates of ahout a degree per minute. On the  cathodic s ide  a t  -1.400 v -to P t ,  
Fig. 9.3, there  WLS some s~all. difference in the measured currents  on heati.rig 
versus cooling; the  slopes, however, were 1;he same. 

Figure 3.1~ fu r the r  demonstrates the self -consistency a,nd reproducibi l i ty  of 
the data. Ifere the current-poten-iial  behavior bras determined at two f ixed  temper- 
a tures ,  299 and 260°c, each of which w8.s maiiitained f o r  several  days d.uri.ng -the 
measurements. A t  260Oc on the  cathodic side two cletemrlnations of tiie cur-rerit- 
po ten t ia l  reh t ior i sh ips  were made; in one (-I-) .the poten t ia l  was varied and 'tihe 
currents  were measured, and in the  other  (0 )  t'ne current was var ied asid the  poten- 
t i a l s  were measvred. 

Table 9 .I_ sumaarizes the  experimental agreement between the several  types of 
rieasurernents . 

A more complete ana1.ysis of t'ne data.  ill. be presented upon compl.etion of 
fu r'ther experiments with t'ne modified apparatus. 
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1. 

2. 

3. 

4. 

5 .  

6. 

7 

a .  

~ o t a l  Current ( m p  L Teinperature P o t e e t h l  vs P t  
( “ C )  ( v >  G:zl.v-ano stat ica Pot en 1; i.o s t  a t  i c  

299 -0.200 JL.0 x 10-6 11.2 x 10-6 

293 -0.700 3.1 x 10-6 3.5 x 10- 

260 -0 -700 ) L A  x 10‘“~ 4.1 x 

( e s t  irriat ed) 
260 -0.200 a .o IO--? 6.0 

( est irnateci) 

293 -1. .200 1.3 x io-” l .2  x lo-” 
240 -1 .BOO 8.5 x 10-6 8-7 x 10-6 

299 -1.400 j . 2  x 10”’ 5.2 x 
260 -1,400 2.7 x lo-” 2.6 x 1.0-5 

a 
Galvanostatic r e s u l t s  are  obt:tiriecl from d . a t a  presented i n  Fig. 9.1L. 

’Potentiostatic results are obtained from d a b s  presented in FJgs. 9.2 
and 9.3. 
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10. THORIUM OXilDE IRRADlATlONS 

J. P. McBride 
S. D, Clinton W. 11. Pat t ison 

10.1.1 Preirious P e l l e t  I r rad ia t ions  

The black vi t reous mater ia l  formed on i r r a d i a t i o n  i n  DzO of ?~75O"C-ffred 
alumtna-coated (0.5 wt $ altuninwn) t h o r i a  p d l e t s '  vas ident i f ied  speetrographi- 
cally 2,s carbonaceous. Approximately 1 sJ-t $ of the  total solid:; recovered had a 
densi ty  of 1,18 g / c c  and tms >TG$ vol.ati1.e. It eontainea 0.23 w t  $ T%, O.O@ Fe, 
and O.W@ U, ~ i e  ira-t;erial tms f o m d  i n  a 2900-hr i r r a d i a t i o n  i n  the LITR oc 50 
or the p e l l e t s  i n  DN a t  a thermal-neutron PI-W of -2 x neutmns/cm2.sec, 
during which considerdble pe l l e t  damage occurred. 
carbon residue of the polyvinyl alcohol binder used i n  t h e  p e l l e t  fabrieati.on, 
vhich was not  renigved by the l750"C f i r i n g ,  a l thoixh repeated  nely lyses of t h e  
i r r a d i a t e d  p e l h t s  did not show suffici .ent carbon t o  account f o r  Yoe mount of 
material found i n  the autoclave. The ana ly t ica l  method inclilrled measuring -the 
C O ~  prodiuced on f i r i n g  a t  L6OO"C i n  an oxygen stream i n  t h e  presence o r  n f l i z i n g  
agent t h a t  c o ~ l e t ~ e ~ y  destroyed the  pe1l.e-ts . 

The material i s  probably the 

10.1.2 Pxesent Statu.s 

An irr&.iation experiment w a s  performed with "pure" tJmria pellets  under D20 
i n  t h e  1,I'ITi. 
prepared to date by t h e  Ccrmnics Section of -t;'ne Me-tallul-gy Di.vj-sion. 
a pycnometyic aen.sity O:C 9.2 g / c c  and a sueace  area of 0.011 rfi2/g. 
rerelit thoria powder and p e l l e t  preparations a re  scheduled fo-r i r r a d i a t i o n  3.n an 
attzmpt t o  determine 1;he:i.r res is tance t o  damage by reactor radiat ion unrler Dzfl 
(see see. 10.4). 

?Pie pe12et,s, P-82, are the  bes t  s in te red  compacts khat have been 
They have 

~cvei-a.~. a i r -  

Nearly a l l  the oxide i n  a D& slurry of classifi-ed Tin02 - G,h$ Uz3"O2 (MI-22) 
irraliated f i v e  weeks a t  280°C i n  the LIT3 at  a flux of -2 x .l.O1" neut.rons/em'~sec 
t o  R t o t a l  nv t  of 5 x l0I9 neutrons/cm2 appeared t o  be somewha.1; degraded, 
per  cent of the  irradiated mater ia l  ( i n i t i a l l y  2 , ~ .  11 average s ize  and O.S$ (L 
vas recovere8 as a. dispersed suspension :Ji.th ari average p a r t i c l e  s i z e  of O,25 M 
(Flg. 10.7.). 
and. been resuspended by s t i r r i n g ;  t h i s .  material had an avercage s ize  of 1.6 LI but 
a veyy s teep size-distrtbu?;ion curve. A n  addi t iona l  kC$ of the ttrt,al so l ids  was 
recove:red by drying the  autoclave clnd shsking it t o  release dried. so l ids  fnm 
t h e  bottom md sides. 
material balance has not y e t  been obtained. 

9 

"wel.ve 

A b o u t  6% of the  m - z t ~ r ~ u , l -  had set t led t o  the bottom of the aiitoclave 

Other diered. s o l i a s  were aissolved i n  aciii, but  a 104 
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Fig. 10.1. Part ic le Size Distr ibut ion in Irradiated Slurry o f  Th02-0.4'% U2350, (BT-22). Total nut,  

5 1019 

Slurry from a control  experiment run i n  the  laboratory had. an average par- 
t i c l e  s i z e  of 1.8 v, .Crith I.@ of the p a r t i c l e s  smaller than I p. (Fig,  10.1). 
Apparently, treatment i n  high-temperature water released f i n e s  held on t h e  
c l a s s i f i e d  so l ids  which were not released by t h e  dispe'rsixig agent (0.001- M 
Na*P@T) used i n  t h e  p a r t t e l e  s i z e  analysis ,  (Par t ic le  size analysis  m s  carr ied 
out i n  t h e  AmalyLical Chemist:ry Divislon by neutmn-activ~2.t;ion-seaimeiita~ion .) It 
i s  not. lmown whether these fities have any r e l a t i o n  t o  t h e  dispersed mater ia l  Db- 
served i n  the l.rradiated- s l u r r y .  

T'ne irra?.l.ati.on 1as  carried. out i n  a s t a i n l e s s  steel autoclave w i t h  -the 
s lur ry  (7 ml. of D 2 0  per  gram of solid) i n  a settled cofidition. 
of 3-00 psf O2 and 700 p s i  H e  was added a t  room temperature. 
pressure was observed dulring the experiment. 

An overpressure 
No rad io l f l ic  gas 

TiZle mixed oxide 173,s a poi t ion of -th? o r i g i n a l  oxide used i n  the in -p i le  

Class i f ica t ion  w a s  by c.l.utriation with oxalic 
slurzy loop experiment2 and had been careful.ly c l a s s i f i e d  to remove partLcl.es 
smaller than 1 p (Fig,  10.2). 
acid a i  pE 2.6 mii then mnonfmi hydroxide at pH 10.5, the  s o l i d  being washed 
with water i.n between and. on compJ-etion of the c lass i f ica t ion .  After c l a s s i f i -  
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PERCENTAGE LESS T H A N  I N D I C A T E D  PARTICILE SIZE 

Fig. 10.2. Class i f icat ion o f  Thorio-UO2 Powder for Reactor-Irradiation Damage Experiments. 

cat ion t h e  oxide was f i r e d  a t  650°C t o  repave a.dsorbed rnai;eri.als. 
se lec t ive  removal of uranim-rich fract ions,  t h e  f i n e s  e luted with oxalic acid 
having a U/Tn r a t i o  of 0.0060 and t h a t  with m o i i i a  of 0.0061:. The c l a s s i f i e d  
solids contained 87.@ 7111, arid had a U / T ?  r a t i o  of 0.00h-14 and a spec i f ic  sur face  
area ~~ieasured by ni t rocen adaorlption of 2.1. m2/g, 
surface mea vas 2.5 m /g. 

miere was some 

Before c l a s s i f i c a t i o n  t h e  
3 

Data obto,ined i n  some 55 slurry i r rad ia t lonc  (reported in previom KW 
Quarl;e:rly Progress Reoort-ts ) a n d  a f e w  dry thoria-powder irradiat,i.ons3 carr ied out 
i n  the  S~:l:!CH over the  las t  several years are being assembled, f o r  pregar:-?-Lion of a 
progress report on these s tudies ,  A review of t h e  par t ic le -s ize  infomat ion  
obtained i.n 1.8 of the  1rrailiati.ons (!Pable 10.1) sysgests p a r t i c l e  damage i n  some 
cases I 
d:mage. 'The anount of dcmqyc observed i n  t h e  web; lrr,adT.a;kions9 .as opposed. t o  the 
a2paren.t c;tabil i ty deimnstrated by t h e  drj oxide i n  tests carried. out here am3 
else.crl?ers, suggests n r ; ~ ~ ~ i a t i o n - a ~ ~ e r - s o ~ ~ d  in te rac t ion  t o  produce aamge, 
altinough definitive conpr isons  betveen wet, m a  drj t e s t s  have not g e t  been rmde. 

Pure oxide prepara;t;ions .Ei.red at, 1600°C i?ese r e s i s t a n t  to rad ia t ion  

!l%e shlsry I r rad ia t ions  Irer"esx.ed to above ?rere car r ied  out pr imwily  t o  
determine diether or n o t  there vas a gross de te r iora t ion  of s lurry behavior under 
reactor irn'ziliation m t h e r  than t o  assess p a r t i c l e  damage a.s such. The choice of 
s1ui-iy i.nvest;:i.ga-tea wts detemlned by t'ne current opinion on that s.ms the  b e s t  
s1ur-x~ oxide and the  pirtcicular reactor  concept envisaged, A l l  s l u r r y  Frradi- 
a t i0n . s  were carried 011% .i.n a dash-pot-st;i:rred s t a i n l e s s  steel autoclave" a t  2 8 0 " ~ ~  
and the  principal. i n € o m . t i o n  clevel.oped was tslnether or not  the slurxy could be 



Table 10.1. Particle Size Effects i n  ?,eactos-IrradiateL Slurries 

Temperature : 280°C 
FLX: -2 x io'' neutrorLs/c:a2. sec 

D.verage Par t ic le  5 Less -thm Eractional 
Siurry i r r a -  S t i r -  Size (2) 0.7 !l Incrense 

3 6jO"C-fircd '_"no> j 30 258 0.2 l 2 0  (67) 2 .o <0.7 11 64 6.2. +,? 
5 'jOO"3-fired Thoa j 00 0.05 12 (791 (L.1) 0.9 (32) 37 1.2  5 
0 c550"C-fired Tho2 5 00 165 0.05 165 2.0 1.7 11 31 2.9 5 , 6 

L1; 53 1.3 5,: 
34 3.1 7,8 ~7 9 0 0 " ~ - f i r e i  ~n - o.$ vz3' oxide 1000 ?2 49 9 26 

21 900°C-firei I n  - 0.46 L'"" oxice 75 0 168 72 168 52 (0.9) 1.9 (19) 3: 1.8 8 , l O  
2*5 900°C-fired Tho,- 75 0 198 0.08 198 33 0.6 0.8 40 !17 1.2 9,10 

9,10 0. 
27 800"C-~1red T N I ~  75 0 344 0.4 344 2 1  (2.0) 3.1 (15) 24 1.6 
1.3 1500"C-fired purLJed Tho2 5 00 336 0.4 320 (21) (1.3? 1.3 (16) 15 1.0 11 

12,13 38 1000'2-fired '"n - 0.4$ nat. U oxide 750 332 l . b  62 (501 (0.8) 0.6 144) 60 1 . 4  
40 1300"3-fired :"n - 5 00 322 138 322 5s (1.71 1.: (32) 23 <:.a 13  

)4 10OO"C-firec 'i?l - 73 0 49 1.5 49 76 1.1 0.8 10 110 11.0 1j,14 
L 3 , I L  46 1000"C-fired Th - 5 00 361 11 361 97 i.1 1.0 10 34 3.Ll 

Ir.! 1003"C-fired Th - 250 354 1- 354 5s 1.1 l . 1 10 32 3.2 13,11, 
9 3 10 (14 )  1.1 0.4 9 7 3 0.1 

35 0 - 1.1 i.O 9 3L 3.8 
48 1003"C-iired !tb - 250 3 10 
k9 ;Ooo"C-fired '3 - 4:'. nat. ij oxide 250 350 

2 .o 4 16 .i 

.. 0.8 0.6 
2.0 1.3 _.I. 

I ,  

9 :GOO°C-?ireci ;xxpeci ?%02 5 oo 200 0.08 200 G 3 j  

U 

. _, 

L Z  
5 c; I!+ 1'7 

5'1- 1050"C-flred 3 - nat. U oxide 2jO 335 20 3 35 7'1 1 . 3  
35 io50"C-fired LYI - ?$ n a t .  u oxide 5 00 370 22 3 70 28 1 .3  0.6 4 

"Under i r rad ia t ion .  dXeferences : 

'Va.Lues in  parentheses obtained on the solids frorn a control  experiment; 7. OKIL-2096 .L4, 3mL-2654 

?"Values in  parentheses estimated from s e t t l e d  VOlWleS of recovere< so l ids  4 .  OPJL-191t3 1;. o?m-2$32 
asswn.lng c o n s t a q t  se;;leti densiLy f o r  a l l  l r r s i a t e d  soAds; ot:iers based 5,. 0TX~-?O04  12. 0R$I2-2$93 
on Th deten lna t ions .  u .  OF&-2057 13. 0RTIL-2541 

others from or ig ina l  ma-ceriais. 8. OFJJL-2il!18 lj . 0RK-2696 
I;. OF2 x 7 4 3  
17. o r ~ ~ - 2 3 7 9  

3. o-m:>-2222 
io. 0~(1,~-22i'72 
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stirred mder i r r a d i a t t o n .  The stirrer degraded t h e  partiel.es, p a r t i c u l a r l y  those 
larger than 1 JL, making t h e  par t ic le -s ize  da ta  somewhat d i f f i c u l t  t o  i n t e r p r e t .  
Since coxtrol experiinents w e r e  run i n  at least some of Yne cases and. s ince 
;nechanfcal degradation out-of-pile by t h e  stirrer did. not proceed much below 1 p9 
qua1itat:ive in te rpre ta t ion  of the p a r t i c l e - s i z e  da ta  rel.st?.ve t o  irrad.iati.on 
dpnage t o  p a r t i c l e s  ap.;>ears permissible.  
-any experiment; so some bias inay have been introduced i n t o  the analyses, 

Not a l l  t h e  mc?;teria.l vas recovered i n  

The d.ata i n  TrZole 10.1 :EE taken from a l l  the  slurry i r r a d i a t i o n  experiments 
i n  which nmterial recovery vas good enough and the  par t ic le -s ize  m s l y s c s  on t;be 
i.rradiattted mdi,eria,l weye s u f f i c i e n t l y  self-consis tent  t o  ~mrrant, a t ten t ion  
TVhile t h e  average p a r t i c l e  s izes  o f  t h e  unirradiated arid irradio,tea rmterial 
are given, probably t h e  most irnporl;ant information is t h e  increase i n  the s ize  
fractiion <0.'7 p, since riechanical act ion of the stirrer ( i n  the  ahsence o r  irra- 
d ia t ion)  probably head l i t t l e  o r  no e f f e c t  i n  producing maller rater ta l . .  I n  the  
t;vn i r r a d i a t i o n s  of 1GOO"C-fired :na;terial, 200 and 336 h r  respectively,  there 
w,s l i t t l e  p a r t i c l e  darcage (Fig,  10.3). m e  data  ind ica te  ttmt ~ l i 0 2  fire(]. a t  
650 t o  800"c wis less resis- tant  t o  p a r t i c l e  damage by reactor  i r r a d i a t i o n  than 
t h a t  f i r e d  at 900 t o  1600°C. 
o r  no p a r t i c l e  damage i n  a 32O-hr i r r a d i a t i o n .  
ta ining 5 t o  €$ n a t u r a l  uranium, i n  general, appeared. less r e s i s t a n t  t o  a.mage 
than thoscl containing 0.4 t o  0.5.:. uranium. 

A 1300"C-fired Th - 0,5$ oxide suffered l i t t l e  
Mixed thorium-uranium oxides con- 
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Besides the  increase I n  the Pine f r a c t i o n  less than 0.7 11, evidence of radi-  
a t ion  damage w a s  indicated by t h e  marked change i n  tine size-dis t r ibut ion cuives 
of nearly a l l  the i r r a d i a t e d  samples when compared with those of the or ig ina l  
m t e r i a l s  I n  genernl, where the  s ize-dis t r ibut ion c l i ~ l r e  va:: much steeper and 
agglomeration haii apparextly occurred, it w a s  believed that, p a r t i c l e  damage bad 
taken place (Fig. 10.4). The apparent discrepancies i n  Table 10.1 in which a 
Large increase i n  tine f rac t ion  of mater ia l  l ess  -than Os'.( i s  accompanied by 
l i t t l e  or no charige, and sometimes even an increase, i n  average s i z e  result from 
such ag@omeration. There i s  some evidence t h a t  t rea t in(?  a sl.urry i n  a reducing 
atmosphere w i 1 . l  a f f e c t  the  r e s u l t s  of the subsequent par t tc le -s ize  a m l y s i s  such 
t h a t  p a r t i c l e  growth w i l l  appear t o  have occumcd. This may account for some of 
.the agglomeration seen i n  the i r rad ia ted  materials,  many of which were i.rradi.ated 
ii.ader reducing conditions. 

F a c i l i t i e s  a:re being developed for both the  dry and wet i r r a d i a t i o n  of 
t h o r i a  powders ana pellets. 
tained. i n  2.5 -in * -Long 0.48-in. -OD alwninm capsules i n  R he J.im atmosphere 
For mechanical protect ion and ease of hanaling, seven of t h e  capsules wj.3.1 be  
ccxrl;ained i n  a second perforated can so that reactor  water vi l l  cool t h e  capsules, 
FourLeen capsules may be i r rad ia ted  simultaneously i n  a p a r t i a l  f'uel element i n  
LITE Lat t ice  post t ion C - h l .  Seven capsul-es tha t  are now under inmli .a t fon contain 
Th - 2$ UZ3" 0xld.e p e l l e t s ,  P-82 thor ia  p e l l e t s ,  arc-fused. 'i'h02 (1.0 to 12 mesh), 
f i r e d  t h o r i a  g e l  fragrcent:; (LO t o  12 mesh), and Th - 0.5$ U"35 oxide powders 
(DT-22). A coba1.t flux monitor and a small quantity of si lvered Yorkmesh f o r  an 
iodine t r a p  were inser ted i n  each capsule. 

For the  dry i r r a d i a t i o n  the  ma-terials w i l l  be con- 

An autoclave to p e m i t  ir i-adiation of m1.ltiple "wet" samples of oxide i s  
being developed and fabricate& fol- inser t ion  i n  t h e  C-43 i-rradiation € a c i l i t y .  
While each mater ta l  w i l l  be separately contained i n  the  irm,aiatkm autoclave, 
they > r i l l  a l l  be exposed t o  a common gas and l iqu id  phase by means o€ a sintered 
stahless steel  f i l t e r  i n  each contai.ner. The i n i t i a l  experiment w i l l  contain 
s intered t h o r i a  powder corrpacts, f ired sol-gel thoria ,  shaped al-c-fused thoria ,  
arc-fused t h o r i a  fragments (300 t o  500 p), thoria single  crystals ,  and 1600"~- 
f i r e d  t h o r i a  powde:r (DI'-l+6). Another irr&ia.t,i.on - f a c i l i t y  analogous t o  C - 4 3  t o  
permit long- and shoe-term multiple vet irmad.lations i s  also undey development. 

1. J, P. McBri.de, HKP Prog. Hep. Nov. 30, 1960, ORNIJ-3O6I., p 75. 

2. L. Compere, H. C, SavQ*ge, e t  al., HHP P:r.og. Rep. Kov. 30, 1960, oflv~--3061~ 
P 89. 

)I. J. A. Lane, 11. G, MacPb.ersoii, and Frank Naslan (eds .), c;uJd Pael  Reactors, 
p 180, Addison-Wesley, Heading, bhss., 1958. 



ENT OF GAS-RECQ BIN ATlON CATALYST 

J. P. McBride T,. E. Morse W. L. Pat t ison 

11.1 GAB-INJECTION lU'P~r\KRTuS 

Calibrati on o f  the  gas- inject ion apparatus' used i n  the gas-recorrbination- 
ca ta lys t  developnent s tudies  continued. Parl,ial holdup of gas i n  t'ne capi l la ry  
connecting the  charging system t o  Yne react ion autoclave has been suggested2 as 
mi explanation f o r  cer ta in  anomalies t h a t  have been observed (e.g, , incorrplete 
recombination and threshold react ion pressures). Tne r e s u l t s  of R s e r i e s  of gas- 
recombination experimnts ,  i n  which. Yflc holdup of t h e  second gal charged (D,) was 
controlled by d i s p l a c i ~ g  t h e  gas i n  the  capi l la ry  wLth a measured quant i ty  of 
water forced i n  behind. the  gas, appear t o  support t h i s  concluc-ioti. 

Xn t h e  calib.ration exper imnts  e s s e n t t a l l y  constant qu.a.ntiti.es of 02 and Dz 
were charged t o  the  capi l la ry  system connecting t h e  pressurizable gas b u r e t t e  
with t h e  react ion ai?lCoclLzve (first O2 and then 921, displ.aced w3th various qmn- 
ti.ties of inter, and allowed t o  recombine t o  apparent steady state. A t  the  end 
of each recombination exceriloent the  autocla-ve w a s  cooled t o  room tempemture, 
and a sample of t h e  residual  gas i n  t h e  react ion system w a s  -taken f o r  02 and Q2 
analysis  and t h e  remainder w a s  released p r io r  t o  reseal ing the autoclave anta 
hea-Ling it t o  temperziture f o r  the  succeeding experiment. 
in jec ted  was increased, t h e  i n i t i a l  IIz pressure i n  t h e  react ion system increased, 
i n i t i a l  recombination rates increased, a d  the t o t a l  quantity of Dz combined 
increased u n t i l  e s s e n t i a l l y  complete react ion or' t h e  D2 aii.d.ed t o  the  react ion 
vessel ~.ms indicated (i .e. ,  the percentage of D2 i n  res idua l  gas approached zero; 
see Table 11.. 1). 

A s  the  Gam.m.nt, of .water 

"he holdup volume between the pressurizable gas b u r e t t e  arid the  react ion 
aimtoclaTre had been estimated. a t  0.92 ml, 0.36 r l  i n  t h e  c a p i l l a l y  tubing between 
t h e  ga:; b u r e t t e  and the  charging valve, &and 0.56 c n l  i n  t h e  capi l la ry  bctveen Yne 
charging valve and t h e  react ion autoclave. WE data of Table 11.1 suggest t h z t  
the  holdup volunie is  prcbably closer  t o  1.,l ml.. 

I n  support of tihe in-p i le  s l u r r y  cormslon s tudies  by the Corrosion Section 
of the Reactor Chemistry Division, gag recombination was studied with slurries 
containing the  oxide projected .To:r Yne next in-pile stu&;r and added pall.zdi.wii 
ca ta lys t .  
9% - 12"hf U2= oxide and 1460 ppni T U  (based on Th) of the  sol-prepare& palladium 
ca ta lys t .  
w/ml, 
s l u r r y  w i l l  be s u f f i c i e n t  t o  uiairitain -the pressure af r a d i o l y t i c  D2 gaa o,t 7.00 
psi or l e s s  a t  280°C during t h e  in-p i le  experiment. 

"he s l u r r y  t o  be irriiitiaAed w i l l  contain 782 g of 7% per  kg of DpO a8 

Tkbe power densi ty  during Lrrzdiartion in t h e  LI'YR wLIl be about 26 
Out-of-pile data indicate  t h a t  t h e  c a t a l y t i c  a c t i v i t y  of the proposed 

Two series of experiments were car r ied  out.  One used a labgratory-prepared 
s lur ry  containing 68 g of Th per kg of D& of the  Th - E?.@ W2'> oxide an& 1.54 
ppm Pd (based on Tn). 
experiment car r ied  out by t h e  Corrosion Section d i l u t e d  t o  give 86.3 g o f  1% per 
kg of UzO of the  Th - 12.476 1J"35 oxide arid conLaining 14.60 ppm Pd (based on 'I%). 

T'e second used t h e  slurry from a rnockup of the in-pf le  
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Table 11.1. Calibsati  on or Gas-Injection Apparatus 

Slurry oxide: 
Slurry concentration: 
Reaction t a n p e r d u r e :  280"c 

1225"c-rired ~h - 0.5% P3' oxide 
483 g of 'i'h per  kg of DzO; 61cO p ~ m  Pd (based on Th) 

x 10-3 

4.46 
4.51 
4.58 
4.50 
1.k. 65 
4.68 
4,72 
4.79 
h .7T 
4.39 

x 10-3 

2.89 

2.83 
2.84 
2*84 
2.80 
2.78 
2.83 
2.86 
2 *y2 

0 
0.23 
0.46 
0.5'75 
0.69 
0.805 
0.92 
1.04 
1.15 
1.09 

37.1 
38,6 
32.3 
28,g 
25 .o 
12.8 
lt.4 
2*1. 
1.8 
2.1 

62.9 
61.4 
67.7 
71.1 
75 * O  
87.2 
95 -6 
97.9 
98.2 
97.9 

12.6 

29,4 
43.4- 
53.11. 
81.5 
90.2 
95 03 
97.8 
97.6 

Pr ior  t o  i t s  usc i n  ihe recombination studies, the laboratory-prepared slurry i r i s  
heated i n  O2 (600 p s i  above stem pressure) at 2 a " C  f o r  68 h ~ .  
hczd been heated about t 'n~ee veesks 1unilcr approxiiilately the  same conditions. The 
i n i t i a l  reaetioii r a t e s  were correlated by a k i w t i c  expression involving a f i r s t -  
power dependence of rate on t h e  hydrogen p a r t i a l  p r  ssure and a O.5-po~er depend- 
cnce on oxygen pa?-tial pressure (IdP/dt..) = kP 

ra te ,  moles of D;. pez. hour per  l i t e r  of s lurry,  f o r  R given D 2  p a d i a l  pressure 
w a s  calculated f mm 'die expression: 

The mckup slurry 

F !The molar reconbinztion 
Dr Or 

d.D.Pf d t  2 molar recombination rate, 
v = volume of ~ i e  gas phase in -LSW reaction vessel (28O0c), e = volume of the  s lur ry  phasc i n  the  react ion vessel (280"C), 
k = rate constant. 

A l imited number of e.qerimnts were made with the  laboratory-prepa.red s lur ry  
a t  700 p s i  02 and 62 t o  108 p s i  D2 i n i t i a l  pressure. The rate aata (Table 11.2, 
Fig.  1.1.1) showed yeasonable sgreeinent with t h e  proposed k ine t ic  expression. 
reaction ra-t constant. w a s  obtained from the slope obtained by p l o t t i n g  
(dP/dt)/IjO2J~ vs p,., (F1.g. 11.1>. me average CPT (ca ta lys t  per~omimce index) 

f o r  t h i s  sl.u.rry vas 1.2 w/niL a t  283°C f o r  a 6@-fiiiea autoclave. Using the rate 
constant t o  calculate  t h e  CPS a t  100 p s i  D2 part ia l .  pressure and assuming a l i n e a r  
dependence of c a t a l y t i c  a c t i v i t y  on s l u r i y  and cai;alyst concentration, t h i s  indi  - 
ca tes  a @PI under tine conditions oi" .l;he LITR imailia.t:i.ons of b e t t e r  than 100 w/rnl. 

The 

2 

For the  d i lu ted  s lur ry  from t h e  mockup of the  in-p i le  experiment, the  i n i t i a l  
reaction rate was studied as a function of tine i n i t 4 i a l  02 pa-rtial  pressure f r o m  
200 t o  800 ps i  above stearn a t  28O0C and a constant D 2  p a d i a l  pressure of 
110 p s i  (Table  11.3). 

02 
Figure 11,2 i s  a l i n e a r  plnt, of (dP/dt)/PD2 vs P 



7kl;bI.u U.2. Reaction Rates of Dg-02  MixZ;ures i n  an Aqueous 11-1 - E.4$ U235 
Oxide Slurry Containing Pa1la&3.imi Catal-yst 

Slurry composition: 
~ e a c t i o n  teniperature : 2 8 0 ° C  
Slurry pretreatment:  

68.0 g of Th per kg of D20; 151 ppm Pd (based on Th) 

Iieated with 02 (600 p s i  above stem: pressure) at  2 8 0 ° C  
f o r  68 h r  

I 

Gases Charged (rno1.m ] I n i t i a l  Pressures ( p s i )  I n i t l a 1  Reaction Rates 
02 n, 02 D.2 ps i /hr  moles/hr CPZ 

x 10-3 x 10-3 

9.119 U.0 600 84 191 0.21 0.9 
8.87 11.7 705 108 270 0.29 1.3 
8.90 10.7 728 62 149 0.14 0.5 

Table 11.3. Effec t  of Oxygen Partial- Pressure on Recombination Rate i n  TI - 
12.14 u ” ~ ”  oxide Slurry Containing Pallaiium Catalyst  

S lu r ry  composition: 
lieaction temperature : 2W0C 
slurry pretreatment: 

86.3 g of Ti1 per  kg of D$; l.&O ppm Pd (based on !h) 

Beate& wit11 02 ( 4 0 0  p s i  above steam pressure) a t  2 8 0 ” ~  
f o r  appmximte ly  three  weeks 

Gases Charged (moles) I n i t i a l  Pressures ( p s i )  I n i t i a l  Reaction Kates 
02 D2 02 D2 psi/hr moles/hr CPI 

x 10-3 x 10-3 

0.97 
8.90 
8.40 
6.74 
6.61 
4.11 
L.08 
3 *72 
2.73 
2 , 1C2 

1”U 
1.00 
0.38 
1.10 
1.11 
1.16 
1.22 
1.23 
1.22 
1.26 

737 
322 
&a 
380 
Go1 
371 
382 
376 
240 
a a  

100 
106 
106 
101: 
IJ.7 
112 
120 
1 l J . C  
96 

IJ.0 

2356 
2262 
2271 
2000 
2280 
1725 
195 0 
1764 
1249 
1364 

8.4 
7.0 
5 .7 
7. ‘7 
7.2 
4.3 
6.2 
4.. g 
3.8 
4.8 

k = 0.66 hr-” 
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UNCLASSIFIED 
OPNL- LR-DVvG 60154 

~~ 

68 0 g T h / k g  D20 
154 ppNn P d / i  h 

280 “C 

5 
6C 70 a0 90 100 t 13 

PD2,  INIT14L CELIERIUM PRESSURE ( p s i )  

Flg. 11.1. Ef f i r r t  of Deuterium Partial Pressure on 
Recombination Rate i n  Thorium - lX4% Uianium Oxide 
Slurry. 

dYhl A S S I F I E D  
O R N L - i R - D W G  60155 

8 6 3 g T P / k g  D,3 
1460 p p n  P d f T h  
8 6 3 g T P / k g  1460 p p n  P d f T h  D,3 /’ 

280 o c  

/” 

12 14 16 18 2 0  22 24 26 28 3s 

Po2 , IN IT IAL  OXYGEk PRESSLIRE (psi)”‘ 

Fig. 11.2. Effect o f  Oxygen PmtiUI Pressure on Re- 
combination Rate  i n  ‘Thorium - 12.4% Uranium Oxide 
SI uriy. 

i.n agi-eernent v i t h  the  proposed k ine t ic  expression. 
slope of t h i s  1 . i ~ ~ ~  the ca.lculated C P T  a: 2 8 0 ° C  and a gas l;ljxture o f  700 p s i  02 
e.ad /OO p s i  DZ i.n a G@-fiK.ed. au-toclav:: wa:; 6.8 w/ml.. Again, assuxing a /Linear 
cleependence of r a t e  on concentration, a CPL g e a t e l -  than 60 w//aiL i s  indicated for 
the in-pile experiment, Wnen t h e  react ion rake was measured a t  aboint, 200 p s i  02 
above steam ai; 280°C the f i r s t  rencti.on ii? t‘ne ;?roup of three after d i s t i l l a t i o n  
of the  excess ~ m t e ~  proceeded a t  a, n?easumbl.e rate, but i n  t h e  following two 
eqcrli-nk3nts the  Dz reacted am rapidly a8 i t  was charged. The series was repeated 
again aftsr ~emovaJ. of thc  excess mtctr w t I t i l  the same r e s u l t s .  This  m y  inatcat-  
t h a t  the  t r u e  k i n e t i c  expression of low 02 p a d i a l  prea~;.u:t;es o r  l o w  02/D2 yat ios  
may be sornevhat inare conrplicated than “ne one used t o  cor re la te  Yne prescnt data ,  
Enizanced cata.3.y-blc a c t i v i t y  at; low 02 pai-tial pressures i s  i n  agreement with data 
presented i n  a previous yepart.2 

Using the lr obtained. from tlne 

Experimeiits with the two slixries were REI,& i n  the  same way. Residual gases 
f ro l a  m.y previous ex-periments were removed by heating (or  coo~.t:ng) t h e  sl.urry t o  
-100”C, bleeding off the gases, closilig the system, a d .  haating -to 2?O0C. The 
desired amcrunt o f  02 was b j e c t e d  into the  bomb, and thc  heating was contlnued 
1. hr .  
vol.itne was then injected.. 
m e x i ,  showed l;iia.t rmre than oC$ of the  D z  7,s consimed in t h e  react ion.  
ject ion of wi$’iet* to disp1.ace the Dz froin ?ne capi.llai-y resu l ted  iii tlile i m t m -  
duction o f  a, s m a l l  q u m t i t y  o r  water i n  the  slurry. 
d i l u t i o n  of Ync s J . i ~ ~ z y ,  eqesiiiiwxts w e r e  perfom~ed. i n  g:roups of three,  and the 
excess water wis removed by d . l s t i l l a t l o a  a t  the eonclusion of tine thiind cxp‘e-riment. 

Deutt,eri.ui:i followed by water in s l i g h t  excesc; of the c h a r g i n e - @ a p i l l a ~ ~  
Analysis of the  i r z i & u a l  gas a t  Ljie end of each elcperl- 

The i i i-  

111 orclel- t o  avoid excessive 
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12, SLURRY CORRQSl6N AND BLANKET MATERIALS TESTS 

E. L. Cornpei-e fi. C .  Savage 

J. M. Esker S. A. Heed 
R .  E. McDonald* A. J. %or 
T. H. -%uney L. 1'. woo 

12.1.1 Evaliiation of Codc P-82 P e l l e t s  

'i"ne method of fa'mication and the results of ini-Lial. evaluations of code 
P-82 pel]-ets were discussed previously. l j  * 
highest  integ%i.ty of any pe!.l.ets imde up t o  .thai;  LE and on t h i s  bas i s  vas 
chosen f o r  fu r the r  evaluation i n  an in -p i l e  t r s t  (see Sec. 10.1.2).  Therefore 
supplementarry da t a  were obtained during the present  report period t o  bet-ier char- 
ac t e r i ze  tile p e l l e t s  and. t o  eval-uate t h e i r  reI.ative i n t e g r i t y  mder other  t e s t  
conditions.  

'Ihi~s batch of pe?l.ets displayed. i;he 

Riysi c a l  cha rac t e r i s t i c s  of the p e l l e t s  were deteimined by waswements of 
the-lr spec i f ic  su-r.€'ace ai-ea by a modified BET3 metliod using krypton-gas adsorp- 

and by determination of pel l e t  densi ty  by water immersion. 'l'he homogenei of 
the p e l l e t s  was deterniined by conventional m t = t s l  lupgical  pol ishing and etching 
techniques. Resul ts  of the ex,-zmiiidit?ons are prescnted i n  Table 12.7 and Fig. 12.1 

t ion ,  by estimation oi' the i r  pore volime and pore radius by ~ercui-y intrusion,  4 

Tab1.e 1.2.1. Physical. Fmpei-tics of Code P-82 Tho2 Pe3l.ets 

Ri,gh.t, Cylinders ~ i t ' l  Hemispherical Ends, 0. %:L9-ia. Diameter 
x 0.205-iii. Length; Gal-cined a t  1650OC fol" 2 h r  ..... ......_... ............. 

Surface .=ea (BET, krypton) 0.01 1 m2/g 

Average pore radi-us (Hg in t rus ion)  0.9f54 p 

Pore volume (Hg in t rus j  on) 0.0055 c c / g  
o r  5.1. vol  70 

Density (H20 immersion) 9.14 g / c c  
f____ _. . 

The avemge gra in  s i z e  as  s h o m  i n  Fie;., 12 .1  i.s approximately 1.0 t o  15 li. 
'The surface area oi" 15-it cii.bzs is 0.W m2/e;. 
0.011 m2/g imp1.ies the  accesslbi.I.~~-ty t o  kwptoil of a siibstaiitial fracti-on of 
i n t e r n a l  s i r f ace .  

m e  observed swface  area o f  

The obs;e.r-red. nore vol11.m.e of 0.0055 c c / g ,  coupled. w i t h  a densi ty  oi" 10.0 
coinputed fimm crys-tLal. 1-att ice parameters, I.eads t o  an es.t;i.rflated dens1 t y  of 9.4? 

"Post i r radiat ion Examination GI-oup, bletallurgj Division 
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Fig.  12.1. Photomicrographs of  Interior of  Code P-82 Tho, Pellets. (a)  Cracks Originating at Junction 
( 6 )  Void in Center of Pellet. of Cyl indr ica l  and Hemispherical Sections of Pellet. 

Etchant: HF-HNO,. 500X. 
As polished. 150X. 



i f  there  are no inter-nal voids inaccessible  t o  mercury in t rus ion .  The observed 
densi ty  by water immersion was obtained without outgassing; w a k r  doiibi3.ess a i d  
no t  intrude i n  the pores, and tiie dens1.t~ of 9.14. may be cou-pared w - i t h  the  above 
esLiniate . The discrepmcy be”6ween them irflplies t;le existence of i.n.t,ernsl voids. 
Such volds n-lay be seen i n  the  photoinicrographs of Fig. 12.1,  

Supplementary a t t r i t i o n  da ta  from spouted-bed tes t s  a f t e r  aii tocl  av3 ng the 
p e l l e t s  i n  35OoC w a i , r r  and from a small fluid:-zed-bed t e s t  a e  s m m i z e d  i n  
Table 1.2.2. D a t a  from prevjous t es t s  are a l so  included f o r  compaTison. 

Table 12.2. A t t r i t i on  Rai;es of Code P-82 
Tho;! Pe l l e t s  in Various Tests 

Average Weight Loss Hate 
(Vdhr) T e s t  

~ _. 

Aceel-erated Tests  

Spouted bed (10 pe l l e t s )  ; supei-fic_lal 
vel.ocity, 0.37 fps; two 1 -h r  exposures 

Before autoclavins 0.27 

After au t x x l a v i q  i n  

XO’C water 

35OoC vater 

Ea1 1 m i 1 . l  (10 pe l l e t s ) ,  3.75-in. -JD 
ru’ober-l.ined m i l l ,  150 rpm 

Fluidized bed (2- by 2-in. s t a t i c  bed); 
3070 bed expansion; 12-hr exposwe; 
s7J::erficial veloci ty ,  0.56 f p s  

0.49 

0.51 

0.06 

0.014 

Although ?e l le t s  aiitocl aved i n  w a t e r  a t  26OoC showed a subs tan t ia l  incrensc 
i n  a t t r i t i o n  i-ates, fu r the r  increase to 350°C autoclaving temperaturc cild not  
augnent t h i s  e f f e c t .  

S m a l l  f lu id ized  beds have been considered as one metnod for exposinp; pelleLs 
i n  a dynamic i~n -p i l e  t e s t .  The a t t r i t i o n  rate (0.014%per horn) shown i n  Table 
12.2 w a s  t he  average we~.ght-l.oss rate observed o v ~ r  a 12-ha- p ~ ? ~ i . ~ > d  using 430 
p e l l e t s  (2- by 2-in. s-tat.i.c bed) which were fluidized a t  a 300/0bnd expansion 
w % t i i  water a t  room temperatire.  l’he v-alue i s  considerably below the  rates 
obtained i n  accelerated tes ts .  

A l o s s  rate of 0.0670 per  day cou1.d~ be tolerated5 i n  a reac tor  p e l l e t  b l a rke t .  
Al-though tiie expel-imental yate  of 0.01470 per  hoiu was obtained a t  room tempera- 
tuiie, it appears I.ike1.y “chat reac tor  beds containing pel.1.ets of t h i s  qua l i t y  
could be fJ.ddLzed a few h o w s  a day. 

12.1 .? dvaluation of Experimental Pe l l e t s  

As p a r i  of ine  cooperative program with the  C e r a m - i c s  Group oi” the Metallirgy 
Dl v3 s i  on, samples of 11 d t f l e r e n t  e-xperimental p e l l c t  preparat ions were subjected 



t o  rout ine laboratory accelkrated a t t r i t i o n  t e s t s  as an a id  t o  evaluating new 
fabr ica t ion  techniques. Test  da t a  f o r  the s e r i e s  a re  summarized i n  Table 12.3. 
&scripti-oris of fabr ica t ion  variabl-es and de ta i led  tes-t data are reported e l se-  
wliere6~ 7. 

Wfth  the exception of one prepara-l;i.on, code P-97, a l l  the specim.ens d i s -  
played cons:itlerably higher weight-loss rates i n  spouted-bed t e s t s  than the code 
P-$2 p e l l e t s  discussed prevlous1.y. 
r i g h t  cylinders,  118x3 been p r e a t t r i t e d  by mil l ing  for  4. hr  t o  r2inove sharl, edges 
p r i o r  to t e s t ing .  
reduces wear rateA?. E! 
parati.ve1.y good a t t r i tLon  resis tance.  

C o l e  P-97 pel.l.ets, which were pressed as 

It i s  k n o m  t h a t  such pretreatment o f  cyl inders  generally 
Similarly: spheroid&!, p e l l e t s  (code P-98) displayed com- 

Mo corre la t ion  with p e l l e t  dens i ty  was m-anifested i n  the ser ies .  

12.2.1 Intrcduct ion 

In-p i le  sluriy autoclave experiment L5Z-155S w a s  performed t o  evaluate the 
radiati .on e f f e c t  on the degradation of p a r t i c l e s  i n  a thoria-urania slurry gent ly  
ag i ta ted  i n  a rocking autocl.ave i n  comparison wit& tbat observed i n  the s lu r ry  
pumped i n  in -p i l e  s lurry Z.oop eAyerirLent L-2-27s. I r r ad ia t ion  i n  the FrB-5 f a c i l -  
i t y  of the  LZTR has been campleted. Tfle Zircaloy-2 autoclave contained a thor ia -  
urania  slurry (0.470 U, based on Th) prepared. from the S a m  oxide batch (DT-22) 
used i n  t,he in-p i le  s lu r ry  loop experiment. The oxygen-pressurized autoclave, 
loaded .with s lu r ry  a t  a concentration of 996 g of Th pes kg OF D20 and 0.014 m 
in H, w a s  operated. f o r  a t o t a l  of 7'70 tir r 3 , t  280°C. 
for 453 hr ,  achieving a n  eI"fective full.-flux time of 87.27000r t h i s .  

Tfie al.itocl_a.re was irradig-ted 

From ac t iva t ion  of a cobalt  flux monitor Located inside the  autoclave i n  a 
type 3L7 s t a i n l e s s  s t e e l  tube, t n e  t'kmnal-neutron f lux  i n  the  autoclave was 
estimated t o  be 7.7 x 1.012 neutrons/cm2.sec (corresponding t o  an n v t  of  1.1 x 
1019). A t  t h i s  fl.ux, t3e s lu r ry  p a r t i c l e s  should develop 5 .1  x 10IG f i s s ions  
per gram of sol ids .  

Eased on radi.ochemica1 analyses of Zr95 and C S ~ ~ ' . '  Fn the i r r ad ia t ed  slurry, 
the f i s s i y n  dose developed Fn the s lu r ry  was estimated t o  be 3.1 x 10l6 and 
4.2 x 1.0I-O f i s s i o n s  per  g a m  of sol ids ,  respect ively.  
based on €a233 counting, were 1.73 x dt7 captures per grain of so l ids ,  h a d i n g  
t o  an estimated ti?oriim cross sect ion of 8.5 barns (based on t O t F 3 . l  . f issions from 
C S ~ - ~ ~  counting, and a U235 cross  sect ion of 582 barns). ?k i s  agrees favorably 
with the ac t iva t ion  cross  sect ion of 7.7 2 0.4 barns cited9 by Weinberg and 
W I  gner 

Neiitron captures by t h o r i m ,  

12.2.2 @erati.on 

The autoclave w a s  pretested. a t  Y - 1 2  for 198 h r  and i n  beam hole HB-5 for 
14 h r  before i r r ad ia t ion .  
posi-t:i on, pre s su re - t empra t i r e  aberrat ions developed.. 
reac tor  and experiment, tne pressure system was reca l ibra ted  and found t o  be 
cor rec t .  M t e r  the compl.etion of the experiment, a major so1.rce of the problens 
w & s  found t o  be i n  the use oE unsuitable instrument cables leading t o  the  e q e r i -  
rnent. Tlie aberrati.ons involved temperatwe discrepancies o f  several  degrees, 
brit d id  not interfere: substantial-1.y w i t h  continued i r r a d i a t i o n  a t  m a x i m u m  f lux.  

M t e r  1.5 h r  or" smooth irrrxdiation i n  the  fu l ly  inser ted  
During a shwtdown of the 



Table 12.3. S m m r y  of d%al-s.&-tios Tests o r  
Xxperimen? Th32 Pe l le t s  

b Spouted 3ed Tes tC  

( g : / c c )  f i e  -autoc-ave Pos t -au t<)c  . a d  

l- tnal  Calcn. l lensl ty  
'emp. ("z, 

ETessec- from 

da tch 
AlnLer  Average F e i g h t  Loss k t e  (Yq/i ;r> CoLe %ape a Tho2 i3owder 

P- 86 

P- 67 

P- 88 

P-89 

P-90 

P-91 

P-92 

"-95 

P-96 

P-97 

P-98 

R t .  cy l ;  corned ecds 

X. cy:; dometi ends  

R t .  cyi; dorned ends  

R t .  cyl; corned ends 

R t .  cy l ;  dorned ends  

R;. cy:; domed encs 

R t .  cyl; domed ends  

H t .  cy1 ; domed ends  

a t .  c y l ;  domed ends  

R t .  c y 1  

Sphero lda i  
k 

TI-40, 659'2-ca:cined 

D-40, 650 'C- calc-lned 

D-43, 650'C-cal c ined  

D-43, 653'C-calcined 

D-40, 650'C-cai c ined  

3-40, 650'C-calcined 

D-43, 65G'C-calcined 

Li-40, L425'C- c a l c i n e d  

D-40, 1425'C-calcineL: 

D T - L ~ ~ ,  1000°C-calc:;nect 

DT-132, l0OO'C - c a l c i n e d  

PVAe 

PVAe 

PvAe 

Carb owax 

Carbowsx 

car5owax 

CaYbowax 

Carb owax 

kcbowax  

CarSowax 

Car .b  owax 

1650 

1650 

i653 

1650 

1650 

2550 

1653 

1790 ( ~ r  a tmosj  

1790 {HZ annos) 

L425g 

1903 

f 

f 

f 

r" 

s.so 
8 .4l 

8 . 2  

9.24 

9.1% 

9.05 

'3.05 

9.20 

9.24 

8.83 

9.38 

0.66 

3.75 

0.82 

2 .25  

3.19 

: :  .~ -. -L 
1.46 

0.92 

1.37 

0.118 

0.84 

1.09 

1 .25  

1.24 

:../+t? 

1.22  

1.1~5 

1.14 

1.11 

1.64 

0.47 

0.89 

a 
A l l  p r e p a r a t i o n s  were a p p r o x i m t e l y  0.2 i n .  i n  d i ame te r  by 0 . 2  i n .  i n  l e n g t h .  

DMeasm-ed by water  immersion. 

"Ten pellets; s u p e r f i c i a l  veloci-Sy, 0.33 t o  3.37 f p a ;  t w o  1-hr t es t s .  

dExp,-posed in s t e t i c  au toc lave ,  72 hr ,  26G'C w a t e r ,  a f t e r  i n i t i a l  spo;lteC-bec. tests.  

ePo;yvinyl a l coho l .  

-Yii:ed 4 h r  w i t h  AlzCs3 tialls a f te r  c a l c i n a t i o n .  

'Killed 4 h r  sfter ca lc ina - t ion .  

hForrriecl by t c n b l i n g  cubes.  



EE autoclave w a s  equipped .with an A1.203 f i l t e r "  protect ing tlie ca,pil lary 
I.irte t o  t he  pressure instri.ment. 
noted du-ring in-p i le  operation. However, a 'venting l a g  'iu'i3s encounl;ered, and 
when Yne au.toclaxe w a s  l-ater opened the f i l t e r  w a s  found. cradred o f f .  

No indica'tion of any plugging of tlnis l i n e  was 

1.2.2.3 Radi.0l.y-tic Gas 

Due t o  the  &erZrations i n  tempera.turr.e readings a w i n g  Cne experiment, knowl- 
edge of the r ad io ly t i c  gas generated ~ m s  n o t  as we11 defined a8 !.n e a r l i e r  s l u r r y  
rliitoclave exper imnts .  
ELrs-t  1.5 hr o:f i r r ad ia t ion  with t'ne autoclave i n  the fi~l.1.y :inserted. postti-on, 
no buildup o:% ratliolyt1.c gas was noted.. Furthermore, foll.owing shutd.0.m of Yne 
experiment and reac tor  ovtm t he  weekend., i rradiatioln lFul1.y inser ted  f o r  over 3 
h:r produced no pressure rise. Ihter,  neax the end o r  - h e  i.rrad.j.ati,on, an inser -  
t i o n  experiment observeti f o r  2 hr indicated. no r ad io ly t i c  ga,s. 

Some few observations appew t o  be rel.iab1e. During the 

Between these three o'vsermtions, discrepancies i n  readings o f  the-mocouples 
(including tlie ternperat~e-con%rolling couple) were noted, arid pressure d r i f t s  
w e ~  generally associated w i t l  the temperature aberrat ions.  

It i s  believed t h a t  ca t a ly t i c  and gamma recombination m r e  suffici .ent '7.n the 
experiment -to prevent the development of observable radiolyt lc-gas  pressii~t? s . 

1-2 I 2.4 Autocl.ave Corrosion 

Gen.eral.lzed corrosion w a s  followed i n  the usml  manner by raeasundng the 
decrease in oxygen pressure during pei-iodic shutdowns ,. 
a.n out-of-pi.1.e corrosion rate of l+.L+ ngy f o r  t'ne f i r s t  l+8 hr w m s  observed.. 
rate decreased t o  I mpy for .the remaining period out-of-pile.  
Yne corrosion r a t e  remained e s sen t i a l ly  constant a t  1 nipy. 
k rad i .n . t lon  on %he generalized corrosloii w a s  indicated i n  t h i s  eqerimerit .  

As irdica-ted. j.n. .F.i.g. 12.2, 
Tne 

Upon i r r ad ia t ion  
Ttius no e f f e c t  of 

12.2.5 Recovery of the I r r a d i a t d  Slurry 

A primary pi.qose of t h e  experimsnt was t o  recovey as much of the i r r ad ia t ed  
SI-urry as possible f o r  the assessnent of rad ia t ion  efTec.t;s. Since %?le i . r r a d L a t e d  
~ l .u r ry  had been se t t le& for 30 days f o r  i t s  ra,dl.oactlvity t o  decay, resiispension 
of t h e  slurry was attempted. by inver t ing  the mitoclave 100 timel;. The autoclave 
h e a d  w a s  %?,en removed, and a 4.5 1-61 port ion of the slurry was removed with a 
p ipe t te .  A:Pte.r :Pi l l ing t'rie autocl.ave wit 'h d i s t i l l e d  water, the contents of the 
autoclave WEE further mixed by repeated1.y drawing the slurry i n t o  the p ipe t t e  
and forcing it back i n t o  the a,utoclave. Thring the  t ransfer  of t h i s  sl.irr;y t o  a. 
centrifuge cone, t h e  p ipe t t e  became plugged. Tne sl i .wry i n  t h e  p ipe t t e  sihse- 
quently w a s  recovereft by hack-flushing t'ne p ipe t t e  aiid rubber tubing. TOE: auto- 

rlav-e m,s inverted over a fuiiriel., and. sl.ux?y remaini.i:ig on t'ne ins ide  wal.l.s of the 
autoclave was rinsed wit'n j e t s  c3.f water f r o r a  small holes tlri1.led a t  t h e  close? 
end of a 3/8-in. copper tube inser ted  i n t o  the autoclave. 
thickened slurry T J ~ S  noted on Yne tmtoclam head before cleaning 

A mmll amount of 

A l l  tlie recovered s l u m y  W B S  conipositeil €n 3, single  beaker, and the water 
voluxe i m s  reduced t o  100 in1 wader a heat  lamp. While the s l u r ~ j  w a s  Ylwroughly 
ngitatcd,  two samples were removed. f o r  pa r t i c l e - s i ze  analyses. Then a dr ied  
sample was remoTied for suface-%rea determination. 

7.2 -2  .S Effec t  of I r r ad ia t ion  On P2.rticl.e I n t e , p i t y  

me w.rface area of %he or ig ina l  tiioria-uranitz (92yJ was 2 m2/gp atla tliat 
Tne slxffsce of the f ine ly  d.ivided palladiim-Ynoria catalyst (H$ was 53 in2/g. 
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Fig.  12.2. Generalized Corrosion i n  Experiment L5Z-l55S, Autoclnve Control for In-Pile Slurry Loop 
L-2-27S. 

a rea  of the unirrad.ial;ed in xture  w a s  8 rn2/ /g .  

of t h e  sl.urt.ry was 30 rn2/g, 
area si.mi1.a.r t o  Ynat shown by 1.00~ samples a t  an equivalent nvt .  

After i r rad ia t ion ,  tihe surface a.ma 
Thus irradi.a.tion resul.ted i n  ail increase i n  smface  

The r e s u l t s  of -the p,articl.e-si.ze analyses of the i - r radiated slurry and an 
m i r r a d i a t e d  repl l  cake iilixtwe (control.) are shown i n  Fig. 1.2.3. Although SOIIE 

aggiomeration of I"i.nes was indicated j.n Yile i r r ad ia t ed  sI.urry, as compared. wTYh 
Lhe unirradiated ma'cerial., no particuJ.a,r &eg?-adation of the sl w r y  w a s  seen. 

From the  results of the physical anal.yses so  far,  it i s  inferi-ed t h a t  irra- 
d ia t lon  does indeed cau.sc suixnicroscopic defects i n  the slurry pa.rti.cl-es, as 
observed by an incrcase i n  s ixface area, bu t  tha'i p a r t i c l e  agi.ta,tion more severe 
than t h a t  expe,erieiiced i n  a rocki.ng autoclave i s  necessary -to actual-ly break up 
the  sl.ux.rcy p a r t i c l e s  I 
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Fig. 12.3. Effect of Irradiation nvt) on Parricle Size of Slurry Mixture. 
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12.3 IN-PILE SLU-KKY LOOP 

12.3.1 Introduction 

Additional informati on from the examination of sl~urry samples from the first 
in-pi?." s l u r r y  l 0 0 p l - l - l ~  incl.ud.es final.  radiochemical data,  p a r t i c l e  size dis- 
t r ibu t ion ,  surface area, and c r y s t a l l i t e  s ize .  Liidications by these techniques 
of p a r t i c l e  breakdown have been confirmed. by e lec t ron  micrographs of s1.i.i.rt-y 
samples from throughout t'ne run. 

Post i r rad ia t ion  examination of the c o ~ e  region has begun. Weight-change 
da ta  on coupons, permitting the  estimation of corrosion-erosion a t tack  i.n -tliLs 
region, have not. ind-icated pa r t i cu la r ly  severe a-ttack on any specimens, although 
entrance e f f e c t s  were noted on specimens i n  22-fps hold.ers. 'Yhe question of 
possibl-e sl.ury caking i n  the core or  other  regions i s  of considerable i n t e r e s t .  
No indicati-on of any aotevorthy deposi ts  i n  tile core region i s  reported.  

12.3.3 Radiochemical Considera t i ons 

'The ii~growth of varlo1j.s f:issLon products, corrected f o r  decay and reac tor  
shu.tdown periods, emits a calculat ion of' to-tal f i s s i o n s  and other r e l a t ed  dose 
da ta .  Data for %,$5 and Ce144 were use& i.n the estimates,  C S I - ~ ~  being regarded 
as l e s s  r e l i a b l e  s ince  i.t was par t i t ioned  betweer, ao1id and li.quid phases i n  an 
7.iiadequately defined way i n  the hlgh-temperatme slurry systein. A s  showii i n  
Tah1.e 12.4, approximately 7 x fissions per  g m m  of so l i -ds  were obtained, 
with a total .  U235 burnu2 of 0.92% of t'rrat origj.na3.l.y present .  An exposure of 
1 .6  x nv't was calcul-ated, with a flux a,verage:l over the e n t i r e  slurry maLn- 
stream of 2 . ~  x 1012 nv. 

Only Cs137 was found i n  appreciable concentrations i n  the 1iqd.d phase 
r e l a t i v e  t o  tile so l id s  phase, d i s t r ibu t ion  coeffi.cien'is of approximately imi.ty 
being obt,aj.ned.. 
so l ids .  Adsorption on metal.7.ic 1.00~ surfaces  remains t o  be stud.iied. 

Zirconiwn-95, Cel@+, and Pa233 we re strongly adsorbed. on the 

12.3.3 P a r t i c k  Tn-tegrity 

Add.i. ti.onal_ data on the  e f f e c t  of irrad.l.ati on and c i rcu la t ion  on s?.iirry 
p a - t i c l e  s ize  d.istributio11 and surface mea are shown i n  Fig.  U . L ,  extending 
da ta  prcvious1.y r epor t ed l l  from the t i m e  2617 hr of s lu r ry  c i rculatFon .to t he  
terninat ion of Lhe run, after 3111 h r  of ci.rciil.a.LLon. 

T a b l e  12.4. Radi ocheiutcal D a t a ,  l i i-E)iLe Slurry Loop L-2-275 
( I r radiated 1839 hr )  

Flssions per  P a m  of  sol-ids 

Burnup 

Average f l u x  

nvt 

Dis t r ibu t ion  of f i s s i o n  products 

7 x 1016 

0.970 of or ig .  ~~~5 or 

2.L x ,012 

1.6 1019 

0.00370 of m e t a l  atoms 

Pa-233 --- cs-137 7s-95 . Ce-144 
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Fig. 12.4. Effect o f  Irradiation and Circulation on Slurry Particle S i z e  Distribution and Surface Area. 

Crys ta l l i t e  s ize  a8 determined by x-ray line-broadening techniques ahoTwed a 
steady- decrease during the e r t i r e  period. of in-gL1.e operation. 
Tkiese data may be compsred with  the corresponding surface-area nieasureriients. An 
inverse re la t lonship  has been found (Fig. 12.5) similar to -that ::i.iggested f u r  
l ov - f i r ed  tliori.as at; varrioiis f i r i n g  temperatun-es 2 4  
sfngl.e-thickness cubes, rods, and. p1.ates are s1iow-i for reference. 

(Fig. 12.5). 

Lines col-responrj~ng t o  

Direct observation by electron micrography has been used to show the 1-e1.a- 
t i v e  changes in the sttap?? and size of the circulated partic?.es. Figure 12.7 
presents a series o:P su.eh photographs of t'hc i r r ad ia t e& sl.un?j aid a lso  an exam- 
ple of unpumped, imi.:rra,diated mater':ial. 'Tne rounding of sharp e&ges and the 
prcdiiction of f ine  pmticu.lat;te matter nf ter a,bout 4-00 hr of in-p i le  irrad.iation 
i s  apparent. The progressive na-ture of t'ne p a r t i c l e  degradation i s  a l s o  evident. 
The large particles i n  several photographs i n  Fig., 1.2.7, apparent1.y 5 11 or  larger, 
may be yea1 agglomerates or xay be o s t i f a c t s  r e su l t i ng  from smg1.e preparation 
procedwes p r i o r  tu e.qosure i n  the e l e c t r o n  r r i i  croscope. 
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Fig. 12.5. Changes i n  Properties of Solids, In-Pile Loop L-2-27s. 

12.3.4 Post i r radiat ion Examj nation 

M t e r  the  1.00~ can vas removed, but p r io r  t o  removal. of spec i f ic  sectl.ons 
of the I.0op f o r  d i r e c t  inspection, a collimated gmna-ray spectrometer survey 
w a s  mad.? a t  various posi t ions along the piping, f i l t e r ,  core, p re s smize r ,  and 
pump. 
i n  the regl.on of the f i l t e r .  
t i e s  of sl i lrry on the f i l t e r  i s  t o  be made and cofiipa.red with the r e s u l t s  of a 
di-rect cutup. 
w a s  not detected i n  any s igni f icant  amount. 
detected i n  -the s t a in l e s s  steel. a t  the high-flux reg ion  of the core. 

A s  expected, some fission-product activi-'iy, notably Tz3a95-Nb95, w a s  found 
Cal.ibrati.on t o  permit d?t;emination of the quanti- 

In  ol'ner reg.l.ons of the apparatus, the  presence of f i s s i o n  products 
Cobalt-58, 60 a c t i v i t i e s  were 

Direct observation of the  in t e rna l  surface o f  the  piping at the  i .nlet  and 
o u t l e t  of the core, par t icu lar ly  a t  a welded reducer section, has shown only a 
s m ~ l l -  amount OB dispersed mater ia l  of a meta l l ic  appearance (presumably produced 
while cut t ing)  near the edges of the pipe cuts .  
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........... 

2 5 2 5 104 

CRYSTGl.I.ITE SIZE ( 4 )  

Fig. 12.6. Effect of Irradiation on Properties of Slurry Particles in In-Pila. Loop Experiment. 

Corrosion spec.i.niens of %ircaloy-2, type 347 s.l;ixi nleas s teel ,  and t i t a n i i m  
alloys 45A and llOAT m r e  exposed. a t  three d i f f e ren t  f lux levels arid. a t  .two 
d i f f e ren t  v-elocitieG, 8 and 22 fps .  .l<ach speciiiieiz bolder contni.nt?d. an identical .  
array of coupons of the same geometry. %i.rcaloy-2 specimens were located a t  the 
inlet .  : i r i t l  outlet posi t ions,  with stii1ri1ess s t e e l  speciineris i n  &&cent positl.ons. 
TWO Z?'rcnloy-2 Speeiiiiens were placed on. each side of the center  l i ne ,  axid the 
t w o  t i t m i i m -  c o q o n s  f:i I.l.ed the  rernu.ini.ng Locations. 

ObservaLLoii of the speclmms a:d a.d jacent  iriternial. s i r faces  o f  the loop 
piping w i t h  stero-optl.cs d id  n o t  show any gark-keil accimii ls t ions o f  s u l ~ i d s .  Besides 
the normal oxLi?e e.ol.ora1;:i.on R riimibcu o f  specimens showed. l i g h t e r  shalded. regions, 
whic'i~ might be very t h i n  fieposits of thor l  a so l ids .  Several :ZircaJ.oy-2 speci- 
mens showeci markings ha3ri.n.g the appea.sanee of stringer-corrDsion s l y r i a t i  011s across 
the leng't;?-i of the specimens perpendicuLar to the .fl.cjw - 
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U N C L A S S I F I E D  
O R M L - I . R - D W G .  5 8 4 6 4  

=e- c *  * *  

O R I G I N A L  P O W D E R  
U N C I R C U L A T E D  

608 h r  I A R A D  
1 5 7 9  hr C I R C .  

155 h r  I R R A D .  
1076 hr C I R C .  

448 hr I R R A D  
1 4 1 2  h r  C I R C .  

A 

1042 hr  I R R A D  
2 1 1 0  h r  C I R C .  

1 4 6 0  h r  I K R A D  
2617 h r  C I R C .  

Fig. 12.7. Electron Photographs of  Slurry from In-Pi le Loop L-2-29s. 

par t i cu la r ly  ?or  those specimens ai tile entsarice region of en array, weighk losses 
were indicated.  ' h e  weight data show that the corrosion rate during the run 
probably averaged less than 1 mpy. 

The rate of decrease of 0 2  pressure and the rate of accumulation of i r o n  
during the rim, as shown i n  a previous report,lO indicated a Eenel'alizetl corro- 
sion r a t e  of stajnless steel of 0.4 mpy. 
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Table 12.5. Weight Cbanges of Corrosion Coupons 
from Core of In-Pi le  S lur ry  Loop 7,-2-275 

Weight Change Weielit Removed. 
Posi-tlon of Scrubbed Sp,pzcimz By Scrubbing 

8 fps  22 f p s  8 fps 22 f p s  

High f lux  (wlOl3 nv> 

Titanium 110-AT 

Low f lux  

High f lux  

T i  tanium-45A 

T~OW f l ~  

High flux 

Tj-pe 347 s t a i n l e s s  s tee l  

Low f lux 

High f l u x  

1 
4 
5 
3 

1 
4 
5 
8 

2 

2 

7 

7 

3 
6 

3 
6 

+3.7 %ng -17.8 rng 3.7 mg 3.1 mg 
+4 .0 + 1.5 4 .O 2.3 
4-3.7 i 2.0 4.0 1.7 
+3.9 i 3.1 5.0 2 .i 

-3.5 2.3 mg - 
+5 .O 4.7 - 
+4.7 3.8 - 

1 mpyx = 9 mg metal lost or 3 mg oxygen p:Lckup 

- - 
- 

- - - - 

-0.4 mg - '7.9 mg 3.8 mg 2.2 mg 
- -1.0 1.4 - 

i0.5 1% + 0.5 rng 4 - 3  rng 4*7 mg 
- 4-0.7 3.3 - 

1. mpyK = 7 mg metal l o s t  or 4 mg oxygen pickup 

+0.5 mg -10.1 rng 2.2 nxg 1.6 rng 
- to .  5 - 5.0 1.8 2.5 

+0.3 mg 3.4 mg - 
+O .5 4.2 - 
1 inpy* = 12 ing metal. l o s t  or 4 rng oxygen pickuy 

1 

- 

*Based on exposure of t w o  surfaces  (l/& x 1./2 i.n.> to flowing s l u r r y  for 3115 hr. 
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PART V. FUEL MANUFACTURE 

SOI. !J T I O  N * 

13. THORIUM OXIDE PRODUCTION 

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

.......... - ................. N I TR UTE AD .J UST M E FJ i : 
EVAPORATION AND DR,ED AIR-FIRE AT 1 0 0 " C / h r  
R E D l S P E R S l O N  OR c .TO 5 0 O ' C ;  THEN 
DECANTATION Ar.iD GEL-S PLUNGE T 0  1200°C 
REDISPERSION 

0. C. Dean C. E. SchiUing 

Methods of preparing rounded 1/8- t o  l/J.L-in. a t t r i t i o n - r e s i s t a n t  t ho r i a  and 
thoria-urania  p a r t i c l e s  a re  being invest igated.  
present appears t o  be the  sol-gel process. 

The most promising method at 

Sols -rere prepared from Th02 made by 650°C f i r i n g  of thorium oxalate and by 
s t e m  s t r ipp ing  of the  n i t r a t e  from thorium n i t r a t e  crystals. 

13.1.1 Preparation from Oxalate-Derived Thoria 

Thorium oxalate  f i r e d  oa t  650°C was dispersed i n  hot  1-2 hi HIT03 and then evap- 
orated at 1 3 5 O C  and redispersed i n  water o r  settled arid decanted a t  room t e q e r a -  
t u r e  u n t i l  su f f i c i en t  n i t r a t e  had been removed t o  form a stable s o l  (Fig. l3. la).  
lhen urrtnium vas included, it ~ m s  added t o  the  sol, p r ior  Lo evaporation, as 
U03*I-I& o r  as m a o n i m  diuranate ,  
required t o  d i s t r i b u t e  the uranium hoinogeneously on the tho r i a  p a r t i c l e s .  

Approximately 1 hr of blending a t  9 ° C  was 

UNCLASSI  FI t U  
O R N l  1.R-OWG60153 

1 _ P R O D U C I '  t IF Tho2 

H2  FIRING,  
UO2 - T H O 2  4 - h r  COOLDOWN 
PRODUCT IN NITROGEN 

TH OR I IJ M N I T RAT E U03. H20  
OR Afi lJ  

HNOj+ 1-I2O 

SUPERHEATED STEAM SOLUTION 

14 -40 h r  STEAM DENITRATION 

I hl I t 
H2O 

Fig. 13.1. Schematic Flowsheets for Sol-Gel Process from (a) Oxalate-Derived Tho ,  and ( b )  Steam-Deni- 
trated Tho,. 
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13 "1.2 Preparation f r o m  Steam-Denitrated Thvria 

From 1-kg batches of Ynorium n i t r a t e  c i y s t a l s  i n  a h- by U - i n -  ro ta ry  
reactor,  aboi1-t 9 f i  of the n i t r a i e  mi:; st r ipped w i t 7 7  steam a t  390 t o  !tOO°C, about 
3 h r  being required. Tne oxide was. then dispersed- in water (Fig. 13 . lb) .  

13.1.3 Properties of Sols of Thoria Prepared. from 
Nitrate by Steam Stripping 

'IY4e N / T h  atom r a t i o  of t h e  oxide from which the sol i s  prepa:t*ed i s  important 
t o  t h e  strength, shape, and density of the oxide p a r t i c l e s  prepared from it. The 
optimum N / T h  r a t i o  i s  0.13 to 0.15 and appears t o  be t h a t  which saturates the  
s u d a c e  of the  so7.f-d and gives only enough thorium n i t r a t e  i n  so7.iri;ion to produce 
a pH not less than 3 at any titile duri.ng the  evaporation. The optimum soluble- 
thoriwn concentration Oxide products with N/Th atom rai;Io 
X.7.5 dlspersed readi ly  i n  water, but  on stand.ing overnight p a r t  o f  the  so l ids  
separa,ted as a sof t  f loc.  Mheii separated f r o m  the  s o l  supeimatant, t h i s  floc 
could be e a s i l y  dispemed by d i l u t i o n  with k i t e r .  Evaporation of t h i s  type of 
s o l  led t o  the deposit ion of more f locs .  
s t ra ined (Fig. 13.2). The 
f i r e d  prodllct had small, dense p a r t i c l e s  The dl.aine-t;ral shrinkage f a c t o r  f i-om 
g e l  t o  fired-fragmmt; stage was -1.8, 

appears t o  be 10-4 M. 

The Tn02 pan-ticles produced mre 
Frequently they fractureil i n  a g lass - l ike  pat tern.  

When a s t e m  deni t ra t ion  -i;emperaa'iure >4OO0C was used with a longer exposure 
time, or when a i r  deni t ra t ion  was used, a low-nitrate (~0.13) precursor was 
prepared i n  which a relat3.vel.j large f r a c t l o n  of pa,rt icles could not be readily 
dispersed by water. 1%e nondispersed p a r t i c l e s  were chfilky or granular. When 
prepared a t  low 'ce*rrpern"iure, they were cha.?.Jsy and could be dispersed by addition 
of smal l  mounts  of HN03, but  when made at  high temperature ( > k ! 5 ° C )  o r  by a i r  
deni t ra t ion,  long refluxing with 1.2 ?d FIN03 TELS required. 
t o  ]LO h r  s l i & t l y  -increased t h e  small p a r t i d e  suspension. 
sols vi thout  1-emoval of nondispersed p a r t i c l e s  led t o  the  deposit  of nonhomo- 
geneous g e l s  with gla,ssy particles eiilbeddeii i n  a chalky matrix, 
such pa:r*ticles were m3sS a d  had. low pzzrticle density.  

Aging a t  90°C f o r  1-4 
Evaporation of such 

When Pired, 

Three -2 M 'YhO2 sols, having N/Th r a t i o s  of 0.35, 0-14, and 0.104, were 
supercentrifiged in a centr i fugal  f i e l d  of -50,000 G f o r  1-t hr to separate i n t e r -  
micellar l i q u i d  from so l ids  - 
and sepamtcd solids a r e  mmmarized i n  Table 13.1. 
of 0.14 gave strong, v i t reaus  parrt,icl.es on f i r i n g ,  and they showed b i t t i e  
crack:i.ng. P a r t i c l e s  prepared from the  lower n i t r a t e  sol were chalky, and -t;hise 
from the ht&er nl-tra'ce material were sillall and s t ra ined.  

Analyses and states of sols, s1rperna.taii-t; liquiils, 
The s o l  with an N/Th ratio 

Table 13.1. Supercentr i f i2eet ior i  of Sols  

i n i t i a l  7110~ c o n c e n t r a t i o n :  -2 ?,! 
___-- 

Sol _..____ Supernatant  .... -. ............. Undispersed I - Ia te r ia l  

S ta te  (MI pH Xat ioa Appenm n c e 

l i - ~  Th Conc. N/Th 
IT 7 3  
At013 
Rat.i  n 

0.  :,5 Floccula ted  0 .I.]. 2.1 0.13 Clear ,  glassy 

0.1113 \!en dispersd.  0.5 x 10-4 3.1 0.11 ::ost!y c k a r ,  g l a s s y  

0.10~c Poorly dispersed 4 x 3.7 0.03 chalky, o v e r l a i d  w i t h  
-$ c l e a r  

aCorrecteci for n i t r a t e  i n  adhering s o l u t i o n .  

bSupzrnatant  no t  e n t i r e l y  c1.ear. 
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Fig. 13.2. Strained 900'C-Fired Thoria Gels from Steam-Stripped Sol Precursors Which Contained Ex- 
cessive Nitrate. 18X. 
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13.2 CLLCINATION OF mo~m GELS 

Unexpectedly, the  density of Th0, p a d i c l e s  prepared by t h e  sol.-gel process 
was s l i g h t l y  higher glen calcined i n  hydrogen a t  825 t o  1255°C than when calcined 
i n  a i r  (Table 13 . e ) .  
a3.r-fired. samples were off-white. No color-producing cat ionic  impurity >2 ppm 
w a s  detected by spectrographic analysis .  
since "c'ne Tho2 samples were dispersed i n  HN03 on preparation of t h e  sol ,  the  
p o s s i b i l i t y  of t h e  presence of carbon w a s  ruled out.  Because of the  une,qected 
r e s u l t s  of t h e  f irst  ser ies ,  a second series of p a r a l l e l  f i r i n g s  was conducted; 
t h e  r e s u l t s  were t h e  sane. Additional test  samples, f i r e d  i n  hydrogen from TOOM 

temperat;um t o  1000°C, gave purplish-bJ..ack products while those f i r e d  i n  a i r  were 
white. 
usual. off-whi-be Tho2 charac te r i s t ic  of a i r - f i r i n g .  
gen reduces residual  n i t r a t e  to n i t r i d e  which ac t s  as a flux i n  the  densif icat ion 

Hydrogen-fired products were purplish-black o r  mottled; 

A l l  samples were pref i red  a t  50Q°C, and 

Refiring t h e  black samples f o r  3 t o  4 hr i n  a i r  a t  12100°C produced t h e  
It i s  possible t h a t  t h e  hydro- 

of Thoz. 

Table 13.2" Effects  of Atmospheres and TPmperaCure on Density and 
Crystallite Size f o r  Thorium OxLide Prepared 5y  the Sol-Gel Process 

Densitya (@;/cc> 
Temp. Hydrogen - HY*,, aen- 
("c) _w-.____ Fired A i r c r e d  Fired Air-Fired 

94 0 9.50 9.30 670 460 

x - R ~ Y  C r y s t a l l i t e  Size (81 

825 9.05 9.00 1% 160 

1040 9-50  9.80 1.5 20 1490 
111~5 9.95 9.85 1-930 2170 
1255 9.90 9.80 >25 00 >e5 00 

%oluene immersion method; not outgassed. by vacimx. 

R s l i g h t  reduction i n  density on increasing the f i r i n g  temperatme fyom 1150 
t o  E50"C w a s  observed consisteii t ly fox- both t h o r i a  and thoria-ixrmia ge ls .  

Both oxalate- and nitrate-derived %no;! gels wi.t;h Tho2 concentrations of 1-8 
M were cas t  i n t o  rounded graphite iiiolds ox were hand ro l led  and evaporated a t  
various r a t e s  i n  air, vacuum, o r  stem at temperatwes from 25 t o  l35"C t o  form 
spheres. 
(a f a c t o r  of 3 t o  8). 
t h e  highest  shrinkage ra te ,  and gels produced from them by evaporat:ion had t h e  
highest  cracking incidence. Sols extremely l o w  i n  ni.t;:rate gave c h a w  g e l  de- 
p o s i t s  Which tended t o  clslrribk. 

ALL spheres cracked duying d.ry:Lng because of the  large voliune shrinkage 
Sols containing obviously high ni t ra , te  concentrations had 

I n  e,xperinients t o  explore mzthods of reducing s h r i n h g e  on evaporation, 
sols were loaded wi-tli oxalate-derived 13102 powders t h a t  had been fired a t  650, 
1000, and lbOO"C,  n i t r a t e d  oxalate-derived powTzErs, and nitrate-derlved Tho2 
powders t h a t  had been heated 10 min at 350, 400, 450, and 500°C. 
so ls  already fornied, oxiaes that, had not been n i t r a t e d  mil nit rate-der ived 
oxides t h a t  had been heated t o  above 450°C destabi l ized the  s o l s  t o  granular 
materials. 
chalky fragments. 
containing powders were .Yae stx-onge9-k preparations, none survived processing 
without some cracking. 
t h e  products. 

Men added to 

When such so ls  were evapor.ted and f i red ,  t h e  products were veak, 
AlYnough products &.e by slow evaporation mid- f i r i n g  of so ls  

Steam and vacuum drying did. not Lmprove t h e  i n t e g r i t y  of 
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13.'~ EVALUA!TION OF SOL-GEL fl'RAc;MEI\IT S FOR STFGNGTK AND ATTFUTION RESISTANCE 

-urania fragments prepared by the  so l -ge l  process are of promising 
d st rength.  Ten fragments containing nomLnaLly 5% uranium and having 

approximately t h e  shape and the s i ze  desired were subjected t o  six successive 1- 
hr spouted-bed a t t r i t i o n  tests d t h  corresponding weight losses  of 2.13, 0.88, 0.68, 
0.96, 1.13, and 0.2%. 
of the loss  was due t o  t h e  grinding-off of sharp points  
and 13.11). 
by nitrogen adsorption methods. 

Microscopic examination after t e s t i n g  showed that most 

The surface area of a 10-g sample was lower than could be measured 
edges (Figs ' 13 3 

UNCLASSlFl ED 
M2754 

Fig. 13.3. Thorium-5 wt % Uranium Frogments Prepared from Oxalate-Derived Thoria Sols Before Grind- 
ing in Spouted Bed. 12X. 
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Fig. 13.4. Thorium-5 wt  % Uranium Fragments Prepared from Oxalate-Derived Thoria Sols After Grind- 
ing 6 hr in Spouted Bed. 12X. 
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13.5 FOFMATE-STABILIZED SOLS 

Strong par t ic les  of 9.83-g/cc density, with few cracks, were produced from 
a low-nitrate-content Tho2 ( N / T h  r a t b  of 0.039) prepared by steam denitration 
of thorium n i t r a t e .  The production method consisted i n  aging a 3 M Tho2 suspen- 
sion i n  2 M formic acid for 72 hr, evaporation of the sol, ana f i r i n g  of the ge l  
produced. 

When a 11 M s o l  of high-nitrate steam-stripped thor ia  was refluxed i n  3.5 M 
formic acid for s ix  days t o  remove a l l  n i t ra te ,  considerable chalky sol ids  sepa- 
rated. 
Evaporation, prefiring, and 7200°C f i r i n g  produced blocky but large chalky 
par t ic les .  

These were ball-milled t o  redisperse them and then added t o  the suspension. 



PART VI. METALLURGY 

14. METALLURGY 

A. Taboada 

F. W. Cooke R. A. McNees 
A. 5. Taylor 

14.1 EFEECT OF PREFERRED ORlENTATION ON MICROEFARDNESS OF ZIRCALOY-2 

A study was undertaken to determine to what extent Knoop microhardness was 
affected by and could be correlated with the deformation characteristics and 
anisotropy of properties of Zircaloy-2 sheet exhibiting a high degree of preferred 
orientation. The texture of the sheet used in the study was characterized by a 
maximum concentration of basal poles near the sheet normal, a maximum concentra- 
tion of first-order prism poles in the transverse direction (the short dimension 
of the prism being parallel to the rolling direction), and a maximum concentration 
of second-order prism poles in the rolling direction and at 60" from the rolling 
direction in the plane of the sheet (Figs. 14.1 and 14.2). 
texture in that there was a distribution of basal poles in a zone about the rolling 
direction so that there were some basal poles in the transverse direction, some 
first-order prism poles in the sheet normal direction, and a more o r  less random 
distribution of second-order prism planes about the rolling direction. 

This was a complex 

The slip system in pure zirconium is {lOiO} <i2iO>; that is, the slip plane 
is the primary prism plane and the slip direction is in the basal plane.' 
tion by twinning is also significant in this metal. The deformation systems for 
Zircaloy-2 have not been determined but are presumed to be the same as those for 
pure zirconium. 

Deforma- 

Specimens were prepared metallographically having orientations such that the 
normal to the plane of polish was in the rolling direction for one specimen (rolling- 
direction specimen), in the transverse direction for the second (transverse-direction 
specimen), and near the direction of the maximum concentration of basal poles for 
the third (basal-plane specimen). After polishing, the cold-worked surface layer 
was removed by etching. 

Knoop hardness measurements were obtained at 37 orientations of the indenter 
for each specimen. These orientation changes consisted of 5" rotations about the 
specimen n o m 1  with one of the standard sheet directions taken as a reference. 
The reference direction for the basal-plane and transverse-direction specimens was 
the rolling direction, and for the rolling-direction specimen it was the transverse 
direction. 

In an attempt to correlate the hardness data with the known texture of the 
sheet and its assumed deformation systems, a model was proposed to describe the 
deformation that occurs when a Knoop hardness indentation is made. It was proposed 
that plastic deformation tends to occur by slip parallel to the plane of polish 
and in a direction perpendicular to the major axis of the indenter. This implies 

106 
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Fig. 14.1. (002) Pole Figure for Zircaloy-2 Schedule 62. X indicates specimen orientations. 

t h a t  defomal;7.on 5 s  caused by a wed-ging act ion of t he  indenter. Although t h i s  
model does not take cleformation by twinning In to  consideration, it was :Cound t o  
cor re la te  well with t h e  observed behavior. 

F igwes  14.3, llc.4, and lh.5 are p l o t s  of Knoop hardness as a function of 
indenter or ien ta t ion  f o r  the  roll ing-direction, transverse-directioi?, a.nd basal-  
pl.are specimens , respect ively . 

LThe plane of pol ish of the  rol l ing-direct ion specimen w a s  p a r a l l e l  t o  t h e  
max imum concentration of second-order prism planes, which were more o r  less randomly 
d is t r ibu ted  about the specimen norrnal. It would therefore  bs expected t'nat the  
hardness would change only s l i g h t l y  with ro ta t ion  of the  indenter about t h e  specimen 
normal. The data pyesented i n  Fig. 14.3 show t h a t  t h i s  w a s  indeed tile case. 
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Fig. 14.2. ( 1  10) Pi le Figure for Zircaloy-2 Schedule 62. X indicates specimen orientations. 

The plane of pol ish o f  t he  t ransverse-direct lon spechen  had t h e  same or ienta-  
t i o n  as -that of t he  maximim concentration o:T f i r s t - o r d e r  prism planes, w i t h  some 
basal pl.aries also being present.  According t o  t he  defomation model, t he  harilness 
should have been a inaxLmum for t h i s  specimen when the  major axis of t h e  indenter 
w a s  p a r a l l e l  to the rol-.l.i.ng d i r ec t ion .  
of deformation was peqend icu la r  t o  t h e  r o l l i n g  direct ion,  which w a s  t he  s l i p  
direct ion.  Furthermore, t he  Knoop hardness should hwe  decreased as .the indenter 
w a s  rotated aTmy from the  r o l l i n g  direc t ion . ,  t o  a minimum when i ts  major a x i s  vas 
i n  the  dii-ection of t'ne sheet nororial. 
d id  vary i.n t'nis maanere. 

FOY this oi-ientatlon, t h e  proposed d i r e c t i o n  

The da ta  i n  Fig. 14.h show .that t h e  hardness 

The basal-plane speelmen had the maximurn  concentration of basa,l planes and. 
some f i r s t - o r d e r  prism planes paral.?.el t o  i t s  plane o-e polj-sh, The data  recorded 
i n  Fig.  14.5 sho.cr t h a t  t he  hardness of t h i s  specimen is a maximum at 0 and 180" 
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and a minimiim a t  go", which I s  similar t o  the  hehavrior of t h e  t ransverse-direct ion 
specimen. This behavior i s  apparently due t o  the presence of the  f i r s t - o r d e r  prism 
planes 

Since the  grains or iented hTsi-l;h t h e i r  basal. planes i n  t h e  plane of polish a r e  
not & l e  t o  deform by s l i p  according t o  t h e  deformation model, it i s  not  too six- 
pr i s ing  t h a t  t h e i r  presence dons not  a . f fec t  t he  hardness va r i a t ions  more :;-trongly. 
These grairis probably deform 'oy twinning, which may account f o r  t he  hardness minima 
v'rtich occur with hexagonal symmetry a t  60 and 120". The absence of hardness minima 
ai; c? and 1.80°, which would be consistent with a hexagonal symmetry, can be explained 
by the overshad.owing e f f e c t  of grains having f i rs t -ord.er  prism- planes i n  the  plane 
of polish.  '?he extrenely short  range of o r i en ta t ions  over which the mlnirma a t  60, 
90, and l 2 O 0  occur was not expected, Nonetheless, sevem.1 indentation hardness 
transverses,  including t ransverses  a t  1.O incrtments i n  tEie v i c i n i t y  of  60, 90, and 
120°, have v e r i f i e d  t h a t  s ign i f i can t  mlnirna occur a t  these or ientat ions.  

1.4 -2 THORIA-PELLXT FMRICATIOIT 

'Two d t f f e r e n t  methods have been iuvestiga-bed f o r  foniiing rounded bodies of 
thoriuiii oxide f o r  use i n  t h e  blanket region of a breeder reactor .  The problems 
associated with one approach were very we1.l. defined, and t h e  method was shown t o  
be extremely d i - f f i cu l t  t o  control.  The okiter method appears to be very promising 
and aniena'o1.e -to t'ne necessary controls.  

The mel;lioci, previously described,2 whereby slurry-ty-pe oxides can be niodif Led 
f o r  use i i n  pressing dome-end p e l l e t s  w a s  used with several. d i f f e r e n t  lots of one 
p a r t i c u l a r  bal;ch ( D-14-0) of t'norj.uni ox1.d.c. Pe r s i s t en t  d t f r i c u l t i e s  were experienced 
during t'ne pressing of each of t'nese lotis, however, and consistent production of 
sound lamination-free bodies was not possible. 
va r i a t ions  between pell.ets produced from a single, superior batch of modifled 
D-hO oxide, whj.le Fig, l.4.6l-3 shows t'ne great  variation bi.tween p e l l e t s  formed 
from o the r  batches of modified D-40 oxide, 

Figure .1.4,6a shows t y p i c a l  

The experience w i t h  Y n e x  modified 
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Fig. 14.6. Domed-End Cylinders Pressed from hbdified D40 Thorium Oxide and F i red to 165OOC. 
(a) Variations between pellets produced from a single, superior batch of modified D 4 0  Tho,, (b) Variations 
between pellets produced from four other batches o f  modified D40 Tho,. Magnification 5X. 

powders showed c l e a r l y  Ynat it i s  extremely d i f f i c u l t  t o  p a r t i a l l y  s i n t e r  Thog 
t o  t h e  point t h a t  it w i l l  not larninate while being pressed i n t o  a hemispherical 
shape and at  the same time retaj.n s u f f i c i e n t  s i n t e r a b i l i t y  t o  nllow f o r  f i r i n g  
the pressed object  t o  a high density.  These d i f f i c u l t i e s  a r e  magnified by the  
r a c t  that sniall. differences i n  temperature or hea-Ling tlme i n  tlie region of 
1.450"C nia:rkedl.y a f f e c t  the propel-ties of t'ne powder. Likewise, t h e  bal l -mil l ing 
operation subsequent t o  t h e  1450°C heating s t ep  is ne i the r  e a s i l y  reproducible 
nor p rec i se ly  adjustable  t o  correct  f o r  va r i a t ions  introduced during the heating 
s tep.  
i n  favor of a more proiiiising method. 
i n  t h i s  fashion were submitted t o  the Reactor Chemistry Division for physical 
t e s t i n g  ( see  see.  12.1). 

Because of these difYicul t ies ,  t h i s  me-thod of :Formiug pell .ets w a s  abandoned 
Rowever, several. batches of pel-lets prepared 

Tine more promising method consis ts  of forming, with -the a i d  of an organic 
binder, a very react ive powder. i n t o  cubes at; pressures low enou-gh. t;o avoid 1am.i.-  
nations and then abrading these cubes i n t o  spherical. shapes. The cubes a r e  f i rs t  
t m h l e d  dry while sti1.J.. in t'ne llnfired s t a t e ,  and the  abraded powder i s  col lected,  
repressed imto cubes, and. t h e  cycle repeated, thereby avoiding reprocessing chemi- 
c a l l y  the mater ia l  removed during reduction of t he  cubes t o  spheres. These rough 
spherical  shapes a r e  f i r e d  t o  Ij00"C and then tumbled i.n water t o  po l i sh  the sur- 
face of tlie spheres. 
produces a body with a densi.?;y a.s high as 9.8 g/cm3. 
pazing spheres by th7.s method are shown j.n Fig. 14.7. 

A fi.m.1. f i r i n g  t o  tempera-tures In tlie range of 3.650 t o  1800°C 
The several  stages in pre- 

Studies with a s ingle-act ion press,  a slurry-type oxide, and a d i e  case 
0.211 in.  square have s'iiown t h a t  a b e t t e r  body--i ,e. , higher  green densiit;y witliout 
laminations--is produced j.f t he  oxide is heated t o  l.OOO°C f o r  2 h.r before being 
pressed, A f i n e ,  smooth powrler, free of hard agglomerates, produces cubes which 
ahrade more uniformly i n t o  a spherical  shape tiian does a powder which contains 
such lumps. U s e  of about 2% Carbowsx 4000 as a binder produces a body of  good 
green strength,  yet one i~hihich w i l l  abrade a t  a reasonable r a t e .  
hinder, t h e  milling time mcessa ry  to prodme spherical. shapes is 5 t o  10 times 
longer than when only 2$ binder i s  1i.sed. 

Wi-Lh 4 or 5% 
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PHOTO 54562 

Fig. 14.7. Five Stages in Preparotion of Tho, Spheres from Cubes, (a)  As-pressed cubes. (b) After 
tumbling. (c) After firing to 1300OC. (d) After palishing, (e) After firing to 1800"C. Magnification 3.3X. 

Soft f i r i n g  the tumbled shapes to 1.300 to l 3 5 O ' C  produces a body whi.ch can 
be polished readlly by wet tumbling e i t h e r  alone o r  with alumina balls. Fir ing 
t o  12OO0C produces a chalky body which does not polish s a t i s f a c t o r i l y  and w-hich 
abrades rzpidly; bodies f i r e d  t o  1400 t o  1.450"C are  diff j -cul t  to polish.  Final  
f i r i n g  may be done in air-control led atmosphere t o  m y  desired teiuperntu.re. 
f ive  pounds of p e l l e t s  have been prepared by t h i s  technl.que, and an addi.tional 
25 lb are now being prepared f o r  use i n  large-scale loop and fluidized.-bed studies 
to be conducted by t'ne Reactor Chemistry Kvis ion .  I n  addition, several. small 
batches of p e l l e t s  prepared i n  t h i s  manner were submitted to the  Reactor Chemistry 
Divtsion f o r  preliminary evaluation (see Sec. 12.1)- 

Twenty- 

Studies are i n  progress 'io 



113 

de'iemhe the e L"Teci of such var iables  as green densi-ty, s imkred ciensi-ty, chemica.1. 
compos i:L i . m ,  and powder c h a r a c t e r i s t i c s  on the  mechanical am3 chemical propert ies  
of l;iu? spheres i n  an e f f o r t  t o  improve t h e i r  usefulness as a blanket, mater ia l  for 
breeder reactors .  

k batch of mixed iih02 - 1% UOe spheres w a s  prepai-ed by using iiie pressed-cube 
technique. The L J O W C ~ ~ : ~  f o r  t i i is  purpose was prepared by rni.xinp; Lhe pure oxjdeo i.n. 
a Warring Blendor along with am aqueous solut ion of Carbowax. After t he  green cubes 
had. been tim'til.ed %o spherical. shapes, t he  spheres were f i r e d  t o  600°C SI ow1-y rin ai.r 
an& Lhen Lo 1350°C i.n hydrogen, After wet po?.j.shing, the spheres were f i r e d .  t o  
l'j50"C f o r  2 h r  i n  hydrogen, 
p a r t i c l e s  of U02 t h a t  ha,d not been rendered. sufficiea-LJ-y mal'!. d.uri.ng the blending 
operat ioi i ,  a unifoim s o l i d  solut ion w a s  obtained by t h i s  method. It i s  planned t o  
inves-tigate oYner methods of blending i n  order to obtain even b e t t e r  d i spe r s lons  . 

With t'ne exception of a few regions which contained 

2. A. 'I'aboada __ et --* al 9 FmP ~ Frog. Rep. Nov. 30, 1960, o~m-3061, p 101. 
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II. E. Z i t t e l  D. L, LIanning 
G. Goldstein 

15 ,1 A l * E ' E R O P ~ I C  TITRATION OF COPPFE AND Ri4RE-F- ELSPEXTS 

A n  aqerornetric method previously rlesc-dbed' foi- t h e  t i t r a t i o n  of thorium 
xijjtn e t l i y l - e n e d i ~ i n e ' c e t ~ ~ c ~ t ~ c  acid i.n which Fe (11) i s  used- as t h e  i-ndicator has 
been extended. t o  the  ficLe-sinination of copper and some of the  rare-earth elements 
(1% -e.wt,-tb but  not Ce -eart,Ii elements ) .) 

Copper i s  titra-Led by t h i s  method i.n a medium buffered a t  pI-r 2*5  .with a nix- 
t u r e  of chloroacetic acid and. sodiuni c'nloroacetate. Test r e s u l t s  forr copper i n  
syntlnetic honogeneous-seac-i;or core and blanket soluttons were as follows : 

m core 1.92 1.92 0.00 
1.92 1.32 0.00 

KR b 3xmke t 0.90 0.87 -0.03 
1.50 1.50 0.00 

Rare-earth elemenlx are t i t r a t e d  with FDIA i n  a mediwn buffered a t  pII 4,5. 
The following test  resul.ts were obtained by t i t r a t i n g  solut ions of 14 rare-earth 
elements (all except prome%him) i n  t h e  t r i v a l e n t  state : 

Ga lj.4 3.75 ____I__ 

Tb 17.9 4.00 3.91 -0.07 - - .- 
% 18.3 7.42 7.39 -0.03 
RO 3.8 " 7 4.9'7 4.gg "0.02 

Tm 3-9 * 3 4.26 4.56 0.30 

Lu 19.8 6.74 6.68 -0.06 

E r  18.9 3.67 3.70 0.03 Quanti ta t ive 

Yb 19.5 3 .'&O 3.58 0.10 

(a) 
(b) 

( e )  ~& point poorly defined, 

Log of t h e  metab-ElEA s t a b i l i t y  constant. 
Indicator  current 03tnzined upon addition of  first incremerat of 

t i t r a n t .  
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