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SUMMARY 

PART I. HOMOGESIEOUS FXACTOR TEST 

1. HRT Remote Operations, Maintenance, and Testing 

Core-Vessel Repair and Inspection 

The program of reactor maintenance and major repairs to the core tank was 
completed. 

Both core-vessel holes were patched and leak tested. Leakage through the 
lower hole was somewhat higher than had been anticipated, but it was within a 
range to permit the reactor to operate. 
any, was not measurable. 

Leakage through the upper hole, if 

Using a remote manipulator and ultrasonic measuring equipment, the core- 
vessel thickness was measured in the cone sections. The greatest corrosion 
loss (-0.030 in.) was found in the 90" cone. 

An optical train was developed and put into operation, using a Questar 
astronomical telescope, the Omniscope, and an articulated mirror to permit 
examination and photography of the inner surface of the core vessel at high 
magnification (4 to 16~). The inner surface of the 90" cone was extensively 
pitted, the severity decreasing from the junction of the 30 and 90" cones to 
the junction of the 90" cone and sphere. Small-mound deposits, rather than 
pits, were the principal visible features in a region centered on the upper 
hole. 

The core system was back-flushed to remove bits of loose debris which re- 
sulted f r o m  the repair operations. Following this, the temporary equipment 
that had been installed to permit back-flushing was removed. 

Maintenance and System Alterations 

Maintenance on other reactor equipment included replacement of a blanket 
feed-pump diaphragm head, the pressurizer interconnection, and the installation 
of a heater assembly for the fuel secondary recombiner. A new core circulating 
pump with inlet and outlet piping revised was installed in order to reverse the 
direction of flow so that fuel will pass through the core from top to bottom. 
Also, the new multiple-hydroclone assembly was installed in parallel with the 
circulating pump. 
time. It promises to be a time-saving device for s m a l l  repairs, because work 
can be done without flooding the shield. 

A new dry-maintenance facility was utilized for the first 

Personnel radiation exposures were below tolerance f o r  the entire period. 

... 
I l l  
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2. HRT Operations 

Resummtion of Nuclear Omerations 

The HRT resumed nuclear operation a f t e r  a shutdown period of severa l  months 
f o r  modification and maintenance. The reac tor  was brought t o  c r i t i c a l i t y  on 
November 7. It i s  being operated a t  power l eve l s  up t o  1.8 Mw i n  "an i n i t i a l  
approach t o  f u l l  power" experiment, which i s  current ly  i n  progress (Nov. 3 0 ) .  

Nearly 12 moles of H2S04 w a s  added t o  the  f u e l  solut ion a f t e r  t h e  start  of 
the new run (No. 22), t o  reach an acid r a t i o  (0.35 acid- to-sulfate)  t h a t  w i l l  
provide a l a r g e r  margin of sa fe ty  against  f u e l  i n s t a b i l i t i e s .  

P r e c r i t i c a l  Testing 

Before nuclear operations were undertaken, several  non-nuclear t e s t s  were 
completed. 
which establ ished the  leakage past  the  two patched core holes t o  be much l e s s  
than t h a t  experienced p r io r  t o  the  occurrence of t he  second hole.  

Among these was a mixing experiment, using chromic acid as a t racer ,  

Performance t e s t s  indicated t h a t  the  f u e l  secondary recombiner operated 
s a t i s f a c t o r i l y .  The primary uni t  did not function properly, but it i s  not 
needed f o r  normal reactor  operation. 

Several ven t i l a t ion  and containment improvemefits were completed. 

3. HRT Processing Plant 

Solids Removal Svstems 

I n  three  short  runs during t h i s  report  period, 385 g of corrosion-product 
so l ids  w a s  col lected by the  hydroclone systems. Over ha l f  (204 g)  w a s  removed 
with t h e  o r ig ina l  s ingle  hydroclone during the core back-flush operation. The 
f i l t e r  i n  the  feed l i n e  t o  the  new multiple hydroclone became plugged when f i r s t  
operated during the  mixing experiment and was replaced with a new screen element 
containing l a rge r  openings. Bearing f a i l u r e  necessi ta ted replacement of t he  
c i rcu la t ing  pump following the  mixing-experiment run; the  pump had operated 
29OC h r  p r io r  t o  f a i l u r e .  

Preliminary evaluation, based on so l ids  removal r a t e s  during t h e  f i r s t  
run, indicated t h a t  the  e f f ic iency  of t he  new multiclone i s  not grea te r  than 
t h a t  of t he  o r ig ina l  un i t .  The uranium content of t he  so l ids  removed during 
the  f i r s t  pa r t  of m 22 was only 3.5%, lower than a t  any t i m e  since run 16. 

Alternat ive Fuel Processing Methods 

Ful l -scale  t e s t i n g  of t h e  U04 f u e l  processing system w a s  delayed when it 
was found t h a t ,  although the  p rec ip i t a t e  w a s  held quant i ta t ive ly  on a medium 
glass  f r i t ,  it could not be retained on the  f i n e s t  ava i lab le  s in te red  s t a in l e s s  
s t e e l  f i l t e r .  Laboratory t e s t s  with various f i l t e r  a ids  were i n i t i a t e d  i n  an 
e f f o r t  t o  solve t h i s  problem. 

Basic Studies of Multiple Hydroclones 

Basic s tudies  aimed a t  providing methods f o r  detect ing malperformance of 
multiple hydroclone systems (which might be caused by plugged feed o r  overflow 
por t s )  revealed t h a t  the  r a t i o  of feed-underflow pressure t o  feed-overflow 
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pressure was constant over a wide range of solution densities and viscosities, 
and independent of flow rate. Departure of this ratio from the normal initial 
value can be interpreted to indicate the nature of the trouble. 

4. HRT Component Design and Development 

HRT Remote-Maintenance Development 

It was found that sealing of the lower hole of the HRT could be improved 
if the hole were reamed in a manner similar to that used for the upper hole. A 
tool to remove the lower patch and to ream the hole was designed and is being 
fabricated. 

Further Studies on Temperature Distribution in HRT Vessel with Reversed Flow 

Fluid age measurements in the flow model' of the HRT core (reverse flow) 
were reproducible within approximately 1% following disassembly and reassembly 
of the model. On the basis of the measurements, the bulk temperature of the 
HRT core should be about 2@ above the outlet temperature relative to the temper- 
ature rise across the core. 
on ultrasonic measurements, with the in-pile-loop correlation showed the two to 
be in excellent agreement. A new core corrosion-specimen holder was designed. 

A comparison of HRT core-vessel corrosion, based 

HRT Mockup Operation with Dilute, Simulated Fuel Solutions 

HRT mockup operation with dilute uranyl sulfate solution confirmed that 
chemical-phase stability was achieved only above 1 g of uranium per kg of H20. 
No lower limit to the condition of instability was found down to 13 ppm. 

HRT ReDlacement Reactor Vessel 

A conceptual design of a cylindrical HBT replacement vessel was made. 
vessel would contain a core 21 in. in inside diameter, surrounded partially by 
a beryllium reflector which would permit achievement of high power densities of 
30 to 50 kw/liter at a total reactor power of 5 to 10 Mw. 
contain a T-in.-thick region of thoria pellets, which could be used to achieve 
a conversion ratio greater than 1.0 in the Th-U233 cycle. 

This 

The blanket would 

Layouts of the replacement reactor indicate that it is feasible to install 
the vessel either in an adjacent chemical plant cell or at the location of the 
present vessel. 
cating that the fluid residence time at all points is adequately low. 

Flow tests were made of the core proposed for the vessel, indi- 

5 -  HRT Reactor Analysis 

Calculation of the Pressure Rise in the HRT for Various Ramp Reactivity Additions 

Calculations of the pressure rise in the HRT were performed for various 
reactivity-rate additions and several operating conditions. 
area of 0.1 sq in., a blanket-to-core fuel-concentration ratio of 0.3, and a 
reactivity-rate addition of 2% Ake/sec, the maximum core pressure rise was about 
2180 psi with the reactor initially at source-power level. With a rate addition 
of 1.5% Ake/sec the maximum pressure rise was about 1350 psi. Increasing the 
hole size to 0.5 sq in. decreased the maximum pressure rise by about 200 psi, 
while removing the hole increased the pressure rise about 70 psi. 
in the blanket, the maximum core pressure rise was about 1200 psi instead of 
2180 psi. 

With a core hole 

With no fuel 



v i  

Criticality Calculations for the HRT 

Calculations were made of HRT critical fuel concentrations for various 
blanket-to-core fuel-concentration ratios and different core-blanket temperature 
conditions. With no fuel in the blanket, decreasing the blanket temperature 
from 280 to 240°C decreased the core critical concentration from 8.8 to 8.1 g 
of U235 per kg of water; if in addition the core temperature were lowered to 
26ooc, the fuel concentration wodd be 7.2 g of U235 per kg of water. With a 
blanket-to-core fuel concentration ratio of 0.3, the corresponding core critical 
concentrations would be 6.1 g of U235 per kg of H20 (280"~ core/280"C blanket), 
5.6 ( 28o0/24O0) , and 5.1 ( 260°/2400). 

Criticality Calculations Concerning the HRT Redacement Vessel 

Criticality calculations were made concerning an HRT replacement vessel; a 
spherical reactor was considered with a 27.2-in.-diam core surrounded by a 4-in.- 
thick beryllium reflector and regions of thoria pellets and D20 inside a 56.7-in.- 
diam pressure vessel. The critical U233 concentration was 6.1 g/liter, the core 
wall power density was 5.2 kw/liter per megawatt, and the breeding ratio of the 
nearly clean reactor was 1.06. 
fuel was 9 g of u~~~ per liter. 

The core fuel concentration with U235 as the 

PART 11. ENGINEERING DEVELOPmNT 

6. Development of Reactor Components and Systems 

DeveloDment of Straight-Through Core Vessel 

Experimental measurements of fluid age in a cylindrical core model with 
swirling straight-through flow showed that excessive temperatures are generated 
near the center. An attempt is being made to improve the axial flow distribu- 
tion with a vortex generator at the core discharge. 

Circulating-Pump Development 

Alumina bearings have been operated in high-temperature water in a 200-gpm 
pump for 6970 hr. 

Oxygen Compressor 

The drive system of the three-stage oxygen compressor was revised (to con- 
tain a water intermediate system) in an attempt to prevent diaphragm failures 
attributed to dirt particles. 

Slurry Engineering 

The operation of a number of capillary viscometers ranging in diameter from 
11 to 124 mils with a particular pumped thoria slurry at 30°C showed that all 
pseudoshear diagrams fell on a single curve. It was concluded that no "slip" 
phenomena were occurring at test conditions. A further conclusion was that the 
rheology of the suspension at high shear rates could not readily be predicted 
from measurements at low shear. 
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Run 22A, in which concentration gradients were observed in a 3.65-p, 1600"~- 
fired thoria slurry, was completed. 
were made with a 1600°C-fired slurry, was also completed. 

Run 4B, in which heat-transfer measurements 

PART 111. SOLUTION FUELS 

7. Reactions in Aqueous Solutions 

Removal of Protactinium and Uranium from Thorium Nitrate - Nitric Acid Solutions 

Tracer-level experiments showed that protactinium was coprecipitated with 
thorium from aqueous, acid, thorium nitrate solutions when hydrogen peroxide was 
added in an amount sufficient to precipitate no more than 3% of the thorium. 
The experiments covered ranges of thorium concentration from 1.0 to 3.0 A4 and 
N03:Th ratios from 4:l to 5:l. Unconfirmed experiments indicate that uranium 
was not coprecipitated with thorium under similar conditions when the uraniwn 
was in the range of 70 to 80 ppm; protactinium, however, was coprecipitated in 
the presence of this concentration of uranium. 

The Solubility of H2 in H20 and of D2 in D20 

The solubilities of H2 in H20 and of D2 in D20 were determined from room 
!These data are believed accurate to +l%. temperature to 250°C. 

presentation only is shown, 
later date. 

Graphical 
Tabular data up to 300°C will %e reported at a 

8 .  Heterogeneous Equilibria in Aqueous Systems 

Estimation of Minimum Temperatures of Second-Liquid-Phase Formation in Homogeneous- 
Reactor Fuel Concentrates: Use of the Acidity Ratio 

The temperatures for the appearance of liquid-liquid immiscibility were 
determined for two homogeneous-reactor fuel solutions and their concentrates. 
From these and previous data a method which makes use of onlythe acidity m o l a l  
ratio, D2SOs/total sulfate, for estimation of the minimum two-liquid-phase 
temperatures is presented. 

Liquid-Liquid Equilibria in the Systems U03-CuO-SO3-D20 and Cu0-S03-D20 

Temperature-composition boundaries for liquid-liquid immiscibility and 
critical phenomena ( i .e. , the disappearance of the meniscus between liquid and 
vapor) were determined for the systems U03-Cu0-S03-D20, m 
Cu0-S03-D20. 
liquid-liquid immiscibility as the molal ratios , metal ions/total sulfate, were 
decreased and the total sulfate was kept constant. At ratios somewhat below 
about 0.5,  both U02S04 and CuS04 became soluble in the supercritical fluid. 

Solid-Liquid Equilibria in the System Cu0-S03-D20 at 300, 325, and 350°C 

++/qui-+ = 1, and 
These data showed a rising temperature for YhS appearance of 

Solubilities of 3Cu0.S03.2D20 at 300, 325, and 350°C were determined in 
solutions of D20 and D2S04. 
with temperature in the saturation molal ratio, Cu /total sulfate, at constant 
total sulfate. 
values in the D20 than in the analogous H20 system. 

The results showed analmost undetectable change 

Comparison of saturation molal ratios at 300°C showed higher 
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Electrolytic Conductance of Aqueous Solutions and Supercritical Fluids at High 
Temperature and Pressure 

The construction of cells for the measurement of electrolytic conductance 
at high pressure and high temperature, as well as an assembly for generation of 
high pressures, were completed. Preliminary measurements on a 0.01m KC1 solu- 
tion were made at 800°C and at pressures up to 4000 atm. 
that reproducible measurements have been made at such a high pressure and 
temperature. 

This is the first time 

Three-Dimensional Models for Representation of Solubility Equilibria 

Three-dimensional models representing solubility relationships in the 
system U03-Cu0-Ni0-S03-D20 at 300°C were constructed for solutions having total 
sulfate concentrations of 0.06, 0.10, 0.20, 0.30, and 0.50 m. ?"ne results of 
previously reported solubility studies were used to establish the location of 
the surfaces of saturation for the several solid and liquid phases which appear 
at the boundary limits of the region of unsaturated solutions. 

9. Solution Corrosion 

Chemical Eauilibria and Corrosion in High-TemDerature Uranvl Sulfate Solutions 

An all-titanium pump loop was constructed to study the chemical stability 
of uranyl sulfate fuel solutions and the corrosion resistance of various materials 
at temperatures and pressures up to 370°C and 3000 psia. 
water and simulated reactor fuel solutions showed that the loop and control 
systems functioned properly. In the latter m s ,  at least a part of the heavy 
phase that formed at temperatures greater than the two-liquid-phase temperature 
was separated by the hydroclone, As the temperature of the system was increased 
beyond the two-liquid-phase temperature, the salt concentration of the light 
phase decreased and the acid concentration increased. The mole ratios of uranium 
to sulfate, uranium to copper, and uranium to nickel decreased in the same pro- 
portion in the temperature range of 330 to 365"~. 
Zircaloy-2 specimens was negligibly small. 

Preliminary runs with 

Corrosion of titanium and 

10. Radiation Corrosion 

Review and Correlation of Zircaloy-2 Radiation Corrosion Data 

The results of a review and correlation of many of the past data for 
Zircaloy-2 radiation corrosion in uranyl sulfate solutions indicate that the 
following relationship prevails between corrosion rate, R (rnpy), fission power 
density in solution, P (w/ml), and temperature, T (OK), for the conditions 
tested: values of P up to 110 u/ml, temperatures in the range 225 to 330"C, 
and a variety of solution compositions and velocities. The relationship is: 

. 

1/R = - + 2.25 x 10-l' exp 
m280 

where a is the factor by which the effective power density at the corroding sur- 
face is greater than that in the solution, because of uranium sorption on the 
surface; and a280 is the a value determined at 280"c in a given solution. 
value of a (thus the effect of sorbed uranium) changes with solution composition 
and velocity, but it is believed that this is the only way in which these 
variables affect the corrosion. 

The 
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Relationship Between Uranium Deposition or Sorption and Copper Concentration i n  
In-Pi le  Autoclave Experiments of Zircaloy-2 Corrosion 

Using these concepts and the  equation i n  a fu r the r  review of the  in-p i le  
autoclave r e su l t s  obtained a t  28ooc, it has been found t h a t  a correlat ion e x i s t s  
between the  i n i t i a l  copper concentration i n  solut ion and the  amounts of sorbed 
uranium. The e f f ec t s  of sorbed uranium i n  systems containing i n i t i a l  copper 
concentrations l e s s  than 0.01 m were generally grea te r  than those prevai l ing 
i n  otherwise s imilar  solut ions containing more than 0.01m Cu. Changes i n  the  
e f f ec t s  of sorbed uranium ranging up t o  a maximum of about 3.5-fold were corre- 
l a t ed  with copper concentration changes i n  four  d i f fe ren t  sets of experiments. 

The review of t he  autoclave data indicated t h a t  radiolytic-gas pressures 
(which are affected by copper concentration) i n  the  range 0 t o  650 ps i ,  a t  
l ea s t ,  probably do not a f f ec t  t h e  uranium sorption. Therefore, it i s  suggested 
t h a t  these e f f e c t s  may be re la ted  t o  f u e l  i n s t a b i l i t y  e f f ec t s  i n  the  ILRT, since 
reported observations i n  r u n  13 indicate  a possible re la t ionship between low 
copper concentration and f u e l  i n s t a b i l i t y  i n  t h a t  run. 

General Description of Planned Experiment t o  Test Zircaloy-2 Corrosion i n  the  
HRT Core 

Planning and design work f o r  an experiment t o  t es t  t h e  rad ia t ion  corrosion 
of Zircaloy-2 i n  the  HRT i s  in progress. Design c r i t e r i a  f o r  the  experiment 
include (1) high solut ion ve loc i t ies  and good mixing near t he  specimens t o  min- 
imize the  poss ib i l i t y  of massive uranium deposition, and (2 )  the  elimination 
of crevice regions i n  mounting specimens. As visualized, 27 corrosion coupons, 
th ree  Zircaloy-2-clad thermocouples and probably some mechanical-property 
specimens w i l l  be welded t o  a webbed Zircaloy-2 holder which w i l l  be aligned 
v e r t i c a l l y  i n  the center  of the  core vessel .  

It i s  ant ic ipated t h a t  a t  l e a s t  f i v e  days of exposure at 5-Mw core power 
and 250°C solut ion entrance temperature w i l l  be required t o  produce, on the  
most favorably located specimen, weight losses  which can be measured within an 
estimated probable e r r o r  of +lo$. - 

Before the  design of the  experiment can be proved acceptable and the ex- 
periment constructed, it w i l l  be necessary t o  t e s t  the  charac te r i s t ics  of a 
mockup of the  specimen-and-holder a r ray  i n  the  €ET core mockup and t o  es tab l i sh  
the  f e a s i b i l i t y  of employing welded specimens. 

Sorption of Uranium on Hydrous Zirconia in U0,S04 Solutions 

Data from batch autoclave t e s t s  of uranium sorption on hydrous zirconia  
from uranyl sulfate solut ions a re  reported. 
a i r -dr ied ( A F )  mater ia l  of high surface area, but some data using a material 
of lower surface area autoclaved i n  water a t  300°C (WF)  are a l so  reported. 
a k ine t i c  study a t  28ooc, t he  AF mater ia l  showed a loss of surface area and 
marked decreases i n  uranium and su l f a t e  sorption per gram of ZrOa during the  
first 2 t o  4 hr  exposure. L i t t l e  o r  no time dependence on area or sorption 
was noted with the WF material. 

Most of t he  work employed a llO°C- 

I n  

Sorption isotherms with the  AF oxide and uranyl su l f a t e  solutions with 
0.02 M excess acid and uranium i n  concentrations t o  35 mg-U/ml indicate  t h a t  
uranium sorpt ion on a per-gram-of-Zr02 basis was 30 t o  4 6  grea ter  a t  280°C than 
a t  250°C. 
respectively,  show uranium sorption i n  about t he  same amounts as  t h a t  found 
at 250°C. 

Data a t  300 and 325°C a t  maximum concentrations of 7 and 3 @;/liter, 
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Elution of oxide residues from sorpt ion t e s t s  with aqueous reagents ind i -  

ca te  t h a t  the  WF oxide can be readi ly  washed f r e e  of uranium, whereas the  AF 
oxide r e t a ins  s ign i f icant  amounts. 

These preliminary da ta  a re  t en ta t ive ly  in te rpre ted  as showing t h a t  some of 
the  uranium sorbed on the  AF oxide i s  due t o  occlusion associated with the  stcrface- 
area decrease or t o  compound formation. Sorption on the  AF mater ia l  resembles 
sorption i n  Zircaloy-2 f i lms and scales,  i n  t h a t  pa r t  of t he  uranium i s  not ra?IOVed 
by washing. 

PART rv. SLURRY FUELS 

11. Thoria-Pellet I r rad ia t ions  

A s e t t l e d  bed of 50 t ho r i a  p e l l e t s  i n  D20 w a s  i r r ad ia t ed  i n  t h e  LITR f o r  
2900 h r  a t  a thermal-neutron flu of -2 x 10l3 and a temperature of 250°C. 
p e l l e t s  were prepared by t r e a t i n g  1400°C-fired Davison Chemical Co. p e l l e t s  with 
dibasic  aluminum n i t r a t e  and then r e f i r i n g  a t  1750°C. 
clave was opened, 20 of t he  p e l l e t s  were found t o  have broken i n t o  fragments and 
f ines .  
t e r i a l  but showed some damage from the  chipping out of surface fragments and t h e  
breaking o f f  of spherical  segments. 
A subs tan t ia l  quant i ty  of an unident i f ied black vi t reous substance (dens i ty  
1.18 g/cc) was found i n  the  upper half of t he  i r r ad ia t ion  autoclave. P e l l e t s  
removed from a laboratory control  experiment showed no apparent damage, and 
there  was no evidence of t he  black vi t reous material. 

The 

When the  i r r ad ia t ion  auto- 

The remainder had e s sen t i a l ly  the same bulk densi ty  as the  o r ig ina l  ma- 

All surfaces appeared t o  be qui te  porous. 

12. Development of Gas-Recombination Catalyst  

Gas-In j e c t  ion Apparatus 

Recalibration of t he  gas-injection apparatus showed s igni f icant  gas holdup 
i n  the  capi l la ry  tubing t h a t  connects the  gas-charging system t o  t h e  react ion 
autoclave. 

Palladium Catalysis 

Re-evaluation of data obtained i n  the  above system with s l u r r i e s  containing 
the  sol-prepared palladium ca ta lys t  showed l i t t l e  or no deact ivat ion of t he  
ca ta lys t  by excess oxygen p a r t i a l  pressures and showed t h a t  react ion of t he  
hydrogen and oxygen was complete. Kinetic da ta  suggest a probable f i r s t -o rde r  
dependence of r a t e  on the  hydrogen p a r t i a l  pressure and 0.5-order dependence 
on the  oxygen p a r t i a l  pressure.  

13. S lur ry  Corrosion and Blanket Materials Studies 

Thoria-Pellet Test Program 

I n  one phase of an invest igat ion aimed a t  studying var iables  which a f f e c t  
t he  a t t r i t i o n  of t ho r i a  pe l l e t s ,  a se r i e s  of laboratory t e s t s  were carr ied out 
i n  which the  e f f ec t  of ba l l -mi l l  charge ( p e l l e t s  and water),  m i l l  length, and 
ro ta t iona l  speed on the  wear r a t e  of p e l l e t s  w e r e  studied. 
proportional t o  increased ro ta t iona l  speeds and t o  increased p e l l e t  charge at  
low loadings (10 t o  100 p e l l e t s ) .  However, t h e  amount of water charged t o  t h e  

Wear rates were 
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m i l l  (6  t o  1-06 f u l l )  o r  t he  length of the m i l l  
3 3/4 in .  i n  diameter) had no detectable e f f ec t  on the  wear rate of t he  pe l l e t s .  

(4 l/2 in .  or 2 1/4 in. long, 

The f ines  which resul ted from repeated mil l ing of t h e  p e l l e t s  (prepared 
from 7-11 powder) had an average p a r t i c l e  s ize  of 2 p-. 

Thin (-0.3-mil) coatings of zirconium which w e r e  applied by an experimental 
e lectron vaporization technique w e r e  penetrated after 1 h r  of exposure i n  a 
spouted-bed tes t ,  and spa l l ing  of t he  coating was noted after autoclaving t h e  
p e l l e t s  i n  water a t  260-c. 

Experimental 0.16-in. -dim ThO, p e l l e t s  obtained from Nuclear Materials and 
Equipment Corp. displayed high weight-loss rates (1.1 x lO-v /h r )  i n  s t a t i c  
autoclave t e s t s  a t  260-c and i n  ball-mill  tes ts  (1.5 $/hr), using 100 pe l l e t s ,  
150 rpm, and i n  spouted-bed (1.3 t o  1.5 $/hr) a t t r i t i o n  t e s t s .  The high r a t e s  
were a t t r i bu ted  t o  numerous cracks and pores i n  t h e  pe l l e t s .  

In-Pile Autoclave Slurry-Corrosion Tests 

An U203 f i l t e r  f o r  appl icat ion between Zircaloy-2 s lu r ry  autoclaves and 
the  attached water-f i l l e d  cap i l l a ry  l i n e s  (previously subject t o  s l u r r y  plugging) 
leading t o  pressure instruments has been fabricated as a result of t h e  develop- 
ment by the ORNL Metallurgy Division of U203 - Zircaloy-2 brazing procedures. 

In-Pile Slurry Loop 

The 5-gpm i n -p i l e  s l u r r y  loop experiment L-2-2!7S, i n s t a l l e d  i n  LITR beam 
hole  ECB-2, was terminated a f t e r  3115 h r  of s lu r ry  circulat ion,  of which 2220 h r  
(July i 9  t o  Oct. 19, 1960) were with continuous operation in-pi le ,  and 1839 h r  
under i r r ad ia t ion  a t  3-Mw LITR power. A t  the  time of inser t ion,  t h e  c i rcu la t ing  
s lu r ry  inventory w a s  1350 g of thorium per  kg of D20 (980 g of thorium per 280°C 
l i t e r ) .  
0.019 m Pd as a recombination ca ta lys t .  
oxygen atmosphere. 
samples reduced the  c i rcu la t ing  inventory concentration t o  960 g of thorium per 
kg of D20 (735 g of thorium per 280Oc l i t e r ) .  
withdrawn. 

The slurry contained 0.5 wt $J enriched uranium, based on thorium, and 
The loop w a s  operated a t  280Oc under 

During the  course of the  i r rad ia t ion ,  withdrawal of s i x  

Six terminal samples were a l so  
Sampling procedures operated e n t i r e l y  without d i f f i cu l ty .  

Before removal of t he  loop from the  reactor,  e s sen t i a l ly  a l l  s l u r r y  and 
associated rad ioac t iv i ty  were readi ly  drained and flushed from the  loop. 

Radiolytic-gas l eve l s  during in-p i le  operation remained below 10  ps i .  
Recombination as  a result of the  absorption of p i l e  gamma rad ia t ion  w a s  es t i -  
mated t o  be su f f i c i en t  t o  account f o r  t h i s .  As a result, the  e f f ic iency  of t he  
palladium recombination ca ta lys t  w a s  indeterminate. 

The flow r a t e  through the  f i l t e r  remained a t  a l e v e l  of 0.3 t o  0.4 cc/sec, 
declining t o  such values from a l e v e l  o f  3 t o  4 cc/sec shor t ly  after the  begin- 
ning of i r rad ia t ion .  

Generalized corrosion during the i r r ad ia t ion  period, based on corrosion- 
product analysis  and on oxygen par t ia l -pressure measurement, appeared t o  be 
l e s s  than 1 mpy, comparable t o  r a t e s  observed during the  out-of-pile pre i r rad ia-  
t i o n  period. 
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There appeared t o  be subs tan t ia l  degradation i n  the  s i z e  of t he  s l u r r y  
pa r t i c l e s  as i r r ad ia t ion  proceeded, with the  average diameter decreasing from 
an or ig ina l  1.7 p. p r i o r  t o  i r r ad ia t ion  t o  0-3 p after 1460 hr of i r r ad ia t ion ,  
Concurrently, the  surface area changed from 1.5 m2/g t o  25 m2/g. 
autoclave experiments a t  comparable doses have not shown similar degradation; 
consequently, t h e  e f f e c t  i s  a t t r i bu ted  t o  the combination of pumping and ir- 
radiat ion.  The present loop r u n  has a l so  subjected the  s l u r r y  t o  more passes 
through the  pump ( a  major degradation cause) than any other  ORNL s l u r r y  run. 

In-p i le  s l u r r y  

PART V. FUEL MANUFACTLTRF: 

14. Thorium Oxide Production 

Preparation of Thorium Oxide Products 

Cracking and poor res is tance t o  a t t r i t i o n  of spherical  t ho r i a  p e l l e t s  fab- 
r ica ted  from Tho2 powder by automatic pressing and calcinat ion were minimized 
by increasing the  radius of curvature of t he  punches used i n  pressing, increas- 
ing the  f i r i n g  temperature of powder p r i o r  t o  granulation, increasing t h e  pour 
densi ty  of granulated powder p r io r  t o  pressing, and providing a 2-hr soaking 
period a t  1200°C during the  p e l l e t  calcination. 

Five per cent thorium-uranium oxide g e l  fragments of 1/4-in. diameter, 
imperfectly rounded by ball-mill ing,  gave a t t r i t i o n  r a t e s  i n  six successive 
1-hr spouting-bed tests of 2.3 t o  0.3 %/hr. 

Coating of Tho2 P e l l e t s  with Metals and Oxides 

Spherical  t ho r i a  p e l l e t s  of 1/4-in. diameter were successful ly  coated i n  
the  plasma-jet apparatus with A1203, Ta205, Zr02,  Ti02, N i ,  and C r .  Only nickel-  
coated p e l l e t s  , postannealed at  1200°C i n  hydrogen, showed grea te r  res i s tance  
t o  a t t r i t i o n  i n  spouting-bed tests than did the  o r ig ina l  t h o r i a  p e l l e t s .  

Development of Oxide Preparation 

I n  a 24-hr flame-calcination r u n  f o r  material-balance study, 4 6  w a s  re- 
covered as product and 54% as furnace-wall and t r a p  material. 
of 1 and 2 M tho r i a  sols i n  t he  1500 t o  1 6 0 0 " ~  range gave rounded p a r t i c l e s  of 
Tho, having mean s izes  of 2.7 and 4.6 p., and surface areas  of 0.90 and 0.98 m2/g, 
respectively.  In the  flame deni t ra t ing of thorium n i t r a t e  solutions,  some 
alumina appears t o  be necessary i n  order t o  obtain rounded par t ic les .  Nonrounded 
pa r t i c l e s  can be recycled t o  the  flame calciner  as a slurry t o  give rounded 
material. A s l u r r y  of 95% T ~ O ~  - 5% u203 (200 g / l i t e r  i n  CGOH) w a s  flame 
calcined a t  1 6 0 0 " ~  t o  a product of 1.8-l~. mean p a r t i c l e  s i ze  and only 0.84-m2/g 
surface area.  

Flame calcinat ion 
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PART VI. METALLURGY 

15. Metallurgy 

Thoria-Pellet Fabrication 

A 3.5-kg batch of rounded-end Tho2 pellets with densities between 9.0 and 
9.3 g/cm3 was successfully produced. 
in and out of pile. 
increase both the green and f inal  density of such pellets. 
study of Tho, pellets containing A1203 and fired at various temperatures yielded 
clues as to the mechanism by which A1203 increases the abrasion resistance of 

The pellets are now being tested both 
The addition of up to 2% polyvinyl alcohol was shown to 

A metallographic 

Tho2 

Welding of Zircaloy-2 

Fabrication studies have been conducted on methods for constructing 
Zircaloy-2 replacement core vessels, Methods for attaching inlet orifice vanes 
to the core shell were investigated, and a promising technique was developed. 
The feasibility of welding misaligned core components was also studied, and it 
appears that plates misaligned in the range of 0.060 to 0.090 in. can be welded 
satisfactorily. 

PART VII. ANALYTICAT, CHEWISTRY 

16. Analytical Chemistry 

Amuerometric Titration of Thorium 

An amperometric method is described for the determination of thorium in 
slurries of Tho2 and in fuels for the molten-salt reactor. The thorium is 
titrated with di-sodium ethylenediaminetetraacetate in an acetate-buffered 
solution (pH 4.5) containing Fe(I1) as an indicator. 
cussed and a method is indicated for circumventing the interference of certain 
commonly encountered contaminants. 

Interferences are dis- 

Determination of Thorium by an Indirect Polarographic Method 

Microgram quantities of thorium in reactor materials can be conveniently 
determined by an indirect polarographic method, based on thorium displacement 
of lead from Pb-ethylenediaminetetraacetate and subsequent polarographic deter- 
mination of the lead. 
ferences are discussed. 

Operating conditions are briefly outlined and inter- 

Elimination of Interferences in the Flame Photometric Determination of Calcium 

The interference of common anionic species with the flame-photometric 
determination of calcium (and certain other elements) can be largely eliminated 
by a procedure, briefly discussed, in which an ethylene glycol-water solution 
is utilized in making the emissivity measurement. 
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PART 1 .  HOMOGENEOUS REACTOR TEST 

1. HRT REMOTE OPERATIONS, MAINTENANCE, AND TESTING 

S. E. Beall  1. Spiewak A. Taboada 

P. N. Haubenreich J. W. H i l l ,  Jr. 

H. F. Bauman D. F. Frech J. 0. Kolb 
R .  Blumberg R. H. Guymon R. W. McClung 
N. C. Bradley P. H.  Harley R. E .  McDonald 
J. R. Buchanan R. J.  Harvey M. L. Picklesimer 
S. R. Buxton E. C .  Hise H. B. Piper 
F. W. Cooke P. P. Holz J. L. Redford 
J. R. Engel J. E.  Jones H. C .  Roller 

The program of maintenance and major r epa i r s  t o  remove the upper f i v e  core- 
vessel  d i f fuse r  screens, r epa i r  the  core-vessel holes, reverse the d i r ec t ion  of 
flow through the core, and replace several  pieces of equipment w a s  completed. 
I n  addition, t he  core-vessel w a l l  w a s  examined and i t s  thickness measured. 

1.1 CORE-VESSEL F2JPAIR AND INSPECTION 

1.1.1 Patching and Leak Testing of Core-Vessel Holes 

The patch created from the  second p l a s t i c  impression of the lower core- 
vessel  hole1 w a s  i n s t a l l ed .  Leak t e s t s  indicated a leak r a t e  somewhat higher 
than had been ant ic ipated but  within a range t o  pennit operation of the  reac tor .  
Subsequent examination revealed t h a t  the  edge of the  patch had caught under a 
screen nubbin and had f a i l e d  t o  sea t  p rec ise ly .  Figure 1.1 shovs the  patch i n  
place i n  t he  reactor  vesse l .  The nubbin marked by the  arrow should have been 
covered by the patch. Equipment t o  ream the  hole and place a plug i n  i t  w i l l  be 
developed while the  reac tor  i s  being operated with the  present patch. 

The patch f o r  the  taper-reamed upper hole w a s  made with i t s  sealing edge a 
segment of a sphere, s o  t h a t  it seated l i k e  a spherical  valve plug i n  a conical 
s ea t .  The spher ica l  surface w a s  p la ted with 0.010 in .  of gold t o  improve seal- 
ing contact. 
and toggle nut. The patch, as i n s t a l l e d  i n  the  vessel, i s  shown i n  Fig. 1 . 2 .  
The nickel b o l t  head v i s i b l e  i n  Fig. 1 . 2  i s  brazed t o  the  Zircaloy-2 b o l t .  The 
f u e l  w i l l  dissolve the  head, leaving a countersunk b o l t  and f lu sh  patch. 

The patch w a s  i n s t a l l e d  and held i n  place with a 5/16-in. b o l t  

Leakage rates through the  patches were determined by pumping water i n t o  
e i t h e r  the  cere or blanket vessel  and then measuring the rates of l eve l  
equalization between the  vessels.  Liquid l e v e l s  were indicated by bubbler 
systems. 
where L i s  i n  lb/min, and h i s  the  pressure difference across the hole i n  inches 
of water. 
measure. 

Leakage by the  lower patch can be expressed by the  equation L = 5 fi, 
Leakage by the  upper patch w a s  l e s s  than 0.2& -- too s m a l l  t o  

1 
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Fig. 1.1. Lower Patch in Place in Reactor Vessel. 

1.1.2 Core-Wall Thickness Measurements 

!asurements of the HRT core-wall thickness were made in the conical ME 
sections of the vessel during the shutdown following run 21. A new manipulator 
was provided for this purpose by the Remote Maintenance Group, and it allowed 
accessibility to any point in either cone. 
surface roughness, the area of measurement was limited to a few specific lati- 
tudes, all. located above screen 6, which had not been removed. 
measurements reflect the loss in wall thickness due to generalized corrosion 
only. 

However, because of pitting and 

Thus these 

Ultrasonic techniques described previously’ were used, and the error of the 
measurements is believed to be less than 4%. 
the results of these measurements with those made at Newport News3 prior to in- 
stallation of the vessel at ORNL. 

Figure 1.3 shows a comparison of 

* 

I 

I 

. 
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Fig. 1.2. Nickel Bolt Head Brazed to Zircaloy Bolt. 

The most s ign i f icant  result i s  t h a t  the  grea tes t  corrosion l o s s  (0.030 i n . )  
observed occurred i n  the  upper regions of t he  90' cone and t h a t  the  l o s s  
decreased as  the  f u e l  ve loc i ty  increased (e.g., the  loss w a s  0.020 in .  i n  the  
top of the  30' cone). 
below the  in te rsec t ion  with the  sphere, bu t  extrapolat ion of t he  data  from 
lower i n  the  cones indicates  t h a t  t he  l o s s  here  w a s  probably s imilar  t o  the  
l o s s  i n  the  sphere j u s t  above the  in te rsec t ion .  There i s  good consistency 
between the  several  s e t s  of measurements t h a t  have been made. 

Measurements could not be obtained i n  the  90' cone j u s t  

1.1.3 Examination of Inner Surface of Core Tank 

A combination of the  Questar astronomical telescope, the  Omniscope, and a 
remotely control led a r t i cu la t ed  front-surface mirror w a s  used t o  v isua l ly  
examine and photograph d e t a i l s  of several  regions of the  goo cone sect ion and 
ihe lower port ion of the  spherical  sect ion of t he  HRT core tank. A schematic 
diagram of t he  assembly of the  equipment and the  r e s -d t ing  opt ica l  path i s  pre-  
sented i n  Fig. 1 .4 .  The photographs were made with a 35-mm camera attached t o  
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Fig. 1.3. Core-Wall Thickness vs Vertical Position of  Measurement. 

the Questar telescope, at direct magnifications on the 35-mm film negative of 
0.59 and 2.34X. 
magnifications of 4 x 16x on 5- x 7-in. prints. Visual magnifications estimated 
at 4, 8, 16 and 32X were obtained with the oculars furnished with the telescope. 

Enlargement of the negatives during printing resulted in 

The visual examination of the junction of the 30' and 90' cones and the 
surface of the 90' cone showed extensive shallow pitting of the inner wall of 
the vessel, varying in severity and extent around the wall at each level and 
decreasing in severity from the junction of the cones to the junction of the 
90' cone and the sphere. The surfaces of the pits were bright and smooth on a 
fine scale, as though formed by highly localized melting of the surface or by 
attack by the uranium-rich second liquid phase which can be formed in the fuel 
solution at temperatures of 310 to 34OoC. 

The band lying between the junction of the 90' cone and the sphere and the 
equator of the sphere showed attack in a region only about 400 wide and 6 in. 
high, which was centered on the upper hole. The attack consisted principally 
of small-mound deposits, definitely projecting above the surface of the vessel. 
Attack was not extensive and did not appear to be particularly severe. 
three pits could be definitely identified in the region. 

Only 

.) 

! 
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UNCLASSIFIED 
ORNL-LR- DWG 54875 

Fig. 1.4. Schematic Drawing of Assembly of Optical Equipment and Optical Path for Examination of 
Inner Surface of Core Tank at High Magnification. 
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A band about 4 in .  high j u s t  above the  equator of the vessel  was examined. 
The surface was br igh t  and "etched" on a f i n e  scale, as though a sand-blasted 
surface had been l i g h t l y  pickled. 
region. 
ducted, because of t i m e  l imitat ions.  

No other features  were observable i n  t h i s  
No Questar examinations a t  higher l e v e l s  i n  the core tank were con- 

The screen stubs remaining on the w a l l  of the  vessel  (from the attachment 
of screen ligaments t o  the  w a l l  by welding) showed degrees of a t t ack  ranging 
from complete removal of the ligament t o  severe p i t t i n g  attack, which did not 
destroy the shape of the ligament, t o  what appeared t o  be fresh fracture  faces 
having no a t t ack  and possibly r e su l t i ng  from frac ture  of the  ligament during 
mechanical removal of the screens. The severi ty  of a t t ack  varied around the 
stub l i n e  a t  each screen l e v e l  and decreased i n  degree from the middle screen 
t o  the upper screen. 

Examples of the p i t t i n g  a t t ack  of the wall of the vessel  and the a t t ack  on 
the  screen stubs a r e  shown i n  Figs. 1.5 through 1.8. 
Figs. 1 .5  and 1.6 i s  located a t  the l e v e l  of the fourth screen from the top and 
about 5 O  west of building north. 
screen stub i s  typical  of the moderate-to-severe at tack.  

The f i e l d  of view i n  

The p i t t i n g  observable a t  the  base of the 

The f i e l d  of view of Figs. 1.7 and 1.8 i s  on the stub l i n e  of the  f i f t h  
screen from the top ( the f i f t h  screen i s  a t  the top of the lower patch) and 
about loo  eas t  of building north, almost diametrically opposite the lower hole. 
The f rac ture  faces of the screen stub appear t o  have been molten a t  some time. 

Fig. 1.5. fourth screen from top and about 5'west 
of building north. Black deposits are WO, from broken light bulb filaments. See Fig. 1.6. 4X. Reduced 8%. 

Screen Stub and P i t  Region at Screen 4. Location: 
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Fig. 1.6. P i t  Region at Base of Screen Stub, Screen 4. Point of focus i s  the pit region just below screen 
stub. Orientation: about 5' west of building north. See Fig. 1.5. 16X. Reduced 8%. 

The black, sooty s t r inge r s  and deposits observable i n  Figs. 1 .5  through 1.8 
a r e  believed t o  be tungsten oxide formed from a l ight-bulb filament t h a t  burned 
out i n  the  region shor t ly  before the  photographs were taken. 
seen during v isua l  examination before the  l i g h t  bulb burned out. ) 

(They were not 

A typ ica l  example of the small-mound deposits found around the  upper hole 
i s  shown i n  Fig. 1.9, a f i e l d  of view located a t  the top center  of t he  upper 
patch. The concentration of mounds was,  i n  general, somewhat l e s s  than i s  
shown i n  Fig. 1.9 and occurred as patches of mounds r a the r  than as a general  
fea ture  of t he  region. 

The scar  l e f t  on the  wall of the  vessel  a t  t he  upper hole ( l e f t  because a 
patch su f f i c i en t ly  l a rge  t o  completely cover a l l  the  damaged area around t h e  
upper hole  could not be inser ted  i n  the  vesse l )  w a s  ca refu l ly  examined a s  t o  
topography and f i t  with the  upper patch. 
i n  Fig. 1.10. 
d id  not appear t o  cons t i tu te  a major por t ion  of t he  cross sect ion of the  vessel  
wall a t  t h a t  point.  
surface of t h e  patch being p rac t i ca l ly  f lush  with the  inner surface of t he  
vessel .  The gap between t h e  w a l l  and the  patch, seen i n  the  upper and lower 
port ions of Fig. 1.10, i s  due t o  the  differences i n  contour of t he  mating 
surfaces, t h a t  of t he  hole being reamed t o  a s t r a igh t  taper  while t he  mating 
surface of t he  patch i s  curved. 

A photograph of t he  region i s  shown 
The scar  appeared t o  be r e l a t ive ly  shallow; t h a t  i s  t o  say, it 

The f i t  of t h e  upper patch appeared t o  be good, the  inner 

The gap i s  not due t o  a misfit of the  patch. 
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Fig. 1.7. )'-Fracture Screen Stub, Screen 5. Location: on stub line on top of 
Point of focus is  the frac- lower patch, about 10 to 15" east of building north. 

ture face. Black deposit i s  WO,. See Fig. 1.8. 4X. 

Although visual examination was possible at the higher magnifications, 
photography was not, because the limited illumination of the surface would not 
form an image on the film negative, regardless of the time of exposure. 

The examination indicated that it is possible to obtain effective magnifi- 
cations of 30 to 60x if lighting is improved, that stereophotography of various 
features is feasible (for the determination of depths of pits and heights of 
projections), and that photographic mapping of the entire inner surface of the 
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Fig. 1.8. Fracture Surface of Y-Fracture Stub, Screen 5. (A) Black stringer i s  WO, from light bulb 
filaments. Camera i s  focused on fracture face. Location: on stub line at top of the lower patch, about 15' 
east of building north. See Fig. 1.7. 16X. Reduced 8%. 

vessel is possible by means of a motion-picture camera attached to the 
telescope. 

1.1.4 Core Back-Flush 

As a result of the core-repair operations, bits of debris were left in the 
core system. 
diffuser screens; it was estimated that about a half liter of metal dsoplets was 
formed. 
flushed into a filter had been completed earlier.4 

The largest contribution was made by the torch-cutting of the 

Temporary alterations to the system that would allow this debris to be 

After the core holes were patched, the system was closed and the contain- 
ment shield ms emptied of water so that the reactor equipment could be operated. 
The high-pressure system was hydrostatically tested at 200 psig. 
found in some temporary piping oil the purge portion of the core circulating 
puq and was repaired by operating remotely through a lead-shielded work facil- 
ity. 
in the system leaked into the reactor shield. 
radioactivity in the water processed at the waste pond (see Sec. 3.3). 

A leak was 

During the hydrostatic test a few pounds of the light-water condensate 
This increased the amount of 

After the high-pressure system had been hydrostatically tested, light water 
was circulated for 10 hr at ambient temperature and 100-psig system pressure. 
Differential-pressure readings indicated that the core flow was on ly  about 50% 
of that expected. This suggested the possibility of partial plugging of the 
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Fig. 1.9. Mound Deposit at Top of Upper Patch. (A) Top edge of upper patch. (B) and (C) Mound de- 
posits. Location: top center of  upper patch. 4X. Reduced 6%. 

core loop or of the 40-mesh screen of the filter basket. 
tions were made to inspect the filter and the line (103) between the core and 
the suction of the circulating pump. 

Consequently, prepara- 

Most of the screen openings were clear when the basket was viewed remotely. 
It was weighed, showing an increase of approximately 2.5 kg. 
near the basket ranged up to 27,000 r/hr. 
the basket was remotely canned and stored in the reactor containment shield. 
Abrushing device was passed through the line from the bottom of the reactor 
vessel to the filter, without meeting any obstructions. 

Radiation levels 
Because of the radiation intensity, 

The dry-maintenance facility5 was utilized for the first time during the 
filter replacement (see Fig. 1.11). 
greater than 10 r/hr at floor level, and although the filter activity was 
approximately 300 r/hr at 1 ft, radiation levels on the platform were less than 
5 mr/hr, enabling the replacement to be accomplished without difficulty in a 
shift and a half. 
was not necessary to flood the reactor shield again. 

Although unshielded radiation levels were 

Several days were saved in the over-all schedule, since it 

With a new filter basket installed, the core was ba,ck-flushed a second 
time. 
the circulation rate the second time was almost normal. This conclusion was 
also substantiated by radiation levels, which were less than 1000 r/hr near the 
second filter. 

Apparently most of the debris had been picked up the first time, since 
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Fig. 1.10. Scar at Upper Patch. Hole scar at  lef t  side o f  
upper patch that could not be removed by reaming. Edge of patch 
i s  shown. (A) Dark l ine along edge o f  patch i s  due ta gap be- 
tween patch and hole at inner surface, and not a shadow due to  
lighting. Patch i s  very nearly flush with inner surface of core 
tank. 4X. 

Each t i m e  i n  an ea r ly  s tage of the  back-flush, t h e  dump l i n e  was flushed 
so t h a t  any mater ia l  t h a t  might have s e t t l e d  there  could be c i rcu la ted  t o  the  
f i l t e r  f o r  capture. 

The second f i l t e r  basket was not stored, bu t  was removed f o r  b u r i a l  aloA?g 
with the  temporary back-flush apparatus (see See. 1.2.2). 



12 

Fig. 1.1 1. Dry-Maintenance Facility. 

1 . 2  MAlNTENANCE AND SYSTEM ALTERATIONS 

Several items of reactor  equipment were replaced during the report  period 
while employing both wet- and dry-maintenance prac t ices .  

1 . 2 . 1  Equipment Replacements 

Feed P u q  S 

The intermediate-system flange (A-657) of the f u e l  feed diaphragm head, which 
had been replaced e a r l i e r , 6  developed a leak and could not be sealed. 
flange-ring design i n  use, it was necessary f o r  the s t a i n l e s s  s t e e l  lens-ring 
(used t o  decrease f r e e  volume where gas could accumulate) t o  seal i n  addition t o  
the O-ring. A s t a i n l e s s  s t e e l  O-ring, without the passage t h a t  interconnects 
the leak-detector l i n e  and lens-ring which the  former aluminum r ing had, was 
subst i tuted,  With the new ring, no leakage could be detected. 

With the  

During the mixing experiments (see See. 2 .2 .1) ,  one of the diaphragm heads 
of the blanket feed pump f a i l e d .  
three years ago. Since radiat ion l e v e l s  over 
the  pump area were only 600 mr/hr a t  f l o o r  level ,  and 60 m/hr  4 f t  above the 
floor, it w a s  not necessary t o  flood the reactor  sh i e ld  nor t o  provide special  
personnel shielding. The head, when removed, was found t o  have a cracked weld 
a t  a plugged hole on the intermediate s ide.  

It had been i n  use since the reactor  w a s  b u i l t ,  
The head was remotely replaced. 

It will be repaired f o r  re-use. 
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Core Circulating Pump and Multiclone 

Following the back-flush, a new core circulating pump with inlet and outlet 
piping revised was installed in order to reverse the direction of flow so that 
the fuel will pass through the core from top to bottom. 
tungsten-electrode underwater torch was used to cut a web section from the 
3/4-in.-thick pwnp base, so that the new pump could fit the old  base. The pump 
legs had special connections for a new multiple-hydroclone assembly, 7 which was 
attached later. Both installations were made with the reactor shield flooded. 

A specially designed 

Pressurizer Interconnection 

During runs 16 through 21, a solid plug was retained in the pressurizer 
interconnection (flange A-146), so that the blanket pressurizer could be 
operated liquid-filled. 
with a rupture-disk assembly, with a 0.0625-in. orifice,8 so that both pressur- 
izers could be operated in a normal manner. The rupture disks, although not 
absolutely necessary, were used to minimize possible differential-pressure 
fluctuations. After functioning smoothly during the mixing experiments, ex- 
cessive leakage through the interconnection was indicated during the startup for 
pretreatment of the high-pressure system (see See. 2.4). The disk assembly, 
which was found to have a ruptured blanket-to-core disk, was replaced with the 
solid plug, through which a 0.0625-in. orifice was drilled. 

After the core holes were patched, the plug was replaced 

Replacement of the interconnection assembly in each case was accomplished 
with ease, working throagh the special lead shield designed especially for this 
task.9 

Heater Assembly for Secondary Fuel Recombiner 

When replaced in the previous quarter,1° the secondary fuel recombiner 
was without its electrical heaters, since they were still undergoing fabrication 
and testing. 
difficulty at the same time that the back-flush equipment was removed. 

The heater assembly was installed remotely under water with no 

1.2.2 Radiation-Exposure Experience 

During the report period, the highest single personnel radiation exposure 
was approximately 300 m r ;  no one exceeded his quarterly tolerance. Working 
backgromds have usually been less than 50 m/hr, although on a few occasions 
they ranged up to a few roentgens per hour for short intervals. 
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Nuclear operation of the  HRT w a s  resumed a f t e r  t he  maintenance and modifica- 
t i o n  period. 
approach t o  fu l l  power" experiment, which i s  current ly  i n  progress (Nov. 3 0 ) .  
Data are  being col lected and analyzed at each intermediate power l eve l .  

The reactor  has operated a t  power leve ls  up t o  1.8 Mw i n  an " i n i t i a l  

2 .1  PRELIMINARIES 

2.1.1 Shield-Penetration Leak Tests 

Leak-testing of the  reactor  shield and a l l  i t s  penetrations s t a r t ed  during 
the  shutdown period and was completed p r io r  t o  reactor  s ta r tup .  These tes ts  are 
repeated rout inely t o  ensure t h a t  t he  in t eg r i ty  of the  secondary containment i s  
maintained. After the  shield was sealed f o r  t he  las t . t ime,  a leakage of 2 t o  
4 l i ters /min (-0.6% of the  c e l l  volume per  day) a t  0.5 a t m  was measured. 
agrees well  with leakages a t ta ined  i n  e a r l i e r  operation. 

This 

2.1.2 Reactor Hydrostatic T e s t  

The i n t e g r i t y  of t h e  high-pressure system w a s  es tabl ished by hydrostat ical ly  
t e s t i n g  the  piping and equipment a t  2700 psig.  

2.1.3 Summary of Operating Changes Since Run  21  

Modifications and changes i n  operating procedures between runs 21  and 22 
a re  summarized as  follows: 

Core System 

The core circulating-pump connections were reversed so t h a t  f u e l  solut ion 
now c i rcu la tes  through the  core from top t o  bottom. 
screens were removed from the  core; the  lower four  screens were l e f t  i n  place.  

The upper f i v e  d i f fuser  

Pressurizers  

The pressurizer  controls were changed t o  allow operation of t he  blanket 
pressurizer  as w e l l  as the  f u e l  pressurizer .  I n  order t o  maintain the  blanket 
l eve l  i n  the  range of the  sensing instrument, t he  blanket pressurizer  i s  main- 
ta ined a t  a lower pressure than the  fue l .  
i s  controlled by the  blanket l i q u i d  l eve l .  
located i n  the  interconnection between the  pressurizers  permits a small flow of 
steam from f u e l  t o  blanket and serves t o  damp out f luctuat ions i n  d i f f e r e n t i a l  
pres sure . 

The blanket pressurizer  heat input 
An o r i f i c e  (0.0625 in . ,  see See. 1.2.3) 

15 
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Blanket TemDerature 

As an aid in keeping the core-tank wall cool, the blanket average temperature 
is being maintained at approximately 230°C (core is usually 260-c) by regulating 
the steam withdrawal rate from the blanket heat exchanger. 

Letdown 

As in the past, liquid letdown from the high-pressure system is normally to 
the fuel dump tanks. The blanket letdown valve, 
blanket pressurizer level exceeds its high limit 

however, will open whenever the 
( 9 % ) .  

Dump Circuit 

Both dump valves will now open in case of a 
will open only after the system pressure reaches 
blanket system, which is cooler than the fuel. 

Condensate Transfer 

dump. The blanket valve, however, 
the saturation pressure of the 

A new line was installed so that condensate which is transferred from the 
fuel low-pressure system to the blanket low-pressure system mixes directly into 
the blanket dump-tank solution instead of being bypassed to the blanket feed 
pumps. This minimizes the amount of uranium which collects in the blanket dump 
tanks due to sampling and leakage from the high-pressure system. 

Low-Pressure System Pressures 

Control mechanisms were alerted so that the pressure in the fuel low-pressure 
system is controlled (at 18 to 19 psia) by throttling the fuel cold-trap valves. 
(Initially, in run 22, the differential pressure between fuel dump tank and 
blanket dump tank was controlled in this manner, but the fuel dump-tank pressure 
variation apparently caused the fuel feed rate to vary slightly; so the change 
to constant pressure control was made.) 
operated with a cold-trap valve open at all times. The pressure there is norm- 
ally below atmospheric, since the off-gas charcoal beds are controlled at about 
11 to 12 psia (see Sec. 2.1.4). 

The blanket low-pressure system is 

2.1.4 Ventilation and Containment Improvements 

Secondary Containment of Off-gas Charcoal Beds 

To improve containment of the off-gas charcoal beds, a new control system 
was installed. The major safety improvement is achieved by operating the beds 
normally below atmospheric pressure, which is accomplished by controlling the 
downstream pressure at 11 psia with the vacuum pump and automatic air-operated 
throttling valve. 
beds and thus raise the pressure upstream of the beds above atmospheric tempo- 
rarily, additional protection was gained by ventilating the space above the water 
which covers the beds to the stack via the regular waste-tank vent system. 
Activity releases of significant magnitude from the entire waste vent system, 
including this pit and the sample cubicles, are prevented by au+tomatic diversion 
of ventilation gas flow to the reactor shield upon detection of activity in the 
line in the east valve pit. 
was not required to function. 

Since upsets can add above-normal quantities of oxygen to the 

In the first 500 hr of run 22, this diversion system 
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Improved Stack Fan and Filter System 

A higher-capacity dual-unit stack fan and improved particulate filter and 
iodine trap were installed to further minimize the possibility of significant 
activity releases. 
plated copper-mesh-and-charcoal canister system as iodine traps, followed by a 
second absolute filter. 
unit fails. This system replaced a single fan and absolute filter. In addition 
to the normal particulate-activity monitor, the Operations Division has provided 
a sampler to monitor for iodine releases on a daily basis. 

The filter includes an absolute filter, a 4-in.-thick silver- 

The spare fan will come on automatically if the operating 

Other Ventilation Improvements 

Other areas which are potential sources of activity release following equip- 
ment failure are being provided with ventilation systems which include absolute 
filters and charcoal-bed iodine traps. The reactor control-room levels are venti- 
lated directly to the main stack. 
levels will have separate systems which discharge air above the building through 
small stacks. 

The steam pit and chemical-plant operating 

2.2 PRECRITICAL TESTING 

2.2.1 Mixing Experiments 

Before the light water was removed, the reactor was operated at temperature 
(core, 260"~; blanket, 230°C) and pressure (1400 psig) for approximately seven 
days to study the core-blanket mixing rate,' to check equipment performance, and 
to evaluate the reliability of the new control loops. Equilibrium blanket-to-core 
concentration ratios, determined by using chromic acid (see Sec. 2.4) as a tracer, 
were 0.07 and 0.23, with the blanket purge rates of 6 and 3 lb/min. Leakage past 
the two patched holes was much less than that experienced prior to the occurrence 
of the second hole. 

Most reactor components operated satisfactorily during the experiments. An 
exception was a blanket feed-pump diaphragm head which failed (see See. 1.2.3). 
Two chemical-plant elements also malfunctioned: 
Sec. 3.1.2) and the circulating pump (see See. 3.2). 

the multiclone filter (see 

2.2.2 Recombiner Performance Tests 

Both the primary and secondary recombiners in the fuel low-pressure system 
were replaced with redesigned units.2 
recombiners were carried out with H2 and O2 from cylinders.3 

Tests to evaluate the performance of both 

Simulated radiolytic-gas mixtures of the concentrations expected during 
reactor operation were recombined satisfactorily by the secondary unit. The 
efficiency of the primary recombiner, however, appeared to be near zero at these 
low concentrations. It did function on richer gas mixtures. Since it appeared 
that the secondary recombiner would efficiently recombine reactor radiolytic 
gases, making the primary mit unnecessary for normal reactor operations, no 
further alterations were made. 
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2.3 LIGHT-WATER REMOVAL 

During equipment replacement operations in the past several months, suffi- 
cient light-water condensate was kept in the system to establish freeze plugs and 
to prevent gross entry of water when the shield was flooded. Fuel and D20 were 
kept in isolation in the storage tanks to prevent contamination by the light 
water. 

During repair and maintenance operations, light water was used in all reactor 
tests (back-flush, hydrostatic, mixing, etc.) until all in-shield activities had 
been completed. After replacement of components following the mixing experiments, 
all possible light water was transferred from the reactor to the waste system (for 
concentration to a rich heel), and rinsing with heavy water was begun. Approxi- 
mately 230 kg of D,O was used in three rinses to satisfactorily remove the light 
water. An assay of the water in the reactor, after operation with fuel solution 
was resumed, revealed that it was 97.0% D20, a decline of only 3% after three 
years of use. 

2.4 PRETREATMENT OF HIGH-PRFSSURE SYSTEM 

In order to form protective (corrosion) films on the walls of the high- 
pressure equipment and piping, the reactor was pretreated at 280Oc and 1400 psig 
with oxygenated D20 for 50 hr and then with dilute fuel solution (subcritical) 
for 50 hr. 

During the initial startup for the pretreatment operation, excessive leakage 
through the pressurizer interconnection prevented operation of the circulating 
pumps. 
resumed. 

The interconnection assembly was replaced (see Sec. 1.2.3) and operation 

2.5 APPROACH TO FULL POWER 

The HRT resumed nuclear operations after being brought to criticality on 
November 7. 
progress, will require several weeks, because many data are being collected at 
a number of intermediate power steps. 

The initial approach to full power in the modified core, now in 

After the start of the new run (No. 22) nearly 12  moles of H2S04 was added 
The higher to the fuel solution to increase the acid-to-sulfate ratio to 0.35. 

acid level provides a larger margin of safety against fuel instabilities. 
the total power level has not yet exceeded 1.8 Mw, there have been no indications 
of instabilities such as those seen in the operation which preceded the core 
modifications. Corrosion data so far in the run indicate a generalized high- 
pressure system rate of <O.5 mpy. 

Although 

So far, equipment problems have been minor. The diaphragm pump that supplies 
a condensate purge to the core circulating pump stopped pumping. 
which appeared to be due to check-valve leakage, was overcome by installing a 
faster-acting pump drive unit without interrupting reactor operation. 
ficulty was also encountered with a leak in the intermediate system of one of the 
fuel feed pumps. 
housing and the intermediate-system phasing valve. Since these items are in a,n 
accessible area, reactor operation was unaffected. 

The difficulty, 

Some dlf- 

The leak was repaired by replacing the oil-to-water pulsator 
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A t  the  current t o t a l  power l e v e l  of 1.8 Mw (Nov. 3 O ) ,  s tudies  a re  being 
made of chemical, inventory, and other  operating data  and power f luctuat ions.  
I n  the 653 h r  of power operation accumulated since November 7, it appeared t h a t  
t h e  performance of the  reactor  with reversed flow w a s  sa t i s fac tory .  Although 
power osc i l l a t ions  a re  la rger  (up t o  350 kw a t  1800 kw) than had been experienced 
i n  e a r l i e r  m s ,  the  f l o w  pat terns  observed i n  mockup s tudies  suggest t h a t  t he  
power var ia t ions  should be l a rge r  than with upward flow. 

In  order t o  study the  osc i l l a t ions  more thoroughly, provision w a s  made t o  
d i g i t i z e  continuously t h e  power signal;  the  d i g i t i z e r  tape i s  then fed t o  one 
of t he  laboratory computers for analysis .  
accumulated t o  permit conclusions on the  exact nature of t he  osc i l l a t ions .  

Insuf f ic ien t  information has been 

1. 

2. 

H. B. Piper, Results of Mixing Experiment, HRP-60-133 (Oct. 26, 1960). 

S. E. Beal l  -- e t  al., HRP Quar. Prog. Rep. Ju ly  31, 1960, ORNL-3004, p 5 .  

3. J. R .  Engel, Performance Tests of Newly Ins t a l l ed  Primary and Secondary 
Fuel Low-Pressure Recombiners, HRP-60-134 (Oct. 25,  1960). 



3. HRT PROCESSING PLANT 

W. D. Burch P. A. Haas 
0. 0. Yarbro J. M. Chilton 

Tests of the  so l ids  removal system were resumed, w i t h  e s sen t i a l ly  continuous 
operation of the  new multiple-hydroclone uni t  following s ta r tup  of the  reactor .  
Preliminary r e s u l t s  did not indicate s ign i f icant  improvement with t h i s  u n i t  as 
compared with performance of the first multiclone. 

3.1 SOLIDS FCEMOVAL SYSTEMS 

3.1.1 Rack-Flush Run 

During the core back-flush operation, the processing plant  was on stream 
with only the o r ig ina l  s ingle  hydroclone i n  operation. The first multiclone had 
been removed e a r l i e r ,  and the  revised u n i t  was not i n s t a l l e d  p r i o r  t o  the  back- 
f lush operation. Flow was maintained i n  the normal direct ion through t h e  hydro- 
clone, even though reactor  flow was reversed, by operating the  chemical-plant 
pump a t  high frequencies (70 cps), and thus high heads, t o  overcome the reversed 
pressure drop across the  take-off l i n e s .  
very high, indicat ing high concentrations of so l ids  i n  c i rcu la t ion  (a. 1 g / l i t e r )  . 
Solids compositions f o r  t h i s  run and the other  two operating periods a r e  l i s t e d  
i n  Table 3.1. 
other  runs; t h e  s o l i d s  removed by t h e  hydroclone were predominantly small par;icles 
of corrosion-product scale  and not the large p a r t i c l e s  of zirconium and Zr02 
formed i n  t h e  screen-cutting operation. 

A s  expected, col lect ion r a t e s  were 

The so l ids  composition f o r  t h i s  nu1 was very similar t o  t h a t  from 

3.1.2 Mixing Experiment 

"he revised multiple-hydroclone u n i t  was operated i n i t i a l l y  during the  core.. 
to-blanket, mixing experiments. 
t u r e s  pointed t o  the  p o s s i b i l i t y  of a low flow r a t e  through t h e  multiclone. 
flowmeter i s  pmvided i n  the c i rcu i t ,  but  pressure changes i n  the  underflow pot, 
observed when t h e  reactor  c i rculat ing pump was stopped and restar ted,  could be 
r e l a t ed  t o  pressure drops i n  the  rmilticlone c i r c u i t ,  and c lear ly  showed that 
the flow was only a small f r ac t ion  of the normal 12 gpm. Since t h e  measurements 
indicated t h a t  the  r e s t r i c t i o n  was on the upstream side of the  multiclone, t h e  
plug m s  assumed t o  be a t  the f i l t e r ,  which was provided t o  prevent la rge  pieces 
of scale from plugging the  hydroclone ports .  Subsequently, the  f i l t e r  screen, 
which contained two thousand 1/32-in. holes, was replaced with a similar one i n  
which the holes were enlarged t o  1/16 in. ,  and t e s t s  showed t h a t  flow was re- 
stored t o  normal. 
plugged, since invest igat ion of the low underflow-pot teqperatures revealed t h a t  
these were normal and resul ted f r o m  the longer underflow pot, t h e  induced-under- 
flow method of operation, and normal heat losses  f r o m  the  c e l l  C loop ra ther  
than from l o w  flow thmugh the  uni t .  The only ne t  heat  input t o  the  hydroclone 
system f r o m t h e  reactor  i s  by conduction and very l imited turbulent mixing down 
the 18-in. -long underflow pot.  

E a r l y  i n  this period low underflow-pot tempera- 
No 

It i s  not possible t o  determine a t  what period t h e  screen 

20 



2 1  

Table 3.1. Hydmclone-System Removal Rates and Solids Composition 

Run No. 
Operation 
Time on stream, hr 
Removal ra te ,  g/hr 
Solids composition, I. 

Fe 
C r  
Z r  
T i  
U 
cu 
N i  

HRT -CP-21-24 

9 
23 

Back-f lushing 

12 
4 

56 
1.2 
4.1 

0.4 

KRT -cp-22 -25 
Mixing Expt s . 

47 
1.9 

12 
5 

52 
1.4 
3 *7 
0.4 
0.8 

m-CP-22-26 

60 
Rwn 22 Startup 

1.5 

10 
7 

53 
1.5 
3.3 
0 *5 
0.8 

I n  a low-pressure experiment, it was found that temperatures a t  the bottom 
of a multiclone underflow pot ( i n i t i a l l y  a t  room temperature) approached the  
feed-stream temperature with a time constant of several  hours when t h e  feed 
stream was below 100°C. It i s  presumed t h a t  at  higher temperatures t h e  time 
constant would be even longer. 

Heat losses  from the  col lect ion hydroclone loop, including 5 kw removed by 
the circulating-pump cooling water, cannot be completely made up by t h e  exis t ing 
heaters.  
t h e  reactor  core temperature i s  260"c. 

Therefore t h e  system runs a t  only 200°C with maximum heat  input when 

3.1.3 Initial Operation i n  R u n  22 

The so l ids  removal system was s t a r t e d  up with the  reactor  a t  the beginning 
After 60 hr ,  j u s t  p r i o r  t o  pump-up of t h e  fuel,  the  i n i t i a l  batch of run 22, 

of sol ids  was i so l a t ed  and subsequently dissolved. 
as high as 5 g/hr a r e  expected a t  the  beginning of a run, the  r a t e  observed for 
t h i s  period was only 1.5 g/hr. 
c i rculat ing-sol ids  concentration o r  an inherent lower eff ic iency of the multiple 
hydroclone with induced u n d e r f l o 4  cannot be determined u n t i l  data have been 
acquired from several  runs. 

While so l ids  removal r a t e s  

Whether this was due t o  a lower-than-normal 

The uranium content of the so l ids  removed was s ign i f icant ly  lower than i n  
past  runs. 
pared with 3.3$ fo r  t h i s  period. 

Solids from runs 20 and 21 averaged g rea t e r  than 5% uranium, com- 

The system was placed back on stream and operated for  550 h r  before iso-  
l a t i o n  of the  second so l ids  batch. 

3.1.4 Basic Studies of Multiple Hydroclones 

Flow r a t e  vs pressure-drop measurements f o r  multiple hydroclones i n  p a r a l l e l  
on a s ingle  induced-underflow receiver indicate  t ha t  the r a t i o  of pressure drops, 
(feed t o  underflow)/(feed t o  overflow), is a sensi-tive indicator  of plugging o f  
individual hydroclone ports .  For a given multiclone configuration, t h i s  r a t i o  
appears t o  be independent of flow r a t i o  and should be independent of density 
changes such as might be caused by temperature or solution concentration changes. 
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This i s  shown f r o m  flow vs pressure-drop curves f o r  a t e s t  multiclone, using 
twenty O.k-in.-diam Bakelite hydroclones i n  a Dorr TM stage. 
r a t i o s  were determined f o r  various plugged ports,  using two s e t s  of hydroclones 
(Table 3.2). 

These pressure 

The changes i n  the  pressure-drop r a t i o s  agree qua l i t a t ive ly  with the  flow 
changes t h a t  would be expected. Hydroclones with plugged feed po r t s  should a c t  
as channels f o r  flow from the  underflow receiver  t o  the  overflow, thus increasing 
the feed-to-underflow pressure drop. 
would a c t  as flow channels f r o m  the  feed t o  the  underflow receiver,  thus reducing 
the feed-to-underflow pressure drop. 
u n i t s  of a multiclone would not a f f e c t  these r a t i o s .  

Hydroclones with plugged overflow ports  

Plugged underflow ports  f o r  one o r  several  

These pressure r a t i o s  appear t o  be p r a c t i c a l  indicators  of multiclone mal- 
performance. 
out ,  
r a t e  measurements a t  reactor  operating temperatures and pressures. 

Density e f f e c t s  due t o  temperature or  composition changes cancel 
Measurements of r e l a t i v e  pressure drops should be more accurate than flow- 

The change i n  pressure-drop r a t i o  f o r  the f irst  HITT multiclone following 
reactor  service (see Table 3.2) agrees with the previous in t e rp re t a t ion  t h a t  
several  feed po r t s  had become plugged.2 The pressure r a t i o s  f o r  this u n i t  a r e  
d i f fe ren t  from the  others tes ted,  because the  hydroclone diameters were l a r g e r  
(0.6 in .  as compared with 0.4 in .  ) . 
should be usable f o r  t e s t i n g  i t s  condition when it i s  removed fmm the reactor  
c e l l .  The pressure-drop r a t i o s  for t h i s  u n i t  appeared t o  vary with flow rate, 
probably because of poor cal ibrat ion curves. 

The values f o r  the  second RRT milt ic lone 

3.2 MAIIVTBWNCE: REPLACE%CEXT OF CIRCULATING PUMP 

While the  underflow pot was being r insed following the  mixing experiments 
(HRT-CP m s  22-25), the  l-gpm circulat ing pump became noisy and current drawn 
was very e r r a t i c ,  indicat ing incipient  bearing f a i l u r e .  The pump was replaced 
with a spare, using the norrml underwater techniques. Total  time required f o r  
the  replacement was l e s s  than three  full 8-hr shifts, including several  hours 
required t o  salvage the microphones and thermocouples from the  f a i l e d  pump and 
r e i n s t a l l  them on the  replacement. 

The pwcrp had operated 2900 h r  before f a i l u r e ,  approximte ly  95% of which 
was a t  high temperatures and pressures, with the remaining time a t  low pressure 
during the  r insing operations. 

3.3 WASTE-POND T W M E N T  

Normal scavenging treatments removed 99.674 of the  160 curies  of a c t i v i t y  
Most of t h i s  

released were Sr89, 

added t o  the  waste pond i n  660,000 ga l  of water i n  this period. 
a c t i v i t y  resul ted from leakage i n t o  the  c e l l  during the  back-flushing operation 
(see Sec. 1.1.4). 
3 6 ;  Sr9O, 2056, and Cs137, 35%. 

The major a c t i v i t i e s  i n  the  0.7 curie  
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Table 3.2, Effects of Individual Hydroclone Variations or Plugs 
on M t i c l o n e  Pressure Drops vs Flow rates 

Multiclone: 

Conditions: 

Modified Dorr Tp4 stage with twenty 0.4-in.-diam hydroclone units on outer circle; inner 
c i rc le  f o r  twelve units plugged off 

Water at room temperature; atmospheric pressure discharge; data calculated from curves 
plot ted from experfmental data 

Basic U n i t  
L DU No. 

( i n . )  ( in .  \ Used Variat ion 

pF-pu at  Three Flow Rates (gpm/clone) 
'F"o 

0.3 0.5 0.6 

2.64 0.132 20 

18 
18 

18 

3.14 0.090 20 
18 
18 
18 

2.40" 0.104 18 
3.60b 0.120 13 
3.60b 0.120 13 

0.630 
!Two feed p o r t s  plugged 0.688 

Two 3.14-in. L, 0.090-in. 0.610 
Two overflow ports plugged 0.428 

clones replacing or iginal  ones 

0.622 
Two feed ports  plugged 0.754 
Two overflow por t s  plugged 0.429 
Two 2.64-in. L, 0.132-in. 0.600 

clones replacing or iginal  ones 

Not knomc 
0. 420b 
0.542b 

0 639 
0.689 

0.629 
0 455 

0.627 
0.754 
0.434 
0.614 

0.59 
O.45gb 
0.536% 

0.638 
0.686 

0.631 
0.463 

0.629 
0.762 

0.630 
0.438 

0.63 
0.477b 
0.55hb 

%3econd KRT multiclone as fabricated from Dwg. D-34004 with 0.4-in. -dim hydmclone. 

bF i r s t  HRT multiclone as fabricated from Dwg. D-33741 with 0.6-in.diam hydmclones; pressure drops 
f o r  f l o w s  of 8, 10, and 1.2 gpm t o  rmdticlone. 

F i r s t  HXJ! multiclone after removal--reported earlier t o  have two plugged feed ports.2 C 

h) w 
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3.4 ALTERNATIVE FUEL-PROCESSING >ETHODS 

Further laboratory s tudies  were carr ied out t o  optimize the conditions f o r  

In  order t o  process the  e n t i r e  f u e l  'batch a t  one time, it 
the  processing of the  8 kg of uranium contained i n  the present f u e l  batch by per- 
oxide precipi ta t ion.  
i s  necessary t o  concentrate t o  150 g of uranium per l i t e r .  It was found t h a t  
the  peroxide f i l t e r e d  eas ie r  i f  the p rec ip i t a t ion  was carr ied out from 75 - g / l i t e r  
uranium solution and that under these conditions more than 96$ of the  uranium 
could be recovered with only about l$ of the  copper and nickel  being carr ied 
with the  uranium. 

I n  fu l l - s ca l e  t e s t s  with nonradioactive solutions a t  the HRT, d i f f i c u l t y  
was encountered i n  re ta ining the uranium peroxide p rec ip i t a t e  on a s t a i n l e s s  
s t e e l  f i l t e r  of the  G pore s ize .  No d i f f i c u l t y  had been encountered i n  the 
laboratory i n  re ta ining t h i s  p rec ip i t a t e  on a s intered g lass  f i l t e r  of even 
la rger  pore s ize .  Laboratory s tudies  demonstrated t h a t  the use of paper pulp 
and diatomaceous-earth f i l t e r  a ids  a t  lO-g/li ter  concentrations improved f il- 
t r a t i o n  by t h e  s intered s t a i n l e s s  s t e e l  f i l t e r .  
c i p i t a t e  passed through the f i l t e r  under these conditions; however, even with 
f i l t e r  aids,  the  p rec ip i t a t e  iras not contained a t  pressure differences greater  
than about 15 p s i  across the  f i l t e r .  

Approximately 3.576 of the pre- 

The p o s s i b i l i t y  of separating the uranium contained i n  the  decay-tank solu- 
t i o n  a t  a concentration of 5 g of uranium per l i t e r  from the  4 A4 HsS04, contain- 
ing zirconium (4 g / l i t e r )  and s t a i n l e s s  s t e e l  corrosion products a t  lover concen- 
t ra t ions ,  was investigated.  O f  the  methods studied, anion exchaqe, using 
Dowex 1, appears t o  be the  most promising. When a synthetic solution of the 
cornposition i n  the decay tanks was diluted by a f a c t o r  of 15 and p a r t i a l l y  
neutralized with ammonium hydroxide, a res in  loading of 30 g / l i t e r  could be 
obtained with only a 0.03% loss.  The uranium can be eluted with 1 N - I-INOs, and 
precipi ta ted as a peroxide f r o m  th i s  solution. 

1. P. A. H a a s  e t  al., HRP Quar. Prog. Rep. July 31, 1960, OmL-3004, p 21. 

2. 0. 0. Yarbro, 
Reactor Cell, 

. 



4. HRT COMPONENT DESIGN AND DEVELOPMENT 
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4 .1  HRT REMOTE-MAINTENANCE DEVELOPMENT 

When the  leak r a t e  throdgh the  patched lower hole of t he  HRT w a s  fomd  t o  be 

A rep l ica  of the  area around 
greater  than 8 lb/min of water, a program was i n i t i a t e d  t o  develop a t i g h t e r  
patch which could be i n s t a l l e d  a t  a l a t e r  shutdo-m. 
the  hole was fashioned and w a s  reproduced i n  aluminum castings f o r  study and 
prac t ice  i n  the  mockup. One cast ing was bored i n  a l a t h e  with a Z-in.-diam 
6O0-tapered reamer, demonstrating t h a t  reaming w i l l  provide an uninterrupted 
seat ing surface f o r  the  same type of plug used previously i n  the  upper hole. 
contoured plug was designed and fabricated.  
rep l ica  i n  Fig.  4.1. 

A 
It i s  shown i n s t a l l e d  on the  hole 

Concurrently, a t oo l  was designed with two working attachments, oile f o r  
Fabrication of removing the  ex is t ing  patch and one fo r  reaming the  lower hole.  

t h i s  tool,  shown i n  Fig.  4.8, i s  about 75% complete. 

4.8 HRT FEED-PUMP-DESIGN MODIFICATIONS 

Design modifications were made t o  the feed-pump diaphragm heads t o  permit 
fabr ica t ion  i n  a more economical manner and yet  r e t a i n  the  same degree of 
assurance t h a t  chips and d i r t  can be kept out of the  f inished assembly. 
and f ix tu re s  w e r e  designed t o  permit t e s t i n g  of cmponent p a r t s  of the  check 
valves a t  various stages of fabr ica t ion  i n  order t o  increase the  probabi l i ty  of 
obtaining leak- t igh t  check-valve assemblies upon completion. 

Jigs 

4.3 HRT SPARE CIRCLJLATING PLiMP 

Sta in less  s t e e l  p a r t s  were machined t o  replace the  t i tanium pa r t s  i n  the  
hydraulic end of the  spare c i rcu la t ing  pump. 
t i t a n i u m  p a r t s  ign i ted  i n  two c i rcu la t ing  pumps while i n  HRT serv ice . l  

Materials were changed because 

4.4 HRT CORE 

4.4.1 Further Studies on Temperature Distr ibut ion i n  HRT Vessel 
with Reversed Flow 

Several addi t ional  sets of measurements' of  l o c a l  residence time were made 
i n  the  equator ia l  plane of the  HRT flow model by means of conductivity pro5es 
which follow changes i n  s a l t  concentration. 
flow model w a s  disassembled and reassembled t o  determine the  reproducibi l i ty  

Between sets of measurements, t he  

25 
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Fig. 4.1. Contoured Plug in Lower Hole. 

UNCLASSIFIED 
PHOTO 36345 

of the measurements as a result of small changes in the fit of the assembly. 
The ages so obtained, when plotted against distance from the wall, suggest that 
the bulk average temperature in the core will be 

TB g T1 + L(1.2 0.1)(T2 - T1)], 
where 

% = bulk core temperature, 

T1 = core inlet temperature, 

T2 = core outlet temperature. 
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Fig. 4.2. Wrench for Removal of Lower Patch in HRT Core Tank. 
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Reproducibility of the conductivity-probe age measurements is 25% when 
measurements are made in identical situations. 
tion in age distribution is caused by variation in the mechanical assembly of 
the system. 
is possible to within only 10%. 

It is believed that the varia- 

Furthermore, the prediction of average temperature of the HRT core 

4.4.2 Comparison of Calculated Corrosion with Measured Decrease 
in Core-Tank Thickness 

A comparison was made between the ultrasonically measured decrease in core 

For an HRT solution con- 
wall thickness of the HRT vessel3 and the corrosion that would be predicted from 
the correlations obtained from the in-pile-loop data. 
taining 5 g of U per liter and a fluid velocity of 0.3 fps, the estimated 
corrosion rates as a function of wall temperature and power density are shown 
in Fig. 4.3. 
corrosion on the core side. For the upper hemisphere, the wall temperature is 
estimated to be close to the outlet temperature when there is no gross deposi- 
tion of scale. 

The corrosion on the blanket side is estimated to be half the 

35 

30 

25 
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UNCLASSIFIED 
ORNL- LR- DWG 54877 

Fig. 4.3. Corrosion Rate for Zircaloy-2 in HRT Solution (5 g of U per kg of 
D,O) at 0.3 fps. 

The power-time-temperature history of the KRT was integrated over its 
operating life to estimate the corrosion that wodd be obtained on the basis of 
in-pile-loop tests. The corrosion calculated is compared in Fig. 4.4 with that 
measured ultrasonically. 
and the calculated corrosion during run 21 was 4 mils, giving a total of 
10 mils. 

The calculated corrosion through run 20 was 6 mils, 

Total measured corrosion was 8 to 14 mils. 
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Fig. 4.4. Comparison of Calculated and Measured Corrosion in HRT. 

It is concluded from the above comparison that it is reasonable to predict 
core-wall life on the basis of in-pile-loop measurements. 

4.4.3 KRT Core Corrosion-Specimen Holder 

A new corrosion-specimen holder was designed for insertion into the core 

All parts in contact with fuel solu- 
of the KRT. The design, shown in Fig. 4.5, is a more streamlined assembly than 
the one previously exposed4 in the HRT. 
tion are constructed of Zircaloy-2. The specimens, shaped as shown in the 
figure, are welded to the central structural member and can be disassembled by 
shearing next to the weld at the support member. Tests have indicated that the 
uncertainty in the measurement of the weight loss of the specimen can be con- 
trolled by shearing at a cross section having a small area. 

Three thermocouples, sheathed in stainless steel clad with Zircsloy-2, are 
used to indicate tenperatures at different levels in the core. Extending below 
each thermocouple is a simple rod-type metallurgical specimen of Zircaloy-2 for 
physical-property measurements following irradiation. 

4.5 KRT MOCKUP OPERATION WITH DILUTE SOLUTIONS 

The KRT mockup loop was operated during the report period to investigate 
further the chemical stability of diluted simulated KRT fuel solutions. The 
basic fuel solution, 0.04 m U02S04, 0.02 m, CuSO4, 0.035 m, H2S04, and 0.014 m 
NiS04, was diluted variousamounts and circulated through the system at constant 
temperature and pressure. 
from 1700 ppm to 13 ppm. 

The range of uranium concentration investigated was 



30 

I ,I 

UNCLASSIF IED 
O R N L - L R - D W G  54879 

-7 B 

B 

SECTION A-A 
TYPICAL SECTION 

I- 
n n 

SECTION B-B 
SHOWING TYPICAL SPECIMEN M O U N l  

THERMOCOUPLES O M I T T E D  

Q CORE AND B L A N K E T  
IP- 

Fig. 4.5. Replacement HRT Corrosion Specimen Holder. 

No hydrolysis was noted at a uranium concentration of 0.8 g/liter or above. 
This confirmed earlier work with a similar solution.5 
to 500 ppm uranium instability was noted at temperatures above Z50°C, while the 
solutions appeared to be stable at 150 to Z Z 5 O C .  

At concentrations of 13 

It was concluded that the HRT blanket fuel concentration should be main- 
tained above 1 g of U per kg of DzO. 
limit in this series of tests were not successful, since loss of uranium was 
noted in solutions of the lowest concentration tested, 13 ppm. 

Attempts to define a lower concentration 

4.6 HRT REPLACEMENT FXACTOR VESSEL 

Conceptual designs were made of reactor vessel assemblies suitable for re- 
placement of the present HRT vessel assembly. Preliminary nuclear calculations 
(see See. 5.3) indicate that it may be possible to achieve Th-U233 conversion 
ratios greater than unity in small reactor sizes such as those under considera- 
tion. In order to obtain core-wall power densities in the range of economic 
interest, that is, 30 to 50 kw/liter for a reactor operating at 5 to 10 Mw, a 
partial beryllium reflector is employed. The core requires a concentration of 
9 g of Uz35 per kg of DzO for criticality. 
inventories must be held to a minimum so that the existing KRT low-pressure 
systems will be adequate. 

Fuel solution and blanket DzO 
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The bes t  concept developed t o  date i s  shown i n  Fig. 4.6, where the core 
tank i s  a cylinder, 2 1  i n .  i n  ins ide  diameter by 42.25 in .  i n  inside over-al l  
length (volume = 200 l i t e r s ) .  
3/4 in .  away from the  core w a l l .  Two regions of t ho r i a  pe l l e t s ,  each about 
3.5 in .  thick, a r e  located outside the  r e f l ec to r  region. There a re  coolant 
passages between each of the  regions, a s  indicated i n  the f igure.  
vessel  i s  about 52 i n .  i n  ins ide  diameter by 88 i n .  ins ide  over-al l  height.  

A 4-in. - thick beryllium region i s  located about 

The pressure 

The flow pa t t e rn  recommended f o r  the core i s  t h a t  induced by the  "s lo t ted  
s ide  entry" concept, where two headers a re  attached t o  the  side of t he  cy l indr i -  
c a l  port ion of the core tank. Flow enters  the tank through tangent ia l  s lo t s ,  
thus inducing ro ta t iona l  flow within the  core, with the main ou t l e t  ve r t i ca l  a t  
the  top. A s m a l l  bypass flow i s  taken off the bottom t o  remove so l ids  and t o  
provide a gravity-drain connection. 

Access t o  the  core proper i s  through a s ingle  5.5-in.-ID flanged opening. 
Access t o  the  blanket region i s  possible  through four  5.5-in.-ID flanged 
openings. However, one of these openings i s  not readi ly  avai lable  as it a l s o  
serves a s  the  blanket pressur izer  and c i rcu la t ing- l ine  connection. The s m a l l  
f lange on the  core bypass l i n e  can be manipulated throzgh one of the  blanket 
access por t s .  

4.6.1 Layouts f o r  KRT Replacement Reactor Vessel 

Conceptual layouts were made i n  order t o  show how a replacement reac tor  
vessel  might be i n s t a l l e d  i n  the  present HRT. Invest igat ions were made with 
respect t o  locat ing the  replacement vessel  i n  the  adjacent chemical-plant c e l l  B 
or i n  the  loca t ion  now occupied by the  HRT reac tor  vessel .  
two c i rcu la t ing  pumps and heat  exchangers was considered. 

The use of one or 

I n  the  current ly  favored layout, the  new vesse l  i s  i n  the  same pos i t ion  a s  
the  present one, and it u t i l i z e s  both of the ex is t ing  5-Mw steam generators a s  
f u e l  heat  exchangers, with two 450-gpm canned-motor pumps c i rcu la t ing  f u e l  
through the core and the  exchangers. A new heat-removal system, including 
another heat  exchanger and canned-motor pump, would be i n s t a l l e d  t o  remove the  
heat  generated within the  blanket region. 

4.6.2 Flow Tests of the  HRT Replacement Core 

Fluid age measurements, using sal t  conductivity probes, were completed i n  
a 5-in.-diam cyl indr ica l  p l a s t i c  model. A vaned annular entrance and an a x i a l  
out le t ,  both a t  the  top of the  vessel, were employed. The r a t i o  of mean f l u i d  
age a t  any point  t o  mean residence time i n  the  vessel, which i s  equivalent t o  
the  r a t i o  of f l u i d  temperature r ise a t  t h a t  point  t o  the  temperature r i s e  from 
core i n l e t  t o  ou t l e t  when constant and uniform heat generation rate within the  
f l u i d  i n  the  core i s  assumed, ranged down the  length of the  core from 0.2 t o  
1.04 a t  the  wall  and from 1 . 9  t o  2.2 i n  the  center .  There w a s  no appreciable 
change i n  the  r e l a t i v e  age when the  water flow r a t e  was decreased from 36 g p m  
(mean residence time of 2.45 see)  t o  13 gpm (mean residence time of 6.78 sec) .  

I n  other t e s t s ,  a 5-in.-diameter p l a s t i c  model, 1 5  in .  long, w a s  fabr icated 
with two s l o t  i n l e t s ,  180' apar t  and 0.060 in .  wide, extending ax ia l ly  down the 
s ide  of the  model. The s l o t s  directed incoming f l u i d  tangent ia l ly  along the  
cy l indr ica l  w a l l .  Fluid e x i t  was through a pipe i n  the  center of the top of the  
model, and the  top and bottom heads were f l a t .  The r a t i o  of mean f l u i d  age a t  
a point  t o  the vessel  mean residence time ranged down the  length of the vessel  
from 1.05 t o  0.48 a t  the  w a l l  and from 1.35 t o  1.16 i n  the  center.  Fluid ages 
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Fig. 4.6. Concept of HRT Replacement Reactor Vessel. 
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were r e l a t ive ly  less a t  the  lower p a r t  of the  model, due t o  more f l u i d  entering 
a t  t he  bottom of the  s l o t  than a t  the  top. 
operating between 250 and 290°C, maximum hot-spot temperature would be 3 0 4 O C .  

The s lo t -en t ry  model was modified t o  have 1.104-in. s lo ts ,  hemispherical 
heads, an over-al l  length of 10 in . ,  and two j e t s  i n  each head t o  d i r ec t  
incoming f l u i d  along the  w a l l s  of the  head. Fluid age measurements with con- 
duc t iv i ty  probes, dye-injection studies,  and velocity-probe t raverses  w i l l  be 
completed f o r  t h i s  model which corresponds t o  the  preferred concept f o r  t he  
replacement vessel .  Preliminary flow tests showed t h a t  so l ids  would be 
removed readi ly  from the  vessel ,  and dye t e s t s  suggested t h a t  the maximum w a l l  
temperature would be below the  ou t l e t  temperature. 

If t h i s  design were used i n  a core 

REFERENCES 

1. S. E. Beall  e t  a l . ,  HRP Quar. Prog. Rep. Oct. 31, 1959, ORTJL-2879, p 13, 

2. I. Spiewak -- e t  a l . ,  KRP Quar. Prog. Rep. Ju ly  31, 1960, ORNL-3004, p 29-31. 

3.  S. E. Beall  -- e t  a l . ,  HFiP Quar. Prog. Rep. July 31, 1960, ORML-3004, p 18. 

4. R. M .  Warner e t a l . ,  HRT Corrosion Specimens and Holder: 
Pressure Vessel (Loading No. l), ORNL CF-58-7-68 (July 1.958). 

Core Region of 

5 .  J .  C .  Griess and H. C .  Savage, HRP Quar. Prog. Rep. July 31, 1960, ORNL-3004, 
p 56-60. 



n 

5. HRT REACTOR ANALYSIS 

P. R. Kas ten  

M. L. Tobias D. R .  Vondy 

5.1 CALCULATION OF THE PRESSURE RISE IN THE HRT 
FOR VARIOUS W I P  REACTIVITY ADDITIONS 

The pressure r ise i n  t h e  HHT as a r e s u l t  of ramp r e a c t i v i t y  addi t ions w a s  
studied f o r  t h e  case of operation w i t h  t h e  blanket pressurizer  f i l l e d  with 
l iqu id .  The necessary calculat ions were done using an IBM-704 code based upon 
frequently used relationships '  which were modified t o  account for t h e  presence 
of  a hole i n  the  core vessel .  Pressure r i s e s  i n  t h e  core and blanket regions 
were calculated as flmctions of t h e  cross-sectional area of t he  core-tank-hole, 
blanket-to-core f u e l  concentration r a t io ,  and r a t e  of' r e a c t i v i t y  addition. 
The ranges of these  parameters are indicated i n  Table 3.1. Enphasis w a s  placed 
on the  r e s u l t s  for  a hole area of' 0.1 sq in. ,  a blanket-to-core fue l  concen- 
t r a t i o n  r a t i o  of 0.3, and a ramp rate of 2$ per second. 
suggested as an extzeme incident by tne  work of Bennett and Jaye.2 
shows t h e  maximum pressure rises obtained as a function of blanket-to-core 
fue l  r a t i o  for a 0.1 sq in .  hole and a ramp r e a c t i v i t y  addi t ion of 2$ Ake per  
second. Table 5.2 shows r e s u l t s  obtained fo r  other  conditions. Note t h a t  t h e  
maximum difference between core and blanket pressures i s  not t h e  same as t h e  
difference between the  maximum pressures i n  each region. 

This ramp rate was 
Figure 5.1 

Table 5.1. Values of Parameters Considered i n  
Pressure-Rise Calculations 

Parameter 

Rlanlret-to-core f u e l  r a t i o  0, 0.3, 0.5, 1.0 

Rate of r e a c t i v i t y  addition, ;h Ake/sec 1, 1.5, 2 

Core-tank hole area, sq in .  0, 0.1, 0.25, 0.5 

5.2 CRITICALITY STUDIES FOR THE HRT 

Calculation of HRT c r i t i c a l  concentrations fo r  various conditions were 
made using the  GNU multigroup code. The blanket-to-core f ie1 concentration 
r a t i o  w a s  var ied between 0 and 0.3, t h e  core temperature was  taken between 
240 and 28ooc, and blanket temperatures were between 150 and 280"c. 
l i s t s  t h e  results obtained for a poison cross sect ion of about O.g$ of t h e  
absorption cross sect ion of $35 (corresponding t o  operating conditions ). 

Table 5.3 

. 
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Fig. 5.1. Pressure Rise Associated with a 2%/sec 
Ramp Reactivity Addition in the HRT with the Blanket 
Pressurizer F i l led  with Liquid. 

Table '3.2. Pressure Rises Due t o  Ramp Reactivity Additions t o  
the JBT with the Blanket Pressurizer F i l led  with Liquid 

Ratio of Blanket-to-Core Fuel Concentration = 0.3 

Max. Difference 
M a x .  Blanket Between Core and 

Addit ion Press. Rise Press. Rise Blanket Pressure 
Core-Tank Reactivity Max. Core 
Hole Area, 

s q  in.  ($/set ) (Psi  1 ( p s i )  ( p s i )  

2249 1374 1237 0 2 

0.1 

0.1 

1 739 805 180 

1.5 1341 1085 9 8  

0-25 2 U 0 4  1406 1052 

0.5 2 1978 1431 1127 
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Table 5.3. Fuel Concentrations Calculated for Various Conditions 

i n  t h e  KRT Using t h e  GNU fkiltigroup Code 

Fuel enrichment, 84$ U235; moderator, 97.7; D20; poison leve l ,  0.9$ 

Core Blanket Core Fuel Cone. Blanket Fuel Cone. 
Temp. Temp. (g of ~ 2 3 5  per ( g  of U235 per kg 
( "c )  ("c) kg of moderator) of moderator ) 

A. No Fuel i n  Blanket 

280 280 8.8 
240 8.1 

260 260 7.5 
240 7.2 
200 6 97 

280 

260 

240 

B. 0.15 g of U235 per L i t e r  i n  Blanket per g of U235 per L i t e r  i n  Core 

280 

260 

240 

280 
260 
240 
200 
280 
260 
240 
200 
150 
260 
240 
200 

7.18 
6.85 
6.59 
6.12 
6.46 
6.17 
5.94 
5-55 
5.20 
5.69 
5.49 
5.11~ 

1 .08 
0.9 
0.91 
0.79 
1.01 
0.92 
0.86 
0.75 
0.66 
0.88 
0.82 
0.72 

C. 0.30 g of U235 per L i t e r  i n  Blanket per g of U235 per L i t e r  i n  Core 

280 

260 

240 
200 

240 
200 
240 
200 

6.05 
5*55 
5.15 
5.25 
5.08 
4.72 
4.74 
4.42 

1.82 
19% 

1.9 

1.28 

1.34 

1.47 

1.42 
1.24 

. 

The fue l  enrichment was 84$ U235, and t h e  moderator vas 97.5$ D20. Figure 5.2 
shows some results for a blanket temperature of 230°C. 
t h a t  a l i n e a r  cor re la t ion  resulted when t h e  inverse of core fue l  concentration 
was plo t ted  against  t he  blanket-to-core f u e l  concentration r a t i o ,  as shown i n  
Fig. 5.3. The r e s u l t s  i n  Fig. 5.3 are  f o r  a var i e ty  of core-and-blanket temper- 
a tu re  combinations. 

The calculat ions showed 
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Fig.  5.2. H R T  Critical Fuel Requirements a s  a 
Function of Blanket Fuel Concentration and Core 
Temperature. 
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Fig. 5.3. Effects  of Fuel in Blanket and Blanket- 
Core Temperatures on H R T  Fuel Requirements. 

The f e w  comparisons which were made between calculated and observed c r i t i -  
c a l  conditions i n  current  HRT operations show experimental concentrations about 
6% higher than calculated values. 

5.3 CRITICALITY CALCULATIONS CONCERNING THE IBT REPLACEMENT VESSEL 

The objective of nuclear calculat ions concerning the  HRT replacement 
vessel was t o  f ind  a s m a l l  r eac tor  which had a core-wall power densi ty  of about 
30 kw/liter a t  a t o t a l  power of 5 Mw, and a fuel concentration l e s s  than 10 g 
of U235 per l i t e r .  
possible  i f  t h e  reac tor  were fueled with U233 and i f  t he  blanket contained 
baskets of t h o r i a  pe l l e t s .  A l a rge  number of concepts were studied i n  an 
e f f o r t  t o  meet these objectives; t he  most successrul concept appears t o  be a 
core surrounded by a r e f l ec to r  of beryllium or beryllium oxide and regions of 
tnoria-D20 mixtures. An example of such a reac tor  i s  indicated i n  Fig. 5.4, 
which displays schematically t h e  r a d i a l  d i s t r ibu t ion  of materials i n  a spheri-  
c a l  reactor .  With U235 fue l ,  t h e  concentration i n  t h e  core was 9 g / l i t e r  as 
calculated by t h e  GNU multigroup code fo r  a temperature of 2 8 0 ° C .  
used, t h e  concentration would be 6.1 g / l i t e r .  The poison level  used i n  these  
calculat ions was  associated with present HRT operating conditions and a power 
l eve l  of 10 Mw. The core w a l l  power densi ty  w a s  5.2 lcw/liter per megawatt of 
reactor  power. 
56.66 in .  i n  inside diameter. 
case,  

It w a s  fur ther  hoped t h a t  a high breeding r a t i o  would be 

If U233 were 

The core volume w a s  172 l i t e r s ,  and t h e  pressure vessel w a s  
Table 5.4. gives a neutron balance f o r  t h i s  
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Fig. 5.4. Schematic Diagram of Radial Distribution of Materials in HRT Replacement-Vessel Con- 
cept (Pressure-Vessel ID, 56.66 in.). 

Table 5.4. Neutron Balance f o r  Spherical Version of 
HRT Replacement Reactor 

Mater i al Absorptions per Neutron Produced 

Core: Water (99.6$ DZO) 
S 
N i  
cu 
Xe 
Sm 
Other f i s s i o n  products 
$33 

0.004 
0.001 
0.001 
0.001 
0.004 
0.002 
0.004 
0.435 

Core tank 0.020 

Blanket regions 
Water 0.001 
Be 0.048 
Zircaloy 0.005 
Thorium (of which 87$ i s  i n  f i r s t  region) 0.462 

Pressure vessel  
Leakage 
Breeding r a t i o  (neglecting Pa l o s s e s )  

0.009 
0.001 
1.062 

The r e s u l t s  c i ted  here are  probably opt imist ic  since an actual  reactor  
configuration i s  not so  well r e f l ec t ed  as the  spherical  ideal izat ion j u s t  
described. There i s  l i t t l e  doubt, however, that use of a beryllium r e f l e c t o r  
permits the  use of cores s m a l l  enough so  t h a t  high core w a l l  power dens i t i e s  
can be at ta ined a t  low t o t a l  power. Calculations have also shown beryllium 
oxide t o  be almost as sa t i s fac tory  as beryllium. 
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PART II. ENGINEERING DEVELOPMENT 

6. DEVELOPMENT OF REACTOR COMPONENTS AND SYSTEMS 

I. Spiewak 

R. H. Chapman 
D. M. Eissenberg 
P. H. Harley 

J. E. Jones 
C. G. Lawson 
J. C. Moyers 

6.1 DEVELOPMENT OF STRAIGHT-THROUGH CORF: VESSEL 

Experimental measurements of velocity and age distributions are being made 
for a cylindrical core model with swirling straight-through f low.  
data have shown that the age in the center of the core is approximately 130% 
greater than the mean age of fluid leaving the core and that the age in the 
vicinity of the wall is about 6% less than the mean age. 

Preliminary 

A vortex generator has been installed in the exit of the core in an attempt 
to reduce the age (and thereby the temperature) in the center and also to 
recover the dynamic pressure of the swirling component. 

6.2 CIRCULATING-PUMP DEVELOPMENT 

The 2002 canned-motor pump, which has a motor similar to those used in the 
HRT circulating pumps but which contains parts more suitable for use in cir- 
culating thoria slurries, continued to operate in high-temperature water in a 
test of its alumina radial bearings. 
6970 hr to date. 

The pump has operated satisfactorily for 

6.3 OXYGEN COMPRESSOR 

Operation o f  the three-stage diaphragm compressor was resumed, and another 
third-stage-diaphragn failure occurred (a total of six to date) after 705 hr of 
operation. 
1950 hr each without a failure. Foreign matter entering the system seems to be 
the major factor in each of the third-stage-diaphragm failures. 

The first- and second-stage diaphragms have operated a total of 

The system is being modified to replace the packed-piston drive unit with 
an oil-driven triplex unit. 
system through Neoprene pulsator units. These modifications should prevent in- 
leakage of air at the packing gland and improve the cleanness of the inter- 
mediate water system, thereby lessening two troublesome problems. 

This unit will actuate an intermediate water 

40 
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6.4 SLURRY ENGINEERING 

6.4.1 Viscometry 

In order to design and develop slurry components, reliable physical-property 
measurements of the slurry are needed. Due to the fast-settling nature of most 
thoria slurries, capillary-tube viscometers have been used to obtain the rheo- 
logical properties. However, it has been observedl that a wall-slip phenomenon 
may be responsible for erroneously low coefficients of rigidity if the capillary 
tube has a diameter less than approximately 1 2 0  mils. 

Experiments were carried out with capillary-tube viscometers in order to 
determine the magnitude of the slip phenomenon and, if possible, to define the 
importance of slip phenomena to heat transfer and tub-dent friction-factor 
measurements. A total of nine new and old capillary tubes were calibrated with 
water, and those tubes that did not exhibit the expected pressure drop in 
laminar flow up to the calculated critical Reynolds number were presumed to 
have internal dimensional irregularities and were discarded. This resulted in 
five acceptable tubes with inside diameters of 11, 18, 35, 57, and 124 mils, 
respectively. 
one (57 mil) had an L/D ratio of 880. 

A l l  the tubes except one had an L/D ratio greater than 1000, and 

These five tubes were then used to obtain pseudoshear diagrams (plots of 
8V/gcD YS MP/4L) of a pumped, 1600~~-f ired, 1.5-micron thoria slurry (200B-4B) 
at four concentrations -- 550, 700, 800, and 1000 g of Tho2 per liter. The 
tubes were operated in a vertical position. 

In the laminar range, all the viscometer tubes gave data which fell on the 
same line, generally within *2%, except at the very low shear rates, where the 
data scattered somewhat more. This leads to the conclusion that for vertical- 
tube viscometers there is no observable diameter dependence (slip phenomenon) at 
room temperature for the thoria slurry tested. 

One of the pseudoshear diagrams is shown in Fig. 6.1. The 11-mil tube 
tended to plug, and although it was possible to get some data, they are not 
plotted. 

A further ressilt of this study is the discovery that the s lur ry  tested can 
be well represented by the Bingham-plastic model at shear rates greater than 
300 (lbf sec)/(lbm ft), provided that the Bingham constants are obtained at 
these high shear rates. 
shear rates less than approximately 300 (lbf sec)q(lbm ft). In fact, at shear 
rates below 100 (lbf sec)/(lbm ft), the slurry appears to follow the power-law 
model. 

A deviation from the Bin ham-plastic model occurs at 

6.4.2 200A Loop 

Run 22A was completed this quarter. Concentration-gradient data were 
obtained by means of vertical scans across a 3-in. horizontal pipe sufficient 
to compare the dropout behavior of the slurry (3.65-l~. diam, 1600'C-fired) with 
that used in run 21A (1.7-p diam, 800°C-fired). 2 processed, although gradients qualitatively similar to those observed earlier 
were again obtained. 

The data have not been 
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Fig. 6.1. Pseudoshear Diagram of Pumped Thoria 
Slurry in Several Viscometer Tubes. 

6.4.3 ZOOB Loop 

A new heat  meter was fabricated and i n s t a l l e d  i n  the  20013 loop t o  permit 
continuation of run 4B. Heat t r ans fe r  coef f ic ien ts  a t  several  punrp frequencies 
were obtained a t  Thoz concentrations of 800 and 1000 g / l i t e r  and a t  temperatures 
of ZOO, 850,  and 2800~. The run w i l l  be concluded a f t e r  heat  t r ans fe r  co- 
e f f i c i en t s  a r e  obtained f o r  water a t  these temperatures. 
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PART 1 1 1 .  SOLUTION FUELS 

7. REACTIONS IN AQUEOUS SOLUTIONS 

M. J. Kelly 

D. R. Cuneo G. L. Johnson' 
L. 0. Gilpatrick H. H. Stone 

7.1 REMOVAL OF PROTACTINIUM AND URANIUM FROM THORIUM 
NITRATE-NITRIC ACID SOLUTIONS 

7.1.1 Introduction 

Consideration of thorium nitrate as a breeder blanket component is dependent 
in part on the removal of protactinium as it is formed, in order to maintain a 
low steady-state value in the blanket solution. This prevents excess neutron 
loss by capture and allows decay of the Pa233 to U233, a fissionable product, 

This preliminary study was made to determine if Pa233 and its daughter U233 
could be removed from acid thorium nitrate solutions to an arbitrarily low level 
by a chemical technique which would not be deleterious to the blanket solution. 

A recent chemical engineering survef shows that it is desirable that 90$ 
of the protactinium and uranium be removed from a solution containing protactinium 
(83 %/liter, initially) and uranium (2 mg/liter, initially). 
were not removed, the steady-state value of protactinium could not be permitted 
to exceed 5 1  mg/liter. 

If the uranium 

Previous work on the removal of protactinium from molten salts3 by precipi- 
tation on thorium oxide suggested the investigation of the adsorption of protac- 
tinium on thoria. At low (<O.5 M) concentrations of thorium nitrate, adsorption 
did occur. 
caused this effect to disappear. 

Increasing the thorium concentration or the addition of nitric acid 

The most promising alternative seemed to be the coprecipitation of protac- 
tinium and uranium with a thorium compound. 
so many advantages that it was the second system investigated. 

Precipitation with peroxide provides 

7.1.2 Experimental Procedure 

As this was a preliminary survey, standard laboratory techniques were used. 
Polyethylene bottles were used to obviate the problem of protactinium adsorption 
on the container walls. Experiments were performed in a temperature-controlled 
bath over a range of 55 to 75°C. 
added nitric acid concentration varied from 0 to 3.5 M. 
t i o n s  ranged over calculated values of 0.1 to 0.45 M. 

Thorium concentrations were 2 and 3 M, and 
Hydrogen peroxide addi- 
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All chemicals were standard laboratory materials, and no special purifica- 
tion was attempted. The thorium nitrate was ignited and found to be the penta- 
hydrate; solution-concentration calculations were performed on this weight basis. 
The protactinium tracer solution was obtained by irradiating Th( N03)4-5H20 in 
the ORNL Graphite Reactor and then dissolving in acid solution. 

In a typical experiment, 20 ml of a particular thorium nitrate and acid 
solution was placed in a 1-oz polyethylene bottle; from 100 to 500 A of protac- 
tinium tracer solution was added; and a plastic-coated magnetic stirring rod was 
put in the bottle. The bottle was then placed on a magnetic stirrer immersed in 
the water bath and allowed to come to thermal equilibrium while stirring, after 
which the gamma activity of a 100-A sample was determined. Sufficient peroxide 
was then added to provide a chosen zero-time concentration. 

At predetermined intervals the reaction mixture was centrifuged in an in- 
sulated centrifuge cup, and samples were withdrawn and analyzed f o r  soluble per- 
oxide and protactinium tracer activity. 

In the experiments involving uranium, the tracer used was U237. In all 
other cases the tracer was Pa2=. 

7.1.3 Results and Discussion 

A clear-cut example of the success of the technique in removing protactinium 
from solution is shown in Fig. 7.1. The protactinium did not precipitate in- 
stantly but gradually disappeared from solution over a period of 25 min; the rate 
of its disappearance was probably related to a slow growth of the peroxide par- 
ticles. 
peroxide which was in the form of thorium peroxide precipitate (which also in- 
cluded the protactinium precipitate) and had been removed from the supernatant 
by centrifugation. Based on the assumption of a one-to-one correspondence 

The shaded area in the figure represents that fraction of the total 

UNCLASSIFIED 
ORNL-LR-OWG. 54022 

. 

0.03 
0 100 200 300 400 500 600 700 

0.03 

TIME (rnin) 

Fig. 7.1. Coprecipitation of Pa233 Tracer with 
Thorium Peroxide. 
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between hydrogen peroxide and thorium peroxide, it w a s  calculated t h a t  about 3% 
of the  t o t a l  thorium had been prec ip i ta ted .  
of t he  t r a c e r  protactinium had been removed. 

A t  t h e  same time, nevertheless, 96% 

When the  soluble-peroxide l e v e l  f e l l  below 0.2 M ( a t  -275 min), t he  protac- 
tinium began t o  re turn t o  solut ion.  Therefore it appears l i k e l y  t h a t  enforcement 
of a steady-state l eve l  of 0.225 M soluble peroxide would a l so  have e f f ec t ive ly  
prec ip i ta ted  the  protactinium and t h a t  t he  use of t he  l a rge r  i n i t i a l  quant i ty  of 
H202 would not have been s e c e s s a r y .  7 - 

The e f f ec t  of temperature on the  r a t e  of peroxide decomposition i s  shown i n  
Fig. 7.2. The energy of ac t iva t ion  calculated from these da ta  corresponds t o  
(22 + 2 )  kcal/mole, a value which i s  very close t o  those f o r  the  catalyzed de- 
composition of peroxide i n  uranium solut ion systems. 
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Fig. 7.2. Effect of Temperature on Peroxide De- 
compos i tion. 

It was noted t h a t  increasing the  ac id i ty ,  with a l l  o ther  conditions constant, 
caused an increase i n  the  r a t e  of reaction. This r e s u l t  w a s  contrary t o  t h e  
usual experience i n  uranium systems. 

Figure 7.3 shows the  combined results o f  two runs w i t h  3 M thorium and 
roughly 2 M acid.  
t a t e d  even at  the  higher temperature and thorium concentration. 
t i o n  of peroxide required a t  steady s t a t e  w a s  l ess  than t h a t  required i n  Fig. 7.1. 
However, the  concentration of peroxide necessary f o r  prec ip i ta t ion  apparently 
var ies  with the  r a t i o  of thorium t o  acid.  For 2 M thorium solutions a t  55"C,  
t he  threshold l eve l  of peroxide for prec ip i ta t ion  was a function of t he  s toichio-  
metric acid concentration, as follows: 

The protactinium and thorium were s t i l l  e f f ec t ive ly  precipi-  
The concentra- 

Acid Peroxide Concentration 
Concentration f o r  Prec ip i ta t ion  

(M> (MI 

0.00 
0.922 
1.892 
3.544 

0.085 + 0.01 
0.105 i 0.01 
0.20 ; 0.01 
0.40 7 0.02 - 
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Fig. 7.3. Coprecipitation of Protactinium Tracer with 
Thor i um Peroxide. 

The s m a l l  change between the  0.922 M value and the  stoichiometric value may 
be ra t iona l ized  by the  comment t h a t  t he  measured p€I of 2.0 M thorium n i t r a t e  
solut ion was approximately zero. 

In every case where suf f ic ien t  peroxide w a s  added t o  exceed the  concentra- 
t i o n  required f o r  prec ip i ta t ion  and when the  pa r t i cu la t e  mater ia l  reached a s ize  
where it could be s a t i s f a c t o r i l y  centrifuged from the  solution, t he  protactinium 
w a s  removed with the  prec ip i ta te .  The protactinium did not reappear so long as  
any observable prec ip i ta te  w a s  present.  It i s  reasonable t o  assume a t  t h i s  point 
t h a t  the  protactinium peroxide i s  more insoluble than the  thorium peroxide and 
that quant i t ies  grea te r  than 5 ppm could be removed by prec ip i ta t ing  a very small 
quant i ty  of the  thorium. Protactinium-231 has been requested f o r  experiments t o  
t e s t  t h i s  assumption. 

A s ingle  experiment w a s  run a t  48.9"C with 2 M thorium n i t r a t e ,  2 M n i t r i c  
acid, and -75 ppm of  uranium, using the  technique described above. Uranium w a s  
not removed from the  solut ion when a portion of t h e  thorium w a s  p rec ip i ta ted .  
Another experiment, i den t i ca l  t o  t h i s  experiment except f o r  t he  i n i t i a l  addi t ion 
of protactinium t racer ,  showed t h a t  the protactinium w a s  removed as successful ly  
i n  the presence of uranium as  i n  the  experiments with no uranium present ,  

7.1.4 Conclusions 

The r e s u l t s  reported here seem t o  indicate  t h a t  protactinium could be held 
a t  an a r b i t r a r i l y  low steady-state concentration i n  a thorium n i t r a t e  - n i t r i c  
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acid breeder blanket solution. This could be accomplished by coprecipi ta t ing 
the  protactinium together with a small percentage of the  thorium by means of 
peroxide addi t ion i n  a side-stream operation. Methods for removal of the  so l id  
peroxides would have t o  be determined, but a continuous method such as hydroclone 
extract ion would seem desirable .  
pose, leaving no undesirable contaminants i n  the  blanket solution. 

The peroxide remaining i n  solut ion w i l l  decom- 

This technique d id  not remove small amounts of uranium from t he  blanket 
solut ion.  It has been shown t h a t  (1) allowing t h e  uranium t o  a t t a i n  s teady-state  
conditions i n  the  blanket w i l l  require t h a t  the  protactinium be held below 51 ppm 
f o r  acceptable reactor  operating conditions, and ( 2 )  the  removal of Pa233 at 
t r a c e r  leve ls  i n  the  present experiments suggests t h a t  a steady-state concentra- 
t i o n  of l e s s  than 5 1  ppm could be achieved. 

7.2 SOLUBILITY OF H2 IN H20 AND OF D2 IN D20 

7.2.1 Introduction 

Precise  da ta  on gas s o l u b i l i t i e s  i n  homogeneous reactor  f u e l  solut ions a re  
required so t h a t  recombination r a t e s  can be calculated and operating conditions 
can be specif ied such t h a t  the  gas w i l l  remain i n  solut ion i n  the  reactor .  Some 
da ta  are ava i lab leY4 but not of suf f ic ien t  scope t o  supply information f o r  a wide 
range of reactor  operating conditions or for t he  precise  calculat ions required t o  
del ineate  the  mechanism of the  recombination react ion.  

This study w a s  undertaken t o  supply the  data  desired.  The s o l u b i l i t y  of 
gases of i n t e re s t  over a wide range of chemical systems and temperatures i s  being 
determined. The da ta  reported here were obtained t o  t e s t  t he  f e a s i b i l i t y  and 
precis ion of t he  technique but are of suf f ic ien t  i n t e r e s t  t o  warrant reporting 
a t  t h i s  time. 

7.2.2 Experimental Procedure 

The solvent i s  placed i n  a small (25-ml) titanium bomb with a core pressure 
f i t t i n g  on one end, connected t o  a 20-mil-ID gas-feed l i ne .  The o ther  end of t he  
bomb i s  connected by a swage closure t o  a 6 - m i l - I D  sampling tube.  
p s i  o f  t he  sa tura t ing  gas i s  applied t o  the  solvent.  The bomb i s  shaken t o  speed 
saturation, and the  gas i s  vented t o  atmosphere. This i s  repeated three  times 
t o  remove any a i r  from the  system. The bomb i s  placed i n  the  furnace and brought 
t o  the  t e s t  temperature. A su i tab le  pressure of t he  saturat ing gas i s  applied, 
and t h e  bomb i s  rocked u n t i l  t he  l i qu id  i s  saturated with gas. 

Several hundred 

After  saturat ion,  t h e  rocking furnace i s  stopped a t  an angle such t h a t  the  
6 - m i i  sample l i n e  i s  a t  t he  lowest point, and any entrained gas i s  allowed t o  
separate.  

The sampling l i n e  i s  connected t o  a valving arrangement so t h a t  the  l i n e  
may be flushed with gas-saturated sample, and the  l i n e  i s  then opened a t  another 
point t o  an evacuated sample container. There i s  no dead volume, and while 
segregation of the  gas and l i qu id  undoubtedly occurs i n  the  sample l i ne ,  t h e  
sweep ve loc i ty  i s  so high t h a t  a homogeneous sample i s  taken. 

The amount of sample drawn i s  determined by weighing the  sample container 
before and after sampling. The sample container i s  attached t o  a gas-extraction 



48 

apparatus, and the  dissolved gas i s  put i n to  a known volume by standard tech- 
niques and measured. The measured amount of gas i s  corrected t o  standard condi- 
t ions  and reported as the  amount dissolved converted t o  standard conditions per  
gram of sample per atmosphere of pressure.  

7.2.3 Results and Discussion 

The r e su l t s  obtained t o  date a re  shown on Fig. 7.4. The H2-H20 data  are 
i n  e s sen t i a l  agreement with those of Wiebe and Gaddy' below 100°C and with the  
da ta  of Pray e t  a1.= above 100°C. 
those reported by Stephan e t  a~~ 

The D2-D20 data  vary by several  per  ce2-b from -- 
-- 

UNCLASSI F l  ED , , , , ORNL-LR,-DWG. 543:, 

60 100 140 180 220 260 
TEMPERATURE ( " C )  

Fig. 7.4. Solubility of H, in H,O and of D2 in D2O. 

Graphical r e s u l t s  a re  shown since a complete tabula t ion  of da ta  w i l l  be 
Data were taken a t  1 0 ° C  i n t e rva l s  and p lo t ted  as reported l a t e r  up t o  300°C. 

the  average of several  independent determinations. In t e rna l  agreement of data 
a t  a s ingle  temperature was uslially b e t t e r  than +0.5$. Errors i n  pressure and 
temperature measurement probably contribute suff f c i en t  indeterminate e r r o r  t h a t  
t h e  precis ion may be considered t o  be no b e t t e r  than +l%. - 
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8. HETEROGENEOUS EQUILIBRIA I N  AQUEOUS SYSTEMS 

W. L. Marshall 

E. U. Franck' E. V. Jones R. Slusher 
J. S. Gill J. E. Savolainen F. J. Smith2 

8.1 ESTIMATION OF MINIMUM TEMPERATUFES OF SECOND-LIQUID-PHASE 
FORMATION IN HOMOGENEOUS-REACTOR FUEL CONCENTRAmS: 

USE OF THE ACIDITY RATIO 

8.1.1 Introduction 

The temperatures for the appearance of a second liquid phase were determined 
f o r  two aqueous homogeneous-reactor fuel compositions and their concentrates. 
The data supplement those given previou~ly.~-~ Mole ratios, U03/S03, CuO/SOs, 
and. NiO/S03, for the two compositions studied are near those for the fuel used 
in the current homogeneous-reactor operation. 

Comparison of the results herein with those previously presented suggests 
a more general criterion for estimation of the minimum liquid-liquid immiscibility 
temperature f o r  homogeneous-reactor fuel concentrates. 

The experimental details are given in an HRP report.6 Temperatures for the 
appearance of liquid-liquid immiscibility were determined by visual observations 
in the conventional manner.7 Concentrations of the stock solutions used for 
preparing dilutions are given below: 

Solution A Solution B 
Molaritv Molalitv Molaritv Molality 

u02so4 0.415 0.385 0.2653 0.2432 
0.1262 

NiS04 0.1370 o .1271 0.0906 0.0831 
Total sulfate 1.159 1 * 075 0.851 o .780 

C u S 0 4  0.2100 0- 1948 0.1377 

8.1.2 Discussion 

The experimental results are plotted in Fig. 8.1. The concentration factor 

Both molal 
x is a number which, when multiplied by the concentration of a component at 
x = 1, gives the concentration of that component in the concentrate. 
and molar concentration factors are given in the above table; these have been 
converted to unity at 0.0258 M or the equivalent 0.0218 m U02* for comparison 
with results presented previ~usly.~-~ A solution of series A at x = 1 corre- 
sponds closely to the expected homogeneous-reactor fuel composition in the core, 
whereas in series B the relative free acid is somewhat higher. 

In Fig. 8.2 the lowest temperature for appearance of liquid-liquid immisci- 
bility upon concentration of a fuel composition is plotted against the molal 
ratio, D2SO$total sulfate. Figure 8-3 shows the variation in the molar 
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Fig. 8.1. The Temperature of Appearance of Second 
L iqu id  Phase as a Function of Dilution and Concentra- 
t ion of Two HR Fuel Compositions (x  = 1 at 0.0258 M 
UO,SO,; D,O Solutions). 
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Fig. 8.2. Minimum Temperature for Appearance of 
Second L iqu id Phase i n  Aqueous Homogeneous Reactor 
Fuel Concentrates (D,O Solutions). Derived from data 
in  refs 3 and 4. 
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(see ORNL C.F. 59-14-27) 
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Fig. 8.3. Concentration Factor at Minimum Temper- 
ature for Appearance of Second L iqu id Phase in  
Aqueous Homogeneous Reactor Fuel Concentrates (D20 
Solutions). Derived from data in  refs 3 and 4. 
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concentration factor at the minimum temperature as a function of this same rela- 
tive acidity rat B. 
molal ratio, UO, 
1:0.519:0.340 for the present two series of solutions. 
minimum temperatures obtained from the curves in Fig. 8.1 are 1°C lower for 
series A and 2OC lower for series B than the curve in Fig. 8.2 would indicate 
at the corresponding mole ratios, D2S04/tfial sulfate, of 0.34;Sand 01420. 
Doubling the relativhconcentration of Cu 
ratio, U02*/Cu*/Ni 
by only 8, 6, and 4°C at acidity mole ratios, D2S04/total sulfate, of 0.33, 
0.43, and 0.50, respecti ely. These changes in temperature are small, consider- 
ing that the relative CuL concentration was increased by 10% and that Ni* was 
eliminated. 

p- these curves, prepared from data in refs 3 and 4, the 
/Cu /Ni*, is 1:0.492:0.232, compared with 1:0.506:Oo330 and 

The two-liquid-phase 

and eliminating Ni to give a mole 
, of 1:l:O (ref 5) raised the temperature at the minimum 

Large differences in temperature for small changes in the mole ratio, D2S04/ 
total sulfate, anddmall differen es in emperature for moderately large changes 
in mole ratios, Cu /U02* and Ni /U02 , substantiate the belief that relative 
acidity is the most important variable in the range of current homogeneous- 
reactor e1 compositions. As secondary effects, an increase in the mole ratio, 
Ni*/UO, , appears to lower somewhat the temperature for occurrence of immisci- 
bility, whereas an increase in the mole ratio, Cu*/U02*, is known to raise 
this temperature 03-5 

& A  

As a first approximation, the curve in Fig. 8.2 may be used to estimate 
two-liquid-phase minimum temperatures within 2 or 3'C for solution concentrates 
of current homo eneous-reactor uel c mpositions showing moderate variations in 
mole ratios, Cu /U02* and Ni /U02 , and large variations in D2S04/total 
sulfate. 

a - 4 5 - 4  

8.2 LIQUID-LIQUID EQUILIBRIA I N  lTE3 SYSTESIS 
UO~-CUO-SO,-D~O AND CUO-SOS-D~O 

The investigation of liquid-liquid immiscibility boundaries in the systems 
U03-Cu0-S0,-D20 and Cu0-S03-D20 forms a part of the over-all study of the five- 
component system U03-Cu0-Ni0-S03-D20 at temperatures above 300°C. 
studies have defined two-liquid-phase temperature boundaries in the system U03- 
S03-D208 and have presented information concerning solid-liquid equilibria in 
the system Ni0-S03-H209'10 and its D20 analog .I1 These past investigations also 
have indicated the temperatures at which supercritical fluids are formed (that 
is to say, the meniscus between the vapor and liquid phases disappears) and have 
presented evidence of the solubility of the components in the supercritical 
fluid. Other studies have shown the nature and composition of the heavy-liquid 
phases in equilibrium with the light-liquid phases for both H20 and D20 systems 
at 285, 300, 325, and 350°C.12 
of an equation to express the two-liquid-phase and critical-temperature boundaries 
as a function of the concentrations of the various solution components. 

Previous 

A desirable goal of this work is the development 

In this investigation, using a synthetic method previously de~cribed,~ the 
temperatures of formation of a second liquid phase and the critical temperatures 
were determined for a set of solution compositions containing CuS04, U02S04, 
DPSOQ, and D20 in which the molal ratio, Cu , was kept at unity. The 
set of solutions was divided into several series; the molal concentration of 
total sulfate was held constant for each series, and the molal ratio, (Cu + U02*)/total sulfate, R, was varied from 0 to 1. This procedure was used, 
since in previous work R values for the formation of a second liquid phase for 

* *  
/U02 

* 
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any series appeared to be nearly linear with temperature. 
played in Fig. 8.4 and show the approximate linear relationships. 

The results are dis- 

Fig. 8.4. Liquid-Liquid Immiscibility and Critical 
Phenomena in the System UO,-CuO-SO,-D,O; 

The two-liquid-phase region in the system Cu0-S03-D20 was investigated, 
using the same experimental methods and techniques. 
in Fig. 8.5. 

These data are presented 

U The results shown in Fig. 8.4 show considerable solubility for both U02 
and Cuu ions in the supercritical fluid region, as might have been expected 
from previous observations in the system U03-S03-D20. 
system containing Cutt but no U02*, also shows that there was a large solu- 
bility of Cu* in the supercritical D2S04-D20 fluid. 

Figure 8.5, for the 

If hydrodynamic pressures greater than the critical pressures of liquid 
phases are maintained on fuel systems at lower temperature, and if the temper- 
ature is raised, the solution phases may be phase stable to temperatures some- 
what above 400°C. Critical phenomena (i.e., disappearance of the meniscus) 
are not observed in these cases because a pressure greater than the critical 
pressure never allows the existence of a vapor phase. 
this means that a sulfate-based reactor fuel might be available for aqueous 
homogeneous reactors operating at temperatures above 400°C. 

On a long-range basis, 
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Fig. 8.5. System CuS0,-D,SO,-D,O Above 30OOC. 

8.3 SOLID-LIQUID EQUILIBRIA IN THE SYSTEM CuO-S03-D20 
AT 300, 325, AND 350°C 

The so lub i l i t y  of 3CuO'S03'2H20 ( a n t l e r i t e )  was determined previously a t  
3 0 0 " ~  i n  solut ions varying from 0.0025 t o  2.0 rn i n  t o t a l  
of t h i s  present invest igat ion w a s  t o  extend the  study t o  the  analogous D20 
system a t  300, 325, and 350°C and t o  attempt t o  loca te  the  points  of in te rsec t ion  
between the  sol id- l iquid region and the  region of l iqu id- l iqu id  immiscibil i ty.  
The s o l u b i l i t i e s  were determined by the  method of d i r e c t  sampling and subsequent 
analysis  used previ0us1y . l~  

The purpose 

I n  Fig. 8.6 the  results a t  300°C f o r  the s o l u b i l i t y  of deuterated a n t l e r i t e ,  

/ t o t a l  sulfate, i s  p lo t ted  
3Cu0.S03.2D20, i n  D2SO4 solut ion a re  compared with t@ r e s u l t s  obtained previously 
i n  the  H20 system.13 
against  t he  logarithm of the  t o t a l  sulcate  t o  show i t s  var ia t ion  over a wide 
range of concentration. 
g rea te r  s o l u b i l i t y  than i n  the  corresponding H20 system, analogous t o  t h e  be- 
havior of NiS04*D20 at 300°C i n  the  D2S04-D20 and H2S04-H20 system. 

The saturat ion molal r a t io ,  Cu 

The compound 3Cu0*S03'2D20 i n  t he  D20 system showed a 

9 

++ Saturat ion molal r a t i o s  of Cu / t o t a l  su l f a t e  and concentrations of total .  
su l f a t e  were found a t  0.34 + 0.02 and 0.0014 + 0.0001, respectively,  although 
t h e  i n i t i a l  solut ion compositions contained varying concentrations of D2S04> 
all grea ter  than 0.0014 m. This point i s  believed t o  cons t i tu te  an invariant  
a t  which solution, 3CuO*S03*2D20 ( s o l i d )  , and an unident i f ied solid a r e  s t ab le  
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D20 Solutions a t  30OOC; Comparison with Analogous 
H 2 0  System. 

phases. 
moving from the invariant point, would be expected to eliminate antlerite as a 
stable solid. 

Going to lower concentrations than 0.0014 m total sulfate, that is, 

The absence of change, within experimental error in saturation molal ratio, 
as the temperature is raised to 325 and 350°C is shown in Fig. 8.7. These solu- 
bility data are compared with the previously determined values at 300°C. At 
350°C the second liquid phase is believed to exist at high concentrations of 
solutes, which accounts for a discontinuity in the saturation molal ratio at 
O . l m  total sulfate. The invariant point for the simultaneous existence of 
the unidentified solid and 3Cu0*S03-2D20 appear to be nearly the same at 
300 and 325°C. 

The change of saturation molal ratio, CuO/S03, at constant molality of 
total sulfate over the concentration range in which 3Cu0.S03.2D20 is a stable 
solid shows very little decrease as the temperature is raised from 300 to 350°C. 
As the second liquid phase appears, the decrease in the molal ratio with 
temperature is considerably greater. 
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8.4 ELECTROLYTIC CONDUCTANCE OF AQUEOUS SOLUTIONS AND SUPERCRITICAL 
FLUIDS AT HIGH TEMPERATURE AND PRESSURE 

The construction of cells for the measurement of electrolytic conductance 
of aqueous solutions and supercritical fluids at high temperature and pressure 
and associated equipment for generating high pressure was completed. 
trolytic conductivities for a 0.01m KC1 solution were determined at pressures 
up to 4000 atm at 8oo0c as well as at lower temperatures. 
results at 8oo0c are shown in Fig. 8.8, plotted as conductance, 1 /R ,  against 
the pressure. 
ductance measurements of the 0.01 M KC1 solution at the ambient temperature, 
(27 + 2)’C. 
liminary work, will be used later for the accurate determination of the cell 
constant. The conductivity values are to be converted to equivalent conduc- 
tivities by making use of estimated densities of the supercritical KC1-H20 fluid 
and a precisely measured cell constant. 

The elec- 

Some preliminary 

The cell constant was estimated as 0.32 (+4$), according to con- 

A constant-temperature bath, which was not available for the pre- 

The construction of the apparatus and preliminary measurements were carried 
out under the direction of E. U. Franck. These measurements are the first made 
at 8oo0c and 4000 atm. 
700°C and 2500 atm, by Frank in Gottingen. 

Previously conductance measurements had been made at 
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8.5 TKFZCE-DIMENSIONAL MODELS FOR REPFZCSENTATION 
OF SOLUBILITY EQUILIBRIA 

Three-dimensional models representing the solubility relationships in the 
system U03-Cu0-Ni0-S03-D20 at 300°C were constructed for solutions having total 
sulfate concentrations of 0.06, 0.10, 0.20, 0.30, and 0.50 m. 
previously reported solubility studies13 were used to establish the location of 
the surfaces of saturation for the several solid and liquid phases which appear 
at the boundary limits of the region of unsaturated solutions. The saturating 
phases shown in these models are the solids 3CuO-SO3.2D20, NiSO4*D*O, Uo3-U02S04* 
5D20, Cu0.2U02S04*7D20, Cu0.3U03, NiO*3Uo3, and a second-liquid phase of variable 
composition. 

The results of 

A model showing the solubility relationships at 0.10 m total sulfate, repre- 
sented as mS03 on the model, is shown in Fig. 8.9. 
Fig. 8.10, for comparison. The unit of length, m /m on 

all axes is the same for all models; therefore dimensional changes as a function 
of sulfate concentration are directly comparable. A series of these models 
shows the change in surface area for saturating solid phases as the total sulfate 
concentration is varied. In general, there appear to be several concentration 

Ail five models are shown in 

metal oxide total sulfate' 

. 



Fig. 8.9. 
Total Sulfate. 

Three-Dimensional Model Representing System U0,-CuO-NiO-SO,-D,O at 300%; 0. l-m in 

ranges over which different types of solids are stable. At very low sulfate con- 
centrations, hydroxides and oxides are stable--the areas of saturation may become 
independent of anionic solvating species and should appear the same in a nitrate 
as well as in a sulfate system. At moderately low concentrations of total sul- 
fate, oxysulfates appear, for example, Ni( OH)2'NiS04, 3Cu0-SO3.2D2O, and U03* 
U02S04*5D20, whereas at higher concentrations the stoichiometric salts, such as 
the solid NiS04'D20 or the liquid pseudosalt UO2SO4-H2O, engulf the oxysulfate 
surfaces. At the highest concentrations the acid salts will appear. 

These models are useful for selecting fuel compositions for homogeneous 
reactors and for anticipating solid phases which may precipitate from solution 
if boundaries of saturation are exceeded. Each three-dimensional model shows 
much solubility information, and it is easier to visualize the solubility rela- 
tionships by means of such a representation than by means of two-dimensional 
figures. 
studies. 

The models form a background of information from which to make further 



. 
59 

. 

-1
 

iu
 

3
 

+
 

0
 



60 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

1.3 

On leave from the University of Gottingen, Germany, March to November, 1960. 

Summer employee, 1960, now at Louisiana State University, Baton Rouge. 

W. L. Marshall, J. S. Gill, and R. E. Moore, Two Liquid Phase Temperature 
Limits for the Homogeneous Reactor Fuel Solution and its Concentrates; 
Comments on Solid-Liquid Equilibria, ORNL CF-59-8-41 (Aug. 11, 1959). 

R. E. Moore and W. L. Marshall, Effect of Excess Acid on Two Liquid Phase 
Temperature Limits for the Homogeneous Reactor Fuel Solution and its 
Concentrates, ORNL CF-59-11-27 (Nov. 9, 1959). 

W. L. Marshall and J. E. Savolainen, HRP Quar. Prog. Rep. Jan. 31, 1960, 
om~-2920, p 62. 

W. L. Marshall and E. V. Jones, Temperature of Second Liquid Phase Formation 
for Two Aqueous Homogeneous Reactor Fuel Compositions and Their Concentrates; 
Estimation of Temperatures for Liquid-Liquid Immiscibility, HRp 60-142 
(Nov. 9, 1960). 

C. J. Barton, G. M. Hebert, and W. L. Marshall, Liquid-Liquid Immiscibility 
Above 300°C in the System U03-SO3-N2O5-H~O, ORNL CF-59-11-64 (Nov. 17, 1959). 

E. V. Jones and W. L. Marshall, HRP Quar. Prog. Rep. July 31, 1960, 
ORNL-3004, p 49-51. 

W. L. Marshall and F. J. Smith, HRP Quar. Prog. Rep. July 31, 1960, 
ORNL-3004, p 49-51. 

W. L. Marshall, R. Slusher, and J. S. Gill, - 1958, 0~~~-2561, P 308-11. 

W. L. Marshall, R. Slusher, and J. S. Gill, 
- 1959, Om-2743, P 235-38. 

HFP Prog. Rep. Apr. 30-July 31, 

HRP Quar. Prog. Rep. Apr. 30, 

E. V. Jones and W. L. Marshall, HFP Quar. Prog. Rep. Apr. 30, 1960, ORNL-2947, 
P 55-58. 

W. L. Marshall and J. S. Gill, Investigation of the System U03-Cu0-Ni0-H20 
at 300°C, ORNL CF-59-12-60, Rev. 1 (Jan. 27, 1960). 



9.  SOLUTION CORROSION 

J. C. Griess H. C. Savage 
J. M. Baker 
S. E. Bolt 

9.1 CmICAL EQUILIBRIA AND CORROSION ID HIGH-TEMPERATURF: 
URANYL SULFATE SOLUTIONS 

In the Aqueous Homogeneous Reactor Program at ORNL the chemical stability 
of uranyl sulfate fuel solutions at elevated temperatures has been the subject 
of a large number of investigations."" 
static autoclaves and in dynamic pump loops. 
tions of fluid flow, temperatures, and dissolved-gas concentrations (i .e., 
oxygen) can be more nearly duplicated than in autoclaves. Samples of fuel 
solution can be routinely removed for chemical analyses, and corrosion-test 
specimens can be exposed to the circulating solution for evaluation of the cor- 
rosion resistance of many materials. In addition, the effect of the heated and 
cooled metal surface of the loop on solution stability and corrosion can be 
investigated. 

These studies have been carried out in 
In the pump loops, reactor condi- 

The design of the pump loops operated in the past has limited their opera- 
tion to temperatures and pressures up to -330°C and 2000 psia. 
extend the studies of the chemical stability of uranyl sulfate fuel solutions 
and corrosion resistance of various materials to temperatures near the critical 
temperature of water (372"C), a pump loop was constructed to withstand temper- 
atures and pressures up to 370°C and 3000 psia. 

In order to 

9.1.1 Description of Loop 

The loop is similar in design to the HRP in-pile loops.3 Titanium was 
chosen as the material of construction since it is extremely corrosion resistant 
to acid-containing uranyl sulfate solutions, and in this respect it is far 
superior to type 347 stainless steel. Titanium also eliminates the introduction 
of soluble stainless steel corrosion products into the test solution. A 5-gpm 
canned-rotor pump circulates the solution through the l/k-in. main-loop piping, 
which contains a combination heater-cooler unit to control the main-stream 
temperature. Corrosion-test specimens are placed in the main-loop stream, and 
a horizontally mounted pressurizer is used to provide steam pressurization and 
expansion volume when heating the solution to elevated temperatures. For con- 
tinuous removal of solids or heavy-phase material which might be formed during 
operation at elevated temperatures, part of the circulating solution is passed 
through a hydroclone4 located in a bypass line. Also included are provisions 
for removing samples of the fuel solution from the main-loop stream and the 
hydroclone underflow pipe (where solids and heavy-phase material. are collected) 
while the loop is operating at temperature and pressure. 
of the loop is shown in Fig. 9.1. 

A schematic diagram 

After final assembly, the internal surfaces of the loop were cleaned by 
circulating a 3% trisodium phosphate solution at 100"C, and, after rinsing, this 
was followed by a similar run with a 5% nitric acid solution at 100°C for 25 hr. 

61 
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Fig. 9.1. High-pressure Titanium Loop.. 

Subsequent tests were made in which the loop was operated with water at temper- 
atures up to 365"~, and these tests demonstrated that the loop is satisfactory 
for operation at temperatures and pressures up to at least 365"~ and 3000 psia. 

9.1.2 Preliminary Test Results 

After cleaning and calibrating the loop, three relatively short runs (30, 
48, and 75 hr) were made to determine the stability and corrosiveness of a heavy- 
water solution containing 0.044 M (0.040 m) U02S04, 0.022 M (0.020 m) CuSO4, 
0.0149 A4 (0.0135 m) NiS04, and 0.038 A4 (0.035 m) D2S04 at temperatures up to 
360 to 365"~. The temperature of the main circulating stream was maintained 
about 5°C below that in the pressurizer and was increased in steps. 
creasing the temperature and allowing the system to reach equilibrium, a solution 
sample was withdrawn from the circulating stream and occasionally from the under- 
flow pot of the hydroclone. It was presumed that the solution withdrawn from 
the circulating stream at temperatures above which an extra liquid phase formed 
contained only the light phase and that the solution taken from the underflow 
pot contained a mixture of light and heavy phases. 
separation in the solution tested is 327°C.' 

After in- 

The temperature of phase 

Assuming that the samples removed from the circulating stream contained 
only the light phase, the following results were obtained: 
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1. As the temperature of the system was increased beyond 327"C, all con- 
stituents of the light phase except free acid decreased in concentration. With 
a pressurizer temperature of 365"~ and the circulating stream at 360°c, the room- 
temperature concentration of uranium, copper, nickel, and sulfate in the light 
phase was 0.01, 0.014, 0.005, and 0.071 M, respectively. 

2. As the temperature of the loop was increased beyond 327"C, the mole 

On the other hand, the mole ratios of 
ratios of uranium to sulfate, uranium to copper, and uranium to nickel decreased 
in approximately the same proportion. 
copper to nickel, nickel to sulfate, and copper to sulfate were essentially 
constant from room temperature to the highest temperature investigated. 

3. Solution samples removed from the underflow pot of the hydroclone at 
temperatures greater than 327°C contained more salts than did samples removed 
from the line. However, the concentrations of salts indicated that not all the 
heavy-phase material collected at that location. 
substantial amount of the heavy phase collected in the pressurizer, where temper- 
atures were slightly higher. 

It is highly probable that a 

4. Corrosion specimens made from Ti-75A and from a Zircaloy-2 weldment 
showed negligible attack during the 1-53 hr of the run. 
developed a dark blue-gray color and exhibited weight gains of about 0.03 mg/cm2. 
The Zircaloy-2 specimens were covered with a black film which appeared to be 
transforming to a white film at a few isolated areas; weight gains of about 
0.1 mg/cm2 were observed. 

The titanium specimens 

5. The performance of the loop was very satisfactory, indicating that it 
should be a useful tool for studying solution stability and corrosion at temper- 
atures nearly as high as the critical temperature of water. 
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10. RADIATION CORROSION 

G .  H. Jenks H .  C .  Savage 

J. E. Baker 
J .  M. Baker 

R. J. Davis 
S.  H. Wheeler 

10.1 RFVIEW AND COFBELATION OF ZIRCALOY-2 
RADIATION CORROSION DATA 

Many of t h e  da ta  obtained a t  ORNL f o r  the  in-p i le  corrosion of Zircaloy-2 
i n  uranyl su l fa te  solut ion have been reviewed and correlated,  and a report  of 
t he  work has been prepared.l 
t i o n  f o r  the  re la t ionship  between corrosion rate ( R )  and f i s s i o n  power densi ty  
i n  solution (P )  . 

The correlat ions a re  based on the  following equa- 

l/R = 5 + 1 / K  , 
Icpa 

where Q: i s  a f a c t o r  by which the  e f fec t ive  power densi ty  a t  the  corroding SUT- 
face i s  g rea te r  than t h a t  i n  the  solution, because of uranium sorpt ion on the  
surface; and K1 and K a re  constants which a re  evaluated from t h e  experimental 
data .  A model f o r  the  radiat ion e f f ec t s  on Zi rcdoy-2  corrosion which leads t o  
t h i s  equation i s  a l so  described and discussed i n  t h i s  report .  

The work had the  purpose of evaluating the  app l i cab i l i t y  of t h e  general  
equation as well  as the  da ta  review and correlat ion.  

The bas ic  postulates  f o r  the  model are described by Eqs. ( 2 )  through ( 5 ) ,  
as  follows: 
t he  concentration of rad ia t ion  defects  N i n  t he  metal o r  protect ive oxide. 
(2)  me defects  are formed a t  a r a t e  proportional t o  FCX and a re  removed by 
radiat ion annealing a t  a r a t e  proportional t o  FCxN and by thermal or corrosion 
annealing a t  a r a t e  proportional t o  N .  
defects  i s  reached. 
an expression similar t o  t h a t  of Eq. (1). 

(1) The corrosion r a t e  i s  assumed t o  be d i r e c t l y  proportional t o  

(3 )  A s teady-state  concentration of 
(4 )  Subst i tut ion o f  t he  expression f o r  Ns i n  Eq. ( 2 )  gives 

R = a N  , 
HN/dt = K"Pcl - K0m - K ' N  , ( 3 )  

"=*+*.  RS ( 5 )  

64 
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. 

The results of the correlations of the experimental data obtained at 280°C 
show that a relationship of the general form of Eq. (1) is obeyed within the 
power-density range tested (up to 110 w/d) and that the values of K are essen- 
tially independent of solution composition. They also indicate that the value 
of the ratio of K'/K" is independent of solution composition. The experimental 
information for temperatures other than 280"~ is not sufficient to establish 
the validity of the general relationship at other temperatures. However, if 
the reasonable assumption is made that the relationship is obeyed and that a 
does not change or changes slowly with temperature, the data are sufficient to 
establish a range of K values at 250 and 300°C and also to establish that over 
the temperature range investigated, 225 to 330"C, the data are reasonably well 
expressed by Eq. (6): 

where a280 is the a value prevailing in a given solution at 28ooc, and T is the 
temperature in "K. 
40, and 84 mpy are expected at 250, 280, and 3OO"C, respectively. 

As expressed by the equation, maximum corrosion rates of 12, 

The value for a prevailing during exposure depends upon the solution compo- 
sition and the velocity of solution flow past a surface. Some values for a in 
solutions of several different compositions and at several different velocities 
are shown below (these values are considered applicable to convergent and to 
straight-channel type flow). 

1. Solution: 0.04 m U02S04, 0.005 to 0.0075 m CuS04, and 0.02 to 0.03 m 
&SO4, in H20 (tests at 280 and 300°C). 
about 0.8 fps are between 6 and 7. 
2 and 3, and 1 and 1.7, respectively. 

Best estimates of a at a velocity of 
At 10 and 18 fps, the estimates are between 

2. Solution: 0.17 m U02S04, 0.02 to 0.03 m H2SO4, in H20 (tests at 280°C). 
Values of a are 2.5 to 3.5 at velocities of about 0.8 fps, and values of unity 
at 10 fps and above (to -45 fps). 

3. Solution: 0.17 m U02S04 with 0.15 m CuS04 and 0.4 m H2SO4 or with 
0.02 m CuS04, 0.1 m H2S04, and 0.2 m Li2S04, in H20 (tests at 280°C). 
velocities to about 45 fps, the a values were unity. 

At all 

10.2 RELATIONSHIP BETWEEXi URANIUM DEPOSITION OR SORPTION 
AND COPPER CONCENTRATION IN D!?-PILE AUTOCLAVE 

EXPERIMENTS OF ZIRCALOY-2 CORROSION 

In the correlation' of the data described in See. 10.1, it was shown that 
the relationship between Zircaloy-2 corrosion rate in uranyl sulfate solutions 
and fission power density in solution can be expressed by an equation of the 
general form of Eq. (1) and the specific form of Eq. (6). 
rate with solution composition are believed to result from changes in the amounts 
or relative importance of sorbed uranium, as given by the value of a. Using 
these concepts and equations in a further review of the in-pile autoclave results, 
it has been found that a correlation exists between the initial copper concentra- 
tion in solution and the amounts of uranium sorption prevailing during exposure. 
The radiolytic-gas pressure normally varies inversely with copper concentration, 
and the autoclave data have also been examined for a possible correlation between 
the radiolytic-gas pressures and uranium sorption. 
siderations of the data are reported elsewhere in detail and are summarized here.2 

Changes in corrosion 

The results of these con- 
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They are considered of importance in the evaluations of the in-pile corrosion 
of Zircaloy-2. 
stability of uranyl sulfate solutions under irradiation, since reported obser- 
vations in HRT run 1.3 indicate a possible relationship between low copper 
concentration and fuel instability in that run.3 

They may also bear some relationship to the question of the 

Most of the experiments employing low copper concentrations were made at 
28ooc, and experiments at this temperature only were considered. 
copper experiments had been made at 250°C, but these were not considered in 
detail because the accuracy of the calculated a values at 250°C is poor. 
ever, the trends of the 250°C results appear to be in agreement with those at 
28oOc. Some 250°C results obtained in experiments in which the reactor operated 
at two different power levels, and other 250°C results obtained at high radiolytic- 
gas pressures, were used in evaluation of the effects of high radiolytic-gas 
pressures on the effects of sorbed uranium. 

A few low- 

How- 

The results of the data correlations show that, in general, the uranium 
sorption in solutions that contained initial copper concentrations of less than 
0.01m was greater than that prevailing when the solutions contained more than 
0.01m copper. The effects on the sorption of increasing copper in the range 
0.01to 0.04 m appear negligible in some sets of experiments, but there is some 
evidence for a difference between 0.01 and 0.04 m in another set. Changes in 
the effects of sorbed uranium ranging up to a maximum of about 3.5-fold were 
correlated with copper concentration changes in four different sets of experi- 
ments at 280°C. 

For many of the experimental results it was not possible to directly dis- 
tinguish whether the effects of low concentrations of copper were associated 
with the higher-than-usual radiolytic-gas pressures which resulted from the low 
copper concentrations. However, several types of data indicate that pressures 
in the range 0 to 650 psi, at least, probably do not affect the uranium sorption. 

10.3 GENERAL DESCRIPTION OF PLANNED EXPERIMENT TO TEST 
ZIRCALOY-2 CORROSION IN TKE HRT CORE 

An experiment is planned to test the radiation corrosion of Zircaloy-2 and 
possibly other zirconium-alloy specimens in the HRT core. Design work for this 
experiment has been under way for severalmonths, with most of the work being 
done in the Engineering Development Section of the Reactor Division. A memo- 
randum has been prepared which summarizes the conceptual design and plans and 
the general status of the work.4 These are summarized briefly here. 

Criteria for the conceptual design of the experiment include (1) high ve- 
locities and good solution mixing near the specimens to minimize the possibility 
of massive uranium deposition and (2) the elimination of crevice regions in 
mounting specimens. Results obtained in in-pile-loop experiments have shown 
that surfaces in crevice regions corrode at higher rates than surfaces exposed 
to flowing solution and that this crevice corrosion leads to difficulties in 
determining the exposed-surface corrosion from weight results. Also, the pene- 
tration expected for crevice surfaces in this experiment would be, under some 
conditions, such that specimens might become loose in the clamp and thus suffer 
fretting attack. 

The experiment provides for the simultaneous exposure of 27 corrosion 
specimens in the HRT core and core-inlet positions. The specimens are to be 
1/2- x 4-in. coupons, 1/16 in. thick. Each coupon will also have two integral 
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"ears," 1/16 x 1/8 x 318 in., by which the coupon will be welded to a specimen 
holder. 
Zircaloy-2 of sufficient length to extend from the core flange to the vicinity 
of screen No. 7. Each specimen will in effect comprise an additional web for 
the length of the specimen. Three Zircaloy-2-clad thermocouples will also be 
welded to the web at various elevations to provide a means of sensing the temper- 
ature during the experiment. Some mechanical-property specimens may also be 
included, for the HRP Metallurgy Section, in the form of long rectangular pieces 
which would be welded to the web at locations below the thermocouples. 

The specimen holder (see Fig. 4.5) will be a three-leafed web of 1/8-in. 

The corrosion specimens are to be welded to the holder at nine different 
positions (stations) in such a manner that when the array is aligned vertically 
in the center of the core, three of the stations will be located in the core 
neck and six in the core body. 
stations (three specimens to a station) will be exposed to an estimated solution 
velocity of 16 fps, while the velocities at the six core stations will vary from 
about 1.5 to 6 fps, as shown in Table 10.1. Assuming an entrance solution temper- 
ature of 250°C and 5-Mw core power, the estimated temperatures at the three core- 
entrance stations will be about 250°C, and those for the core stations, from 
254 to 283"~. 
densities to which the core specimens will be exposed range from about 17 to 
24 w/mi. 
density of about 15 w/ml. 
by Lawsons from the results of HRT core-mockup measurements. The power-density 
values were estimated from values computed by Vondy6 for power densities at 1-Mw 
core power, a uranium concentration of 6.4 g/liter, no fuel in the blanket, and 
a temperature of 260"~. 

In these positions, the three core-entrance 

Also at 5 Mw, the estimated values for the solution fission-power 

Specimens in the core entrance will be exposed to a maximum power 
The temperature and velocity values were estimated 

The corrosive attack of the specimens w i l l  be determined from weight mea- 
surements after the specimens are removed by cutting through the ears. The 
accuracy of the corrosion determinations will then depend on the accuracy with 
which the weight of those portions of the ears cut from the specimens can be 
estimated. Estimates of the probable errors which will be encountered from this 
source have been made and are listed in Table 10.1 in terms of the exposure times 
required to achieve probable errors of +l% at 5-Mw core power and the expected 
solution temperatures and velocities. one based 
on the maximum uncertainty expected and the other on a more optimistic but prob- 
ably achievable accuracy. Estimated corrosion rates listed in the table are 
based on the results of in-pile loop and autoclave experiments. 

%o sets of values are given: 

The work which remains to be completed before the design can be proved 
acceptable and the experiment constructed includes the following: 

1. Determinations of the uncertainties introduced into the weight results 
by the ear-cutting operation. Mockup specimen assemblies will be employed, and 
the cutting and weighing operations will be carried out in the Postirradiation 
Examination Group of Metallurgy. 

2. Construction of a mockup of the specimen and holder assembly and testing 
of this in the mockup of the HRT core. 
members of the Engineering Development Section of the Reactor Division. 

This testing will be carried out by 



Table 10.1. Estimated Power Densities, Temperatures, Solution Velocities, Corrosion Rates, 
and Probable Erro r s  in Rate Measurements for HRT Core Specimens at 5-Mw Core 

Power and Entrance Temperature of 250°C 

Corrosion Days for +1C$ 
Rat e Probable Error 
(mPY> a b 

Average Distance Average Average Power 
from Solution Solution Density 

Velocity Temperature at 5 Mw St at ion Core Center 
(in.) ( fPS 1 ("C) ( w/mJ- 1 

43 
27 
21 

1 3  
8 

3 
2 

7 
12 

16 
16 
16 

15 

13 
11 

9 
7 
6 

0 

(4IC 
-15 
17 
21 

24 
24 
22 

18 

( 3 )  
-6 

7 
9 
11 

13 
14 
14 

- 
(23) 
-10 

8 

7 
5 
4 
4 
4 

- 
(65) 
-29 
25 

20 

16 
14 
12 

13 

a 
Assuming uncertainty in specimen thickness measurements of +1mil and in measurements of length 
of ears removed of +4 mils. 

- 
- 

b 
Assuming uncertainty in specimen thickness measurements of +2 mils and in measurements of length 

of ears removed of +4 m i l s .  - 
C 
Assumed value; Vondy's data do not extend this far from core center. 
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10.4 SORPTION OF URANIUM ON HYDROUS ZIRCONIA 
I N  U02S04 SOLUTIONS 

Investigations were continued of t h e  sorption of uranium on hydrous zirconia  
i n  uranyl su l f a t e  solut ions a t  elevated temperatures, using an autoclave f o r  
batch-type exposures. 

Most of t he  experiments were with an oxide purchased from City Chemical Co. 
and then pretreated by heating f o r  2 h r  i n  a i r  followed by storage i n  capped 
bo t t l e s .  
and 1.7 wt$ su l fa te .  
absorption, w a s  275 m2/g. 
the  surface areas are l e s s ,  and values i n  the  range 85 t o  220 m2/g have been 
found f o r  the  dr ied but unwashed material .  

This oxide (designated AF oxide) when used contained about 55  w t %  water 
The surface area of t he  ZrOz, as determined by nitrogen 

After autoclaving i n  water or uranyl sulfate solut ion 

Other invest igators  have used the  City Chemical oxide, with somewhat similar 
pretreatments, i n  sorption experiments a t  temperatures of 250, 100, and 25°C.7'8 
The r e su l t s  of the  previous work a t  high temperature showed t h a t  t h e  t o t a l  and 
r e l a t ive  amounts of uranium sorbed from solut ions of several  d i f f e ren t  uranium 
concentrations are s imilar  t o  those of the  in-p i le  Zircaloy-2 films and scales,  
as infer red  from corrosion and scale  analyses data.  Other, higher-temperature 
pretreatments l e d  t o  oxides showing smaller surface areas  and lower water con- 
t e n t s  and t o  apparently lesser changes i n  the  oxide during subsequent exposure 
i n  uranyl su l f a t e  solut ions.  However, t he  amounts of uranium sorbed were less 
than on the  a i r -dr ied  mater ia l  and appeared t o  be out of l i n e  with those occur- 
r ing  in-p i le .  Since a major objective of t h i s  work i s  t o  explain and control  
in -p i le  sorption on oxides, it appeared worth while t o  study the  a i r -dr ied  
mater ia l  i n  more d e t a i l .  

Some sorpt ion experiments have a l so  been made with a mater ia l  prepared by 
autoclaving portions of t he  as-received oxide i n  water a t  300°C f o r  4 hr ,  a i r  
drying a t  llO"C, and then s tor ing  i n  capped bo t t l e s .  
oxide) contains about 5% H20, 3.6% SO4 , and the  Zr02  has a surface area of 
76 m2/g. 
therefore,  s tudies  with t h i s  mater ia l  may help separate e f f ec t s  which result 
from changes with the  AF oxide. 

This oxide (designated WF -- 
This material apparently does not  undergo much change during exposure; 

The experiments which have been car r ied  out f a l l  i n t o  three  groups. The 
experiments and r e s u l t s  i n  each group are  b r i e f l y  described and discussed i n  
t h e  following. 

Each sorption experiment employed a water solut ion of uranyl su l f a t e  with 
The exposures w e r e  made i n  a t i tanium autoclave equipped with a 0.02 m H2S04. 

centrifuge cone f o r  separat ion of solut ion and oxide a t  temperature. Five m i l -  
l i t e r s  of solut ion and 0.5 g of  oxide were charged i n  each case. The oxide 
residue samples employed i n  surface-area measurements were dr ied but not washed. 

10.4.1 Sorption and Oxide Properties a s  a 
Function of Exposure Time 

The AF oxide i s  known t o  change i n  area, c r y s t a l l i t e  size, and water con- 
t e n t  during exposure, and some column re su l t s  reported by Banterg indicated t h a t  
t he  amounts of sorbed mater ia l  change with the duration of exposure. Information 
on t h e  sorption and oxide propert ies  as a function of time thus appeared des i r -  
able f o r  the  evaluation of experimental techniques and r e su l t s .  Therefore two 
sorption experiments a t  280Oc were made, one using the  AF oxide and an i n i t i a l  
uranium concentration of 45 g / l i t e r ,  and the  other  with WF oxide and a uranium 
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concentration of 30 g / l i t e r .  
from 10 min t o  17 h r .  
t he  f i n a l  solutions,  and t h e  surface a reas  of t he  residues are given i n  Fig. 10.1. 
The su l f a t e  values include the  amounts i n  the  or ig ina l  oxide. 

The autoclaving time w a s  var ied i n  each se r i e s  
The amounts of uranium and sulfate sorbed, t he  pH's of 

The AF oxide results show t h a t  s ign i f icant  changes i n  sorpt ion occurred 
during the  exposures but  t ha t ,  with the  exception of pH, the  parameters measured 
were near ly  constant a f t e r  2 t o  4 h r .  The WF oxide r e s u l t s  indicate  t h a t  uranium 
and su l f a t e  sorpt ion and surface areas  did not change with time a f t e r  t he  i n i t i a l  
30-min exposure. The pH r e s u l t s  f o r  the  WF oxide indicate  a small increase i n  
ac id i ty  during the  f i r s t  4-hr exposure and an equal decrease some t i m e  thereaf te r ,  
as  shown by the  l7-hr  r e su l t .  

The changes i n  sorption on the  AF oxide with time are almost ce r t a in ly  a 
r e s u l t  of t he  s in te r ing  and/or dehydrating of t he  oxide which proceeds during 
exposure, although the  magnitudes of some of t he  observed changes were probably 
affected by the  changes i n  solut ion composition. For example, the  pH r e s u l t s  
show t h a t  much of the  excess acid was sorbed during the  ea r ly  port ion of t h e  
exposure, and the  uranium sorption i n  the  resu l t ing  solut ion may have been 
grea te r  than t h a t  which would have occurred a t  the  i n i t i a l  ac id i ty .  (It may be 
noted i n  passing t h a t  la rge  sorption of acid during the  i n i t i a l  exposure can 
and does a f f e c t  t he  two-liquid-phase temperature of t he  solut ion.  For example, 
i n  quartz-tube s t a b i l i t y  t e s t s  with a 40-g/ l i ter  solut ion and AF oxide i n  the  
r a t i o  0.1 g/ml, t he  observed two-phase separation temperature was about 10°C 
l e s s  than t h a t  of t he  solut ion without oxide.) The measured surface areas are 
probably f a i r l y  representative of the  r e l a t ive  areas  of the  oxide a t  d i f f e ren t  
exposure times. However, the a r e a l  and sorpt ion da ta  a re  considered inadequate 
t o  es tab l i sh  whether a d i r ec t  re la t ionship e x i s t s  between the  two f ac to r s .  
inadequacy r e su l t s  p a r t l y  from the  probable e f f e c t s  of solut ion changes on t h e  
sorpt ion i n  the  experiments t o  date  and p a r t l y  from the  f a c t  t h a t  t he  re la t ion-  
ship between the  measured and t r u e  surface a reas  i s  unknown. There a re  some 
indicat ions i n  these and other  da ta  t h a t  t he  uranium i n  the  residues a f f e c t s  
t he  measured areas .  More area measurements of washed-oxide residues w i l l  be 
required t o  evaluate t h i s  re la t ionship.  

This 

10.4.2 Temperature Dependence of Uranium and Sulfate  
Sorption i n  the  Range 250 t o  325°C 

Sorption as a function of uranium concentration w a s  measured a t  250, 280, 
300, and 325°C on AF oxide, employing exposure times of 4, 4, 2, and 3 hr ,  
respectively.  The amounts of uranium sorbed and the  r a t i o s  of uranium t o  sul- 
f a t e  a re  p lo t ted  vs  uranium concentration i n  Fig. 10.2. The U/SO, r a t i o  p lo t ted  
includes the  r a t io ,  39 mg of su l f a t e  per gram of Zr02 ,  i n  t h e  o r ig ina l  oxide. 
The range of uranium concentration employed was determined by estimated solut ion 
s t a b i l i t y  limits i n  these solut ions with the  0.02 rn excess H2S04. The r e s u l t s  
f o r  uranium sorption on WF oxide i n  three  experiments a t  250 and 280Oc a re  a l so  
given i n  Fig.  10.2. 

The amounts of uranium sorbed on the  AF oxide a t  300 and 325°C were i n  near 
agreement with those a t  250°C, while t he  sorption a t  28ooc w a s  somewhat grea te r .  
The amounts of  su l f a t e  sorbed (including the  s u l f a t e  impurity) showed a l e s s e r  
increase with concentration i n  solut ion than did the  uranium sorption, and the  
su l f a t e  sorbed varied r a the r  l i t t l e  with temperature. The U/SO, r a t i o  curves, 
therefore,  tend t o  p a r a l l e l  t he  uranium sorption curves. The 250°C uranium 
sorption isotherm es sen t i a l ly  agrees with the  da ta  of Banter'' when both da ta  
a re  expressed on a per-gram-of-Zr02 bas is .  
ta ined only 17% water.) 

(The oxide employed by Banter con- 
Uranium sorption on the  WF oxide was l e s s  than t h a t  on 
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Fig. 10.1. Sorption on Air-Dried and Water-Autoclaved Oxides at Various Exposure Times a t  280°C. 
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Fig. 10.2. Sorption Isotherm at 250, 280, 300, and 325°C with AF Oxide. 

the AF material at the respective temperatures. However, the increase in 
sorption observed upon increasing the temperature from 250 to 28oOc was much 
greater. 

No satisfactory interpretation of these temperature effects and of the dif- 
ferences between the AF and WF oxide can be given at present. Among the factors 
which are believed to be important and which are being investigated are: surface 
area of the oxides, exposure times, changes in solution composition as a result 
of sorption, and differences between the species sorbed on the AF and W oxide. 

10.4.3 Elution of Oxide Residues 

Elution experiments with some of the AF and WF oxide residues were made in 
order to aid in the characterization of the sorption and, in particular, to help 
elucidate the differences between the sorption properties of these oxides. Some 
of these experiments were made in a column, and others were made of the batch- 
washing type . 
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IN RESIDUE AFTER + 

0 0 2  M H2S04 WASH 

AFTER 0 IM- 
H2S04 WASH ( I 1  

AFTER 1 B M  
H2s04 

The column experiments were made with an AF oxide residue recovered after 
exposure in a bO-g/liter solution at 280°C for 4 hr and with a WF oxide residue 
from a similar exposure. Each dry residue was put in a column and eluted suc- 
cessively with 5-ml portions of 0.02, 0.1, and 1.8 M H2S04. The batch experi- 
ments were with residues from 2-hr 280°c exposures of AF oxide in a 45-g/liter 
uranium solution and with a WF oxide in a 30-g/liter solution. The residues 
were washed successively with three 5 - m l  portions of each of the following 
eluents: H20, 0.1 M HC1, and 0.1 M K C 1 .  

( I t  ELUTION DISCONTINUED 
SINCE O O Z M  HzSO4 WASH 
GAVE COMPLETE REMOVAL 

I 1  
0 410°C AF OXIDE TEST 

300°C WF OXIDE TEST 

The data from these tests are given in Fig. 10.3. First, the amounts of 
uranium as indicated by the sorption experiment are plotted, next the amounts 
in the residues after rinsing from the autoclave and drying (as shown by the 
summation of material in washings and final residue), and, successively, the 
amounts left in the residue after each successive washing are given. 

The results show that almost all the uranium is easily washed from the WF 
oxide, but that some uranium remains in the AF oxide even after extensive washing. 
It thus appears that part of the sorption on the AF oxide is the result of a 
process which does not occur on the WF oxide. 
process may be occlusion of uranium associated with sintering of AF oxide, or, 
possibly, compound formation. 

It can be speculated that this 

It may be noted that the retention of uranium on the AF oxide provides 
additional evidence that sorption on this material is similar to that observed 
on in-pile Zircaloy-2 films and scales, since appreciable amounts of uranium 
are found on the in-pile materials after washing with water.11'12 

U N C L b S S l F l E D  
O R N L - L R - D W G  5 4 8 7 0  

AMOUNT SORBED J A l  
TOTAL FOUND 
IN RESIDUE 

AMOUNT SORBED 
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IN RESIDUE A 
1st WATER 
AFTER 2nd  
WATER WA 
AFTER 3 r d  
WATER WAS 
AFTER i s i  tic1 A 

AFTER 2 n d  HCI 4 

AFTER 3 r d  HCI 

AFTER 4Sf KCI 

AFTER 2nd KCI - 
IN F I N A L  
RESIDUE 

0 50 4 00 450 2 0 0  2 5 0  

mq OF U PER g OF Z r 0 2  

URANIUM LEFT IN RESIDUES 

Fig. 10.3. Batch and Column Elution of Oxide Residues. 

. 
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PART IV. SLURRY FUELS 

11. THORIA-PELLET IRRADIATIONS 

J. P. McBride 

A 29OO-hr i r rad ia t ion  of a s e t t l e d  bed of 50 t ho r i a  p e l l e t s  i n  D& was com- 
pleted (e eriment C-43-3). 

1400°C-fired Davison Chemical Co. p e l l e t s  with dibasic  aluminum n i t r a t e  and re- 
f i r i n g  at  1750°C. When the i r r a d i a t i o n  autoclave was opened, 20 of the  p e l l e t s  
were found t o  have broken i n t o  fragments and f ines .  
ca l ly  the  same bulk and pycnometric dens i t ies  as the  o r ig ina l  material  (Table 
11.1) but showed some damage from the chipping out of surface fragments and the 
breaking off of spherical  segments (Fig. 11.1). A l l  surfaces appeared t o  be 
qui te  porous.' A subs tan t ia l  quantity of a black vitreous substance was found 
i n  the upper half of the  i r rad ia t ion  autoclave (Fig. 11.2). P e l l e t s  removed 
from a laboratory control  experiment showed no apparent damage, and there  was 
no evidence of the black vitreous material .  

It was done i n  the LITR a t  a thermal-neutron f lux 
of -2 x 10 ?i 3; the  temperature was 250°C. The p e l l e t s  were prepared by t r e a t i n g  

The remainder had p r a c t i -  

These p e l l e t s  a r e  i n f e r i o r  t o  p e l l e t s  now being manufactured,2 and the 

A second in-pi le  test  on pure tho r i a  p e l l e t s  
radiat ion e f fec t ,  while real ,  may not necessarily be t h e  same f o r  the bes t  
t h o r i a  p e l l e t s  now available.  
t h a t  showed excellent out-of-pile i n t e g r i t y  charac te r i s t ics  i s  now under way. 

Table 11.1. Thoria-Pellet I r r ad ia t ion  Data 

P e l l e t s  i r r ad ia t ed  2900 h r  i n  D& at 250°C 
a t  a the-1-neutron flux of -2 x 1013 

Average Average Bulk Py cnome t ri c 
P e l l e t s  Weight Volume Density Density 

(g)  (C.1 (g/cc> (g/cc> 

Control 0.43 0.059 7.3 9 . p  
Unirradiated 0.43 0.060 7.2 
I r r ad ia t ed  0.38 0.056 6.8 8.5* 

*Measured pycnometrically i n  water a f t e r  drying a t  110°C. A 
pycnometric density measurement on the  control  p e l l e t s  before 
drying showed a density of 9.7 g/cc, indicating that heating 
a t  250°C had resul ted i n  f i l l i n g  with water those pores not 
ordinar i ly  f i l l e d  during the  usual density measurements made 
a t  room temperature. 

*By weighing i n  air and then i n  water t o  constant weight. 

. 75 
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P I E - 3 0 9  

Fig. 11.1. Irradiated Thoria Pellets. 

P I E - 3 0 8  

Fig. 11.2. Black Vitreous Material Recovered from Thoria-Pellet 
Irradiation Experiment C-43-3. 
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Attempts t o  iden t i fy  the black vi t reous material, which may have repre- 
sented as much as 0.5 w t  '$ of the  so l ids  i n  the  bomb, have so far been unsuccess- 
ful. 
1.18 g/cc. Loss i n  weight on ign i t ion  by flame f i r i n g  was 7@. 
changed the color from a glossy black t o  a d u l l  brown. 
of the  samples as received showed a small amount of thorium, but  no spectrum 
could be found a f t e r  ign i t ion ,  The sample as received showed no x-ray d i f -  
f r ac t ion  pat tern and, a f t e r  igni t ion,  only two  f a i n t  and unident i f iable  l ines .  

The material  as recovered from the  i r rad ia t ion  autoclave had a density of 

Spectrographic analysis  
Igni t ion 

1. R. E. McDonald, Metallurgy Division. 

2. S. A. Reed, TBR Blanket Materials Studies: 
a t ion  Tests of Experimental Thoria Pel le ts ,  ORNL CF-60-9-91 (Sept. 15, 1960). 

Compendium of Results of Evalu- 



12. DEVELOPMENT OF GAS-RECOMBINATION CATALYST 

J. P. McBride 
L. E. Morse 
W. L. Pattison 

Work on the development of a gas-recombination catalyst for use in aqueous 
oxide slurries for the recombination of radiolytic gas continued with a re- 
evaluation and recalibration of the gas-injection apparatusL and further studies 
with slurries containing the sol-prepared palladium catalyst .2 

12.1 GAS-INJECTION APPARATUS 

Recalibration of the gas-injection equipment showed a significant holdup of 
gas in the capillary tubing that connects the gas-charging system to the reaction 
autoclave. 
the gas charged and led to several erroneous conclusions as to the activity and 
properties of the palladium catalyst being used in the gas-recombination w ~ r k ~ ’ ~  
and obscured the true kinetics of the gas-recombination process. 

This holdup under certain conditions amounted to as much as 8 6  of 

Re-evaluation of the gas-recombination data as a result of the recalibration 
indicates that 

(1) there is little or no deactivation of the catalyst under excess oxygen; 

(2) the apparent threshold partial pressure for hydrogen to react in the 
presence of excess oxygen is not real, and reaction is obtained even at very l o w  
hydrogen partial pressures; 

(3) the recombination of the oxygen and hydrogen in the reaction vessel is 
complete, and the apparent stoppage of reaction when significant partial pres- 
sures of both hydrogen and oxygen were present in the reaction vessel is also 
not real; 

(4) the radical increase in catalyst specific activity when excess hydrogen 
is present, while real, may be consistent with the kinetics of the recombination 
process and does not necessarily indicate a change in the nature of the catalyst 
as previously surmised; and 

(5) the solubilities of both oxygen and hydrogen in the slurry catalyst 
system appear consistent with those predicted from the Henry law constants ob- 
tained at BMI’ and ORNL.6 

The capillary tubing that connects the reaction autoclave, the Baldwin 
pressure gauge, and the gas-charging valve is 4 ft long, with a volume of 0.27 ml, 
and there is an additional 0.16-ml volume in the valve and fittings. 
space in the reaction autoclave is about 7 m l  at temperature. When the reaction 
autoclave containing slurry is operated at high temperatures, the capillary 
gradually fills with condensate. 
the system, the water is forced from the capillary. A portion of the gas at 
charging pressure is trapped in the capillary by a plug of condensate which 

The gas 

When either oxygen or hydrogen is charged to 

I 
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forms near t he  react ion vessel  and i s  v i r t u a l l y  unavailable f o r  react ion except 
by diffusion through the  plug. 
gas i n t o  the  autoclave but again leave a holdup i n  the  capi l la ry .  

Subsequent addi t ions of gas force the  trapped 

The equipment was cal ibrated with oxygen (Table 12.1). The data  show t h a t  
on the  i n i t i a l  in jec t ion  of oxygen, 80$ of the  gas charged w a s  held up i n  the  
cold capi l lary.  A s  more oxygen w a s  added and the  p a r t i a l  pressure of oxygen in-  
creased, the  r e l a t ive  holdup, of course, decreased. 
after the  oxygen i s  added, it i s  apparent t h a t  t he  f r ac t ion  of hydrogen enter ing 
the  react ion vesse l  would decrease with increasing ( p a r t i a l )  oxygen pressure and 
t h a t  more o r  less pure hydrogen would be held up i n  the  charging capi l la ry .  

If hydrogen should be charged 

Table 12  .l. Calibration o f  Gas-Injection Apparatus 

Volume of autoclave: 16.75 ml 
Volume of gas-charging l i n e :  
Volume of H20 charged (22°C): 
Temperature : 280Oc 
Autoclave gas space a t  2 8 0 ~ ~ :  

0.42 m l  
7.52 ml 

6.75 ml 

Oxygen i n  
Gas-Charging Volume Number Oxygen Equilibrium Dissolved* Oxygen i n  

of  Injected Pressure Oxygen G a s  Phase Line (d> 
( moles ) Inject ions (moles) (Ps i )  ( mole s ) (moles) 

x x x 

0.182 o .861 0.33 
0 0 917 

0.234 0.40 1 1.076 935 
0 .lo4 0.587 

0.184 0.44 2 0 -925 993 
0.812 1046 0.092 0.536 

4 0.887 1113 0.112 0.678 0 * 097 0.45 3 
0.944 1183 0.101 0.708 0 -135 0.46 

6 1.020 1260 0.107 0.779 0.134 0.47 5 
1.076 1342 0.147 0.830 0.099 0.47 

0.211 0.911 0.181 0.49 7 
1432 

0.465 0.54 8 1.303 
0.293 1.659 

1.618 0.131 0.52 
2.417 1-596 

o .290 9 
10 2.039 1756 - 

0 -033 

Totals 12.499 1.490 8.488 2.521 
Average 1.250 0.149 0.849 0 .e52 0.46 

Over-all Balance After  Cooling t o  94°C 

12.499 573 0.278 11 - 59 0.631 0.40 
- _. 

*Calculated from data  of ref.  5. 
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12.2 PALLADIUM CATALYSIS 

Further work on the  k ine t ics  of hydrogen and oxygen recombination i n  a 
s l u r r y  containing the  sol-prepared palladium ca ta lys t  suggests a probable f i r s t -  
order dependence of r a t e  on the  hydrogen p a r t i a l  pressure and a 0.5-order de- 
pendence on oxygen p a r t i a l  pressure.  Previous data  have been obscured by gas 
holdup i n  the  gas-charging capi l la ry  tubing mentioned above, and t h e  present 
r e su l t s  take in to  account t he  gas-pressure corrections t h a t  are required because 
not a l l  t he  gas charged t o  the  system ac tua l ly  entered the  react ion vessel .  

Three series of experiments were completed on a sample of pwnped s l u r r y  
This from the  out-of-pile t e s t i n g  of t h e  in-p i le  s lu r ry  loop (L2-26S-6-4).7 

s lu r ry  contained thorium - O.5$ uranium oxides i n  a concentration of 483 g of 
Th per kg of D20 and 640 ppm of palladium (based on thorium). The s l u r r y  had 
been pumped several  hundred hours under oxygen and had been subjected t o  
deuterium-oxygen react ion t e s t s  a t  280°C during the  loop operations. 
s e r i e s  o f  experiments t he  i n i t i a l  oxygen pressure w a s  held constant a t  215 and 
320 p s i  above steam ( 2 8 0 " ~ )  while the  deuterium p a r t i a l  pressure was var ied 
(Table 12 .e) .  
pendence on the  deuterium p a r t i a l  pressures from 0 t o  400 p s i  (Fig.  12.1).  

I n  two 

In  both cases the  i n i t i a l  react ion r a t e  showed f i r s t - o r d e r  de- 

In  a t h i r d  se r i e s  of experiments (Table 12.3) t he  i n i t i a l  deuterium pres- 
sure was confined t o  a r e l a t ive ly  narrow range of p a r t i a l  pressures ( 3 5  t o  
100 p s i )  above steam a t  280°c, and the  i n i t i a l  oxygen pressure was var ied from 
113 t o  765 p s i  (Table 12.3).  
i n i t i a l  react ion rate by t h e  i n i t i a l  hydrogen p a r t i a l  pressure and p lo t ted  
against  t he  0.5 power of the  oxygen pressure (Fig.  12.2). A f a i r l y  good l i n e a r  
f i t  w a s  obtained except a t  t he  low oxygen p a r t i a l  pressures,  indicat ing a prob- 
able 0.5-order dependence of t h e  react ion r a t e  on the  oxygen p a r t i a l  pressure. 

The rate da ta  were normalized by dividing the 

After each recombination experiment, t h e  react ion autoclave w a s  cooled t o  
9 8 " ~  and vented t o  remove res5dual gas. 
the  oxygen added f i r s t ,  and then t h e  deuterium. 
charging capi l la ry  was -0.4 m l .  
t h e  react ion autoclave were made by assuming t h a t  t h e  oxygen held i n  the  charging 
capi l la ry  was completely charged t o  the bomb during the  deuterium addi t ion and 
t h a t  there  w a s  a holdup of pure deuterium i n  the  cap i l l a ry  after the deuterium 
w a s  added. 
cated i n  F ig .  12.1 and t h e  f a c t  t h a t  t h e  r a t e  data  obtained a t  a constant 2l5-psi  
oxygen p a r t i a l  pressure do not extrapolate  t o  zero a t  zero deuterium p a r t i a l  
pressure may have resu l ted  from a p a r t i a l  mixing of t he  deuterium and oxygen i n  
the  charging cap i l l a ry  and a consequent holdup of both oxygen and deuterium i n  
t h e  capi l la ry ,  
pressures may a l s o  have resu l ted  from such a condition. The use of a standard 
operating procedure and t he  consistency of t he  rate data  obtained suggest t h a t  
while the  gas-pressure corrections a re  semiquantitative, t he  rate dependences 
i l l u s t r a t e d  i n  Figs .  12.1 and 12.2 a re  probably r ea l .  

The autoclave w a s  then heated t o  28OoC, 
The gas holdup volume i n  t h e  

Corrections f o r  the  gas pressure ac tua l ly  i n  

The apparent decrease i n  r a t e  with increasing oxygen pressure ind i -  

Deviation of t h e  r a t e  da ta  of Fig. 12.2 a t  low oxygen p a r t i a l  

The experimental procedures and/or apparatus w i l l  be modified t o  prevent 
holdup of gas i n  the  charging capi l lary,  and fu r the r  work on the  react ion 
k ine t ics  w i l l  then be car r ied  out.  



81 

Table 12.2. Initial Reaction Rates for D2-02 Mixtures in an Aqueous 
Thorium Oxide - 0.5% Uranium Oxide Slurry with a Palladium 

Catalyst at Constant Oxygen Partial Pressures 

Slurry: 
Temperature : 280°c 

483 g Th/kg D20; 640 ppm Pd (based on thorium) 

Oxygen Deut e r i m  Corrected Deuterium Initial Reaction 
Charged* Charged* Partial Pressure* Rate 
(moles) (moles) (psi) (psi/min) 

x 

PO2 = 215 psi 

2.7 
2.7 
3 -0 
2 -9 
3.0 
3.0 
2.8 

4.4 
4.3 
4.1 
4.0 
4 .O 
4 .O 
4.1 
4.3 
4.1 

3 -0 
2.0 
4.9 
4.0 
2.2 
3.5 
6.7 

0.8 
1.5 

3 -2 
4.8 
6.2 
8.1 
10.5 
8 09 

2.5 

89 

134 
49 

274 

0 
184 

114 

po2 = 320 psi 

0 
0 
28 
78 
178 
288 
408 
593 
493 

4.6 
2.2 
8.4 
7.6 
3 -6 
6.1 
10.9 

0 
0 
1.3 
2.4 
5 -4 
8.7 
11.8 
22.5 
16.2 

*Oxygen charged first, then deuterium, and pressure corrected assum- 
ing that all oxygen entered the reaction autoclave and that 
deuterium was held up in the capillary-gas-charging line; auto- 
clave gas phase (280°c), 6.8 ml;  gas-charging-line volume, 
0.56 ml. 
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Fig. 12.1. Initial Reaction Rates of D,-O, Mixtures 
in an Aqueous ThO,-0.5% U Oxide Slurry with a 
Palladium Catalyst, at Constant Initial Oxygen Pres- 
sures. Temperature, 280OC. 
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Fig. 12.2. Reaction Rates of D -02 Mixtures in an Aqueous Th0,-0.5% 
U Oxide Slurry with a Palladium Catalyst at 280OC. 
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Table 12.3. Initial Reaction Rates for D2-02 Mixtures, Normalized to P 
of 1 psi in an Aqueous Thorium - 0.5% Uranium Oxide Slurry D2 

with a Palladium Catalyst 

Oxide Slurry: 
Temperature: 280"~ 

483 g Th/kg D20; 640 ppm Pd (based on thorium) 

Ratio of 
Initial Initial Reaction (Oxygen 

Rates to Partial 
Rates Deuterium Partial Pressu 

Oxygen Deuterium Corrected Partial Reaction 
Charged Charged Pressures ( p s i )  
(moles) (moles) Oxygen Deuterium 

(psi/min) Pressure (psi) 
[ ( psi/min)/P 1 

D2 

x iom3 x 

4.2 3.0 
2 .a 2 -9 
5.4 2.9 
2 .o 2 -9 
6.6 2 .a 
8.4 2.8 
1.7 3 -0 
1.5 3.1 
10.1 2.8 

324 
211 
433 
461 
527 
649 
130 
113 
76 5 

78 
89 
67 
94 
58 
46 
100 
99 
35 

5 -3  
4.9 
4 -9 
4.4 
4 *9 
4.4 
5 -1 
5.4 
3.6 

0.068 
0.055 
0.073 
0.047 
0.084 
0.094 
0.051 
0 -055 
0.103 

18 .o 

12.7 
23 .o 
25.5 
11.4 
10.6 
27.7 

14.5 
20.8 

*Oxygen charged first, then deuterium. Pressures corrected by assuming all oxygen 
entered reaction autoclave and deuterium held up in the capillary gas-charging 
line; autoclave gas volume at 28ooc, 6.8 m l ;  gas-charging-line volume, 0.56 ml. 

1. J. P. McBride and L. E. Morse, 
P 173-179. 

p 87-90. 

p 85-88. 

2 .  J. P. McBride and L. E. Morse, 
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13.1 THORIA-PELLET TEST PROGRAM 

13.1.1 Introduction 

Ball-mill tests have served as one rapid and reproducible method for deter- 
mining the relative integrity of thoria2? 3 and uraniak experimental pellet prep- 
arations. In the past six months experimental batch preparations have consisted 
of about 10 to 50 pellets. 
wide variations in the quality of the batches, it was not possible to make a 
critical evaluation of the effect of test variables on pellet wear or to relate 
wear rates with some known physical properties of the pellets. Recently one 
experimental batch contained a sufficient number of pellets to permit initiation 
of a systematic study of several pertinent ball-mill-test variables and to gain 
some knowledge of the size distribution of the particles which were rubbed off 
the pellets. 

With the limited number of pellets and the rather 

13.1.2 Effects of Operational Variables 

The effects of operational variables were studied, using rotational speed of 
the mill, mill volume, and pellet and water loadings as the variables. Pellets 
(from batch P-39)2 used for the tests were fabricated as right cylinders with 
hemispherical ends, 0.2 in. in diameter by 0.2 in. in height. The average grain 
size of the Tho;? used to prepare the pellets was 7p , and the pellets had been 
fired for 4 hr at 175OoC. 

A l l  tests were performed in a rubber-lined mill, 3.75 in. in ID, which had 
a capacity of 800 ml. 
of the test series are presented in Fig. 13.1. 

A fresh charge of pellets was used in each test. Results 

Tests were run with four different loadings (10, 20, 50, and 100) of pellets 
at three different rotational speeds: 100, 150, and 200 rpm. Also one series of 
tests was run at 150 rpm, using the four different pellet loadings in a mill of 
the same diameter but of half the length (400-ml capacity). Except for the 
series using a mill of 400-ml capacity, each point on the plot in Fig. 13.1 
represents the average of two 1-hr tests at a given set of conditions. 
be noted that the weight-loss rates of the pellets were proportional to the 
number of pellets and to the rotational speed of the mill and that rates increased 
with increased mill speed and pellet charge. However, the weight-loss rates of 
the pellets were essentially unaffected by the amount of water charged to the mill 
or by changing the length of the mill. 

It will 

84 
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RUBBER-LINED MILL,  USING P-39 Tho2 PELLETS 

0.001 

Fig. 13.1. Effects of Operating Variables on At- 
trition Rates of Tho, Pellets in Ball-Mill Tests. 

13.1.3 Size Distribution of Fines 

The size distribution of fines rubbed off pellets during ball-mill tests 
was the objective of a second test series. Such a study afforded some insight 
into the attrition process, that is, whether the individual grains were being 
released from the pellets due to impact, if chipping occurred, or whether a uni- 
form wearing of the surface was taking place. 

The tests were conducted by using approximately 60 (36 g) new P-39 pellets 
in a mill which was filled with water (800 ml) . 
for four consecutive 1-hr periods. The water and rinses which contained the 
fines were combined after each 1-hr test and then submitted for particle-size- 
distribution analyses, using the Andreasen pipette method. The results of the 
tests are shown in Fig. 13.2.  

The mill was rotated at 150 rpm 

The pellets had lost approximately 546 of their initial weight after the 
fourth test. According to the plots in Fig. 13.2, the average mean diameter of 
the particles was about 2pand about 80% of the particles were less than 6p in 
size. Since the grain size of the initial thoria used for preparing the pellets 
was 7 p ,  and since some grain growth would be expected as a result of the high 
firing (1750OC) of the pellets, one would conclude from the size range of the 
fines that attrition was due principally to wear of material from the surface 
of the pellets rather than from dislodging the grains or from gross chipping. 
Microscopic examinations of the postrun pellets revealed some localized chipping 
at the malformed ends of the pellets at the intersection of the cylindrical and 
hemispherical sections; however, no chipping was noted over the general surface 
of the specimens. 
fragments of the approximate size range indicated by the particle-size-distribution 

Optical microscopy of the fines revealed a small number of 
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Fig. 13.2. Particle-Size Distribution of Material Rubbed Off the P-39 Tho, Pellets During Bal 

data. 
gators who have made similar studies with UO2 pellets.? 

The results of these tests are in accord with findings of other 

13.1.4 Evaluation.of Experimental Pellets 

.Mill Tests. 

invest i - 

Samples of fou r  new pellet preparations were tested recently to determine 
their relative integrity and wear rates. 
by the Ceramics Group of the ORNL Metallurgy Division consisted of one prepara- 
tion (P-82) of pure Th$ pellets fabricated as right cylinders with domed ends, 
O.2lg-in. diameter x O.2O5-in. height, and two samples (P-83 and P-84) of the 
same pellets which had been coated with -0.3 mil of zirconium by means of an 

One group of samples which was prepared 
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experimental electron-beam vaporization technique. 
three preparations have been reported elsewhere. 6 Detailed test data for the 

The fourth sample (P-85 Numec) was obtained from a batch procured from 
Nuclear fikzterials and Equipment Corp. 
cated as right cylinders with domed ends, 0.159-in. diameter x 0.162-in. height. 

The pellets were of pure thoria, fabri- 

Pellets from each batch were subjected to two 1-hr spouted-bed tests (10 
pellets, 0.2 fps superficial velocity) before and after autoclaving. 
autoclave tests were conducted in the usual manner by exposing the pellets, 
submerged in water, for 72 hr at 26O0C. 
preparations were also subjected to two 1-hr ball mill tests with the mill 
operated at 150 rpm. 
The results are summarized in Table 13.1. 

Static 

New pellets from each of the uncoated 

There were not enough coated pellets for ball-mill tests. 

Table 13.1 Summary of Evaluation Tests of Experimental 
Zirconium-Coated and Uncoated Tho2 Pellets 

Average Weight-Loss Rates (%/hr) 
Batch Code Static Autoclave & Ball Mill 

( 72 hr, 26Q0C) Preautoclave Postautoclave (150 rpm) 

P-82-n 1 10-4 0.25 0.49 6.1 x 
(10 pellets) 

P-83 (Zr-coated)* 2.7 x lom2 0.36 0.63 

P-84 (Zr-coated)* 2.5 x 0.25 0.56 

P-85 (Numec)* 1.1 10-3 1.27 1.50 1 . 5  
(100 pellets) 

*Prepared by Ceramics Group, ORNL Metallurgy Division. 
*From Nuclear Materials and Equipment Corp. 

The following information supplements the tabulated data: 

1. The weight-loss rates of the ORNL P-82 unclad Tho2 pellets in the auto- 
clave and dynamic tests were lower than rates obtained with other experimental 
preparations prepred by similar techniques. 3 

2 .  Penetration of the thin cladding of zirconium was observed with the 
coated pellets after the initial 1-hr spouted-bed tests. Wjor  wear occurred at 
the junction of the cylindrical and hemispherical sections of the pellets, and 
it became progressively more pronounced during the second 1-hr spouted-bed test. 
Flakes of the zirconium which had spalled off the pellets were found in the auto- 
claves. 

3. The Numec ( P-85) pellets displayed relatively poor attrition resistance, 
compared wibh the P-82 preparation. 
numerous fine surface cracks and isolated fissures, which in some cases pene- 
trated nearly a third of the way into the pellet, as shown in Fig. 13.3. The 
pellets also contained more and larger pores than most preparations which have 
been examined recently. 

Their inferior integrity was attributed to 
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IFlED 
36 

Fig. 13.3. Experimental Tho, Pellets from Nuclear Materials and Equipment Corp. As polished. (a) In- 
ternal pores and voids; (b)  surface cracks; and (c )  fissure. 1OOX. Reduced 16%. 

13.2 IN-PILE AUTOCLAVE SLURRY-CORROSION STUDIES 

13.2.1 Development of A1203 Slurry Capillary Filter 

An A1203 filter for application between Zircaloy-2 slurry autoclaves and 
the attached water-filled capillary lines leading to pressure instruments has 
been fabricated as a result of the development of A1203 - Zircaloy-2 brazing 
procedures. In recent in-pile slurry autoclave experiments, 7-9 the formation 
of a slurry plug in the capillary line led to quite slow responses of the 
pressure cell. In some cases the experiment was terminated because potential 
changes in radiolytic-gas level could not have been sensed fast enough to satisfy 
safety criteria. 

A porous, 100% A1203 (Coors Porcelain Co., AP-100 body) tube, 0.13-in. OD x 
0.07-in. ID x O.25-in., was pretested by exposure in a static autoclave for eight 
weeks to 28OoC water, with a resultant weight loss of 0.24%. Subsequently one 
end of the tube was brazed coaxially to the O.052-in. hole to the pressure cap- 
illary tap in the Zircaloy-2 autoclave closure. A Zircaloy-2 cover was brazed 
to the other end of the A1203 tubing. 
and the Welding and Brazing Laboratory of the ORNL Metallurgy Division, Fabri- 
cation Section) was carried out in a vacuum furnace, using an alloy containing 
48% Zr, 48% Ti, and 4% Be. 

The brazing (by the HRP Metallurgy Section 

. 

. 
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The brazed filter assembly satisfactorily separated slurry from water, with 
no visible solids carry-over and no evidence of plugging. Exposure of the assem- 
bly to 280Oc water for 64 hr did not result in attack of the joint or any appre- 
ciable corrosion. A weight gain of 2 mg was observed; the assembly weighed 18 g 
and the filter tubing approximately 100 mg. 
out, using the filters as components in slurry autoclave experiments. 

Further testing is being carried 

13.3 IN-PILE SLURRY LOOP 

13.3.1 In-Pile Operation 

Operation of the first in-pile slurry loop (L-2-27S) ,lo Jl1 installed in 
LITR beam hole HB-2, was satisfactorily completed after 3115 hr of slurry circu- 
lation, of which 2220 hr (July 19 to Oct. 19, 1960) were with continuous in-pile 
operation, and 1839 hr under irradiation at 3-Mw LITR power. 
insertion, the circulating slurry inventory was 1350 g of thorium per kg of D20 
(980 g of thorium per 28OoC liter). 
uranium, based on thorium, and 0.019 g palladium (ref 12) as a recombination 
catalyst. 
slurry velocities in the piping of 6 to 8 fps. 
drawal of six samples reduced the circulating inventory concentration to 960 g 
of thorium per kg of QO (735 g of thorium per 280Oc liter). Six terminal 
samples involving a tracer experiment to verify the circulating inventory were 
also withdrawn. Sampling procedures operated entirely without difficulty. 

At the time of 

The slurry contained 0.5 wt $ of enriched 

The 5-gpm loop was operated at 280oc under an oxygen atmosphere, with 
During the irradiation, with- 

Before removal from the reactor, the thorium oxide remaining in the loop 
(450 g of Th per kg of %O) was flushed to a slurry holdup tank located in a 
shielded, external equipment chamber. Radiation measurements of the loop dur- 
ing removal from the reactor indicated that practically all the thorium oxide 
and associated fission products had been removed by the flushing operation. The 
ease with which the slurry was removed indicated that there was no caking of the 
slurry on the inside surface of the loop. This will be verified by visual exam- 
ination of the loop components when it is dismantled in the hot cells. 

13.3.2 Slurry Circulation 

Evidence as to whether all the slurry inventory of the loop was actually 
circulating is presently incomplete. However, complete removal of solids from 
the sample carrier was obtained only after repeated flushing in the hot cell. 
Naterial balances on these flushings are not complete. No direct evidence of 
loss of thoria from circulation was seen during in-pile operation, according to 
pump power, or fission- and gamma-heat measurements. No significant changes in 
core "nose" piping temperatures were observed, implying that no deposits occurred 
in the maximum-flux region. The ease of final slurry draining and the lack of 
retention o f  activity in the pressurizer and pump regions implied no permanent 
buildu of solids there. Partial plugging of the sintered stainless steel 

decreased from 3 to 4 cc/sec to 0.3 to 0.4 cc/sec. This may have been due 
partially to corrosion but may also have been due to some plugging by slurry 
as the particles degraded. 
withdrawal was slightly higher (3 R at 1 ft) than that noted on piping and 
pressurizer regions on either side (1.2 R at 1 ft). 
sampled read more than 10 R at 1 ft, no noteworthy deposits are implied. 

filter B- 3 (8-v mean pore diameter) occurred during early in-pile operation; flow 

The radioactivity noted in the filter region during 

Since 1 ml of slurry as 
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A slow decrease (days) of 2 to 4' in core outlet temperature occurred fre- 
The original spread between outlet and inlet quently during in-pile operation. 

temperatures returned during reactor shutdowns. In one case, the spread was 
immediately restored when slurry flow was increased by increasing the pump- 
current frequency from 60 to 80 cps. 
on the bottom of the piping, any accumulation of solids o r  sludge could have 
caused such a decline by decreasing heat transfer to the thermocouple. 

Since inlet and outlet thermocouples are 

13.3.3 Slurry Corrosion 

The definitive corrosion determination will be made by examination of 
test specimens after hot-cell disassembly of the loop. 
of Zircaloy-2, titanium, and type 347 stainless steel, each 1/4 x 5/8 x 1/16 in., 
were placed in similar arrays in the core nose, core rear, and loop rear posi- 
tions, thus affording three levels of radiation intensity. Specimen holders 
permitting flow at 8 and 22 fps were placed in each location. 
region these were perpendicular to the radiation gradient. 

A total of 48 specimens 

In the core 

Generalized corrosion of the stainless-steel slurry-circulating system, 
including pump casing, loop piping, core piping, and filter internal area, 
based on iron pickup by the circulating slurry,  was 0.4 mpy during 820 hr of 
preirradiation circulation and 0.4 mpy during the next 1279 hr, which included 
1042 hr of full-power irradiation. 
oxygen l o s s  or chromium buildup exceeded the values based on iron pickup. 
However, internal areas of the pressurizer and filter were involved in the 
oxygen and chromium values. The filter internal area, though certainly greater 
than the other loop areas combined, has not been determined; so a rate of cor- 
rosion is not cited. Oxygen-partial-pressure reduction and chromium buildup 
were in fair agreement. Rate of oxygen consumption increased for a period after 
irradiation began but then became quite low as the experiment continued. 

Total generalized loop corrosion based on 

13.3.4 Radiochemical Considerations 

Analyses of Cs137, Zr95, and Ce144 (fission products) and Fa233 activity 
are under way as a basis for the determination of average flux, burnup,@uabs 
for Th232, and solids-liquid activity distribution ratios. Table 13.2 summa- 
rizes the distribution of the fission products obtained to date. 
noted that although some scatter exists, only Cs137 showed appreciable tendency 
to be carried by the liquid phase. 

It will be 

Table 13.2. Molar Distribution Ratios of Fission Products 

Hours Molar Distribution Ratios 
at (Solids/Liquid) 

3Mw cs137 (y) zr95 ( y )  ,e144 (p)  pa233 ( y )  

155 1.87 1,910 >590 >116,000 

448 1.07 3,830 >550 18,400 

608 1.30 473 509 > 76,000 

1042 0.56 10,400 175 8,470 



91 

. 

. 

Radiochemical data (Table 13.3) for the fourth in-pile sample (1200 hr in- 
pile) were chosen for an estimate of the flux. After 1042 hr of irradiation at 
3-Mw reactor power, the burnup was computed as 0.2 at. '$ of U235. 
cs137 analyses and assuming a U235 cross section of 582 barns, the neutron flux 
averaged over the loop main stream was 0.88 x giving an nvt of 3.3 x 10l8 
at the sample time. 
burnup, gave a value for @ O n ,  of 10.4 x 10-12. 
flux, the absorption cross section for Th232 was estimated as 11 barns. 
a value is compatible with a nominal 7 barn (2200 m/sec) cross section, if a 
50% resonance correction, deemed reasonable, is assumed. 

Based on 

Analysis of the F'a233 yield, neglecting protactinium 
Using the computed value for the 

Such 

Table 13.3. Radiochemical Data and Results of Nuclear Calculations 
(1042 hr at 3 Mw) 

Disintegrations per Fissions per 
Minute per Gram of Solids Gram of Solids 

4.1 x 107 
5.1 109 
1.5 109 
9.4 x 1011 

1.8 x 1Ol6 

1.4 x 10l6 
1.0 x 10x6 

~ m u p  of $35,' at. 5 
nvt 3.3 x 1018 

0.19 

0.88 x 1OI2 Average $ (main stream) 
$0 Th232 10.4 x 
cs m232 11 barns 

&Corrected for Cs137 in liquid. 
bNuclides in iquid negligible. 
'Based on Cs 137 . 

13.3.5 Radiolytic Gas 

Partial-pressure measurements indicated that the radiolytic gas level 
remained below 10 psi during the in-pile period. 
pile gamma radiation was estimated to be sufficient to account for the estimated 
production rate of 0.08 mole/liter-hr (ref 14), using a G valuel5 of 5 molecules 
of D2 per 100 ev. 

Recombination as a result of 

Low flow rates through the filter16 implied a rate of gas transfer between 
main stream and pressurizer characterized by a half life of at least 60 min. 
Consequently, experiments using transients to determine the catalytic activity 
of the palladium added as recombination catalyst were not deemed meaningful. 

13.3.6 Particle Integrity 

There appeared to be substantial degradation of slurry particle size as 
irradiation proceeded (Fig. 13.4). 
original value of 1.7~ prior to irradiation to a value of 0 . k  after 1463 hr 
of irradiation (2716 hr of slurry circulation). 
increased from 1 . 5  to 25 m"g. 
on particle characteristics were initiated when irradiation began and had not 
necessarily ceased at the time irradiation was terminated. 
there was an associated effect on settling properties. Clearly, irradiation 

The average diameter decreased from an 

Concurrently, the surface area 
As indicated in Fig. 13.4, substantial effects 

As shown below, 
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Fig. 13.4. Effect of Irradiation and Circulation on Slurry Particle-Size Distribution and Surface Area. 

of the experiment resulted in appreciable particle degradation. However, it 
is of interest to consider observations on similar slurries in relevant earlier 
in-pile autoclavel7 and unirradiated loop18 experiments. 

In-pile autoclave experiment17 L~Z-XZS, with thoria - 0.5% urania of an 
original mean diameter of 0.8~ ( 5 %  below O.~I), irradiated for 681 hr (nvt = 1.3 
x lOl9) show d a postirradiation mean diameter of 0 . 6 ~  (41% below 0.211). 
circu1ationl8 in out-of-pile loop run L-2-26S-4 of thoria - 0.5% urania (natural) 
batch DT-18, prepared in parallel with the present in-pile batch DT-22 (enriched 
uranium), resulted in degradation from the 1.9-p original mean diameter to a 
mean diameter of 0.71 during -1400 hr of circulation. 

Also, 
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It may further be noted that the present loop run has subjected the slurry 
to more passes through the pump (a major degradation cause) by its short cycle 
time than any other ORNL slurry run. 

Thus a reasonable conclusion may be that radiation served as a definite 
cause of degradation, but acted in combination with pumping. Effects on loop 
operation which could be attributable to the degradation might include filter 
plugging, incomplete sample draining, possible (as yet uncertain) l o s s  of solids 
from circulating inventory, and association with the core inlet-outlet temperature 
difference mentioned above. 
effects is not fixed. 
degradation were noted. 

As yet, the association of degradation with these 
No other gross effects on loop operation attributable to 

13.3.7 Settling Observations 

Direct determinations of settling rate at room temperature were made with 
slurry in 25-ml tapered-bottom centrifuge cones directly after draining from 
the sample carrier. Volumes of 8 to 11 ml were used; the settling normally 
occurred in the straight portion. The solids interface subsided in an exponen- 
tial fashion to a final settled-bed volume; values cited represent 1 to 3 days 
of settling. 

slower, as evidenced (Table 13.4) by both initial rates and by subsidence “half 
In general, as irradiation of the experiment continued, the settling became 

Table 13.4. Room-Temperature Settling Rates of 
In-Pile Slurry Loop Samples 

Slurry circulation, hr 0 0-810 

Radiation, hr 0 0 

Original Mixed 
Batch Y-12 
DT-22 Samples 

Concentration, 960 965 
g Th/kg D20 

Concentration, 
vol. k solids 

11.2 11.2 

25 52 
C Settling rate, 

cm/min x 103 

Subsidence half life, 12 19 
min 

Final settled bed, 14 20 
vol. $ solids 

1076 

155 

79 5 

9.4 

33 

28 

21 

1412 

448 

660 

7.9 

27 

31 

14 

2110~ 2251 

1042 1150 

545 375 

6.6 4.6 

2.Tb 0.8 

- 110 

8 6 

2712 

14 60 

440 

5.4 

0.8 

120 

7 

a 

bSettling rate after 105 min. 
Sample did not exhibit sharp solid-liquid interface. 

Initial settling rate; extrapolated to zero settling time using semilogarithmic 
plot. 

C 
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l i f e " .  It is implied 
tha t  the s lur ry  became more flocculated and w a s  s e t t l i n g  under highly hindered 
conditions. 

Also, the  so l ids  content of the s e t t l e d  bed diminished. 

Such behavior i s  compatible with the degradation c i t ed  above. 
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PART V. FUEL MANUFACTURE 

14. THORIUM OXIDE PRODUCTION 

0. C. Dean P. A.  Haas 
V. L. Fowler 
C. C. Haws 
A. T. Kleinsteuber 

14.1 PREPARATION OF THORIUM OXIDE PRODUCTS 

14.1.1 Preparation of Spherical P e l l e t s  f o r  Pebble -Bed Blanket 

Fabrication f a c t o r s  influencing the i n t e g r i t y  of spherical  t ho r i a  p e l l e t s  
prepared by automatic pressing and calcinat ion of MI-100, oxalate-precipitated 
ceramic-grade Tho2 powder, were stud3,ed.l The i n t e g r i t y  was evaluated on the  
bas i s  of freedom from v i s i b l e  cracks and loss  of p a r t i c l e s  when subjected t o  a 
standard spouting-bed a t t r i t i o n  t e s t  .2 

Visible cracks were of two types, those appearing a t  the  junction of the  
spherical  cap and the  cy l indr ica l  sections of the  pressed p e l l e t  (capping) and 
those p a r a l l e l  t o  t h e  ax is  of the p e l l e t  (top and s ide cracking). Capping was 
due t o  strains induced by adherence of t h e  powder t o  t h e  punch face and t o  the 
va r i a t ion  i n  powder density through the cap, a r e s u l t  of the  high-domed shape 
of the  b a l l  punch face. The incidence of capping was decreased 90% by a combi- 
nation of th ree  fac tors :  (1) increasing the  radius of curvature of the 1/4-in. 
bal l - face punch from 0.144 t o  0.25 in.; (2) increasing the  percentage of Carbo- 
wax binder-lubricant o r  changing the  kind used: and (3) increasing the  f i r i n g  
temperature of the  Tho2 powder f r o m  800 t o  1200°C p r i o r  t o  granulation and 
automatic pressing. 

Top and s ide cracking were a t t r i bu ted  t o  s t r a i n s  induced during calcinat ion 
of the  press-formed p e l l e t s .  The incidence of t h i s  type of cracking was de- 
creased by increasing t h e  density of the  powder grains formed by granulation 
p r i o r  t o  pressing and by including a 2-hr soaking a t  1200 t o  1300°C before in-  
creasing the  temperature t o  the f i n a l  1750°C. 
was increased from 2.14 t o  2.77 g/cc by increasing the pressure on the  powder 
i n  the  granulation s tep  o r  by increasing the  powder f i r i n g  temperature p r i o r  t o  
granulation from 800 t o  1200°C (Table 14.1). The e f f e c t  of soaking appeamd t o  
be optimum i n  a powder of grain density 2.5 t o  2.7 g/cc. 

The pour density of powder grains 

"he f i n a l  a t t r i t i o n  rates, based on a s e r i e s  of s i x  1-hr t e s t s  i n  the 
spouting bed f o r  each sample, were lowered by the modified calcination program, 
which included soaking, and by holding the  pour density of granulated powder 
between 2.5 and 2.7 g/cc. The f i r e d  density of the  p e l l e t s  also increased &en 
granulated-powder dens i t ies  were i n  t h i s  range. 

95 
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Table 14.1. Effects of Variations i n  Fabrication Procedure on Density, 
Cracking, and At t r i t i on  Resistance of Tho2 Pe l l e t s  

Average $ of 
Pour Density Pe l l e t  Calcination Progran* Fired Samples 

of Powder Soaking Direct Firing Density with At t r i t i on  
Grains 1.5 t o  2 h r  a t  t o  1750°C of Pe l l e t s  Visible Rate 
(g/cc) 1200 t o  l3OO"C f o r  4 h r  (g/cc) Cracks ($/hr) 

2.14 No Yes 8.84 67 1.02 
Yes 8.74 33 0.86 

2.42 No Yes 8.50 67 1.12 
Yes 8.89 0 0.91 

Yes 8.80 0 0.90 

Yes 8.74 0 0.30 

Yes 9.15 0 0.36 

2.48 No Yes 8.82 67 1.41 

2.50 No Yes 8.73 67 0.34 

2.65 No Yes 9-03 67 0.46 

2.77 No Yes 9.29 0 0.27 
Yes 9.34 16 0.55 

*Pellets having been soaked a t  1200 t o  1300°C, the temperature was then in-  
creased t o  1750°C f o r  2 t o  3 hr .  

14.1.2 Preparation of Pebbles from Calcined 
Thorium-Uranium Oxide Gel Fragments 

Uranium-thorium oxide fragments containing 5 mole $J uranium, prepared by 
the sol-gel process and f i red3 t o  l3OO"C i n  hydrogen, were rounded by a t t r i t i o n  
i n  a b a l l  dll f o r  several  hours. Although the fragments were s t i l l  jagged, a 
ser ies  of s i x  1-hr t e s t s  i n  the spouting bed showed a t t r i t i o n  losses of 2.1 $/hr, 
i n i t i a l l y ,  t o  O.$, f inal ly ,  f o r  p e l l e t s  nominally 1/8 t o  1/4 in .  i n  diameter. 
These r e su l t s  seem t o  indicate t h a t  t ho r i a  p e l l e t s  of high in t eg r i ty  can be made 
by the  ge l  method. 

14.1.3 Coating of Tho2 Pe l l e t s  with Metals and Oxides 

The f e a s i b i l i t y  of coating Tho2 p e l l e t s  with N i ,  C r ,  A193, T a 9 5 ,  ZrO2, o r  
Ti02 by the plasma-jet apparatus was studied. Powders, -325 mesh, f luidized by 
argon o r  argon-hydrogen mixtures, were passed through the a r c  and deposited on 
the p e l l e t s  held i n  the jet  stream 3 t o  5 in .  d i s t an t  from the  hot exit .  
a rc  was struck i n  argon o r  argon-hydrogen a t  25 v and a t  325 o r  TOO amp. 
higher powers, p e l l e t s  were successfully coated with the above metals and oxides. 

The 
A t  t he  

Only the nickel-coated pel le ts ,  which had been postannealed a t  1200°C i n  
hydrogen, showed greater  resistance t o  a t t r i t i o n  i n  the spouting-bed t e s t  than 
did the or iginal  t ho r i a  pe l l e t .  
the nickel-coated p e l l e t s  showed weight losses of 0.07 and 0.04 $/hr. 
the t h i r d  hour, the coat stripped from the pel le t ,  evidently having sheared a t  
sharp edges i n  the  tho r i a  p e l l e t .  

For the f i r s t  two of s i x  successive 1-hr t e s t s ,  
After 

. 
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14.2 DEVELOPMENT OF OXIDE F'R3PARATION 

14.2.1 Flame-Calcination Development 

Experimental development of flame-preparation techniques f o r  slurry-blanket 
materials was completed by a material-balance run and other runs (Table 14.2). 
The recovery f a r  a 24-hr run With a feed input of 14.8 kg of thorium as Th(N03)~ 
i n  water represented 94% of the  feed thorium (Table 14.3). 
pa r t i c l e s  of 1.35-p mean diameter were produced. 
carefully sampled; the unaccounted fo r  6% i s  larger  than would be expected f r o m  
normal analyt ical  uncertainties; however, it i s  believed due t o  incomplete dry- 
ing of the sample, as shown by weight losses on ignit ion. The thorium was re- 
covered as 4C$ product and 54% furnace-wall and t r a p  material, from which pro- 
duct recovery would be low. 

Rounded product 
All eff luent  streams were 

Results from the flame calcination of thoria  sols show tha t  the larger  
pa r t i c l e  s izes  f o r  runs 108 and 115 were due t o  the increase i n  tho r i a  s o l  con- 
centration f r o m  1 t o  2 A4 instead of being due t o  the absence of alumina from 
the sols. Both concentrations gave rounded pa r t i c l e s  (Fig. 14.1), although the 
product from the 1 M  sol showed more regular shapes. Increased temperatures 
within the  1500 t o  1 6 0 0 " ~  range f o r  sol feeds gave smaller surface areas (Table 
14.2) and may have s l igh t ly  increased the roundness of the par t ic les ,  as shown 
on microphotographs. 

Table 14.2. Conditions and Product Characterist ics f o r  Flame-Calcination Runs 
Feed solvent: H$ 
Feed rate:  30 cc/min 

Product Product 
Reflector Feed Concentrations ( g / l i t e r )  Surface Mean 

Run Temperature" Tho2 Area Diameter 
(cl) 

A1 (No3 3 9H20 
(m2/g ) Th(N03)4*4&0 (as a sol) No. ( "c)  

108 
109 
111 
ll2 
113 
114 
115 
116 
117 

1500 
1000 
1500 
1600 
1 6 0 0 ~  
1550 
15 25 
1625 
1600 

264 
5 28 

264 
600 

8 2.2 
83 5.6 
83 1.1 
8.3 1.8 

0.84 
1.1 
0.98 
3.6 
0.90 

3.9 
2.2 
1.35 
1.0 
1.0 
2.0 
4.6 
0.9 
2 -7 

~ ~ ~ 

%ese temperatures and those mentioned i n  the t e x t  were measured by a thermo- 
couple i n  contact with the outside of the r e f l ec to r  tube; flame temperatures 
would be higher. 

bFeed of 95% Tho2 - 5% Al&, as a s lurry i n  methyl alcohol (200 g / l i t e r ) .  This 
s lurry was c l a s s i f i ed  product from run 109. 

Feed solvent was m e t h y l  alcohol instead of water. C 



Table 14.3. Thorium Material Balance f o r  R u n  111 
Thorium analyses on a weight basis 

Input 

Feed S a l t :  
Feed Solution: 

(36.8 kg Th(N03)4*4H&)(0.401 g Th/g s a l t )  = 14.75 kg of thorium 
(66.14 kg solution)(0.228 g Th/g solution) = 15.09 kg of thorium 

output 
Weight Thorium W t  of Thorium $ of Feed 

Location 0 A (kg) T h O r i &  

Product (recycle stream) 5.17 85 .I4 4.40 29.8 
Trap  7.89 76.9 6.06 41.1 
Furnace Wall 2.35 82.7 1-95 13.2 

5 -2 
F i l t e r  bags 0.90 84.3 0.76 

0.48 3.3 Product (recycle holdup) 0.59 81.4 
1.6 Product (recycle 192.2 0.117 0.23 

supernatant) 0 
O f f  -gas 0.00 - - 

Tota l  13.88 94.2 

*Based on feed-salt input of 14.75 kg of thorium. 

UNCLASSIFIED 
ORNL-LR-DWG. 52913 

Fig. 14.1. Product from Flame Calcination of Thoria Solutions. (a )  Run 117: 1 M thoria solution 
calcined at  160OOC; product of 2.7-p mean diameter and 0.90-m2/g surface area. ( b )  Run 115: 2 M thoria 
solution calcined at  1525OC; product of 4.6-p mean diameter and 0.98-m2/g surface area. 
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Some alumina appears necessary f o r  obtaining rounded pa r t i c l e s  from the  
flame deni t ra t ion  of Th(NOs)4 solut ions a t  temperatures which are p rac t i ca l  with 
the present equipment. 
not show the  rounded p a r t i c l e s  obtained with feed concentrations calculated t o  
give 0.5 w t  4 A1203 i n  the  Tho2 (Fig. 14.2).  
are low, considering t h e i r  small mean p a r t i c l e  diameters. 

The product without aluminum n i t r a t e  i n  the  feed does 

The surface areas of both products 

UNCLASSIFIED 
ORNL-LR-DWG. 52912 

Fig. 14.2. Effect of 0.5 wt % A1203 in Tho, from Flame Denitration at 1600 to 1625OC. (a) Run 112: 
1600T, feed of 920 g/liter of Th(NO3),*4H2O and 8.3 g/liter of AI(N03),.9H20 in CH,OH; product of 
1.0-p mean diameter and 1.8-m2/g surface area. ( b )  Run 116: 162!j"C, feed of 600 g/literofTh(N03),.4H,0 
in CH30H; product of 0.9-p mean diameter and 3.6-m2/g surface area. 

The i r r egu la r ly  shaped p a r t i c l e s  of Tho2 - 5 w t  $ A1& obtained by flame 
deni t ra t ion  a t  1000°C can be re-fed as a s lu r ry  and calcined a t  1600"~ t o  give 
rounded p a r t i c l e s  (Fig. 14.3). 
plugging by any large par t ic les ;  t h i s  may be the cause of the  decrease i n  
p a r t i c l e  s i ze  from 2.2- t o  1.8-11 mean diameters. 
after the 1600"~ calcinat ion i s  the lowest obtained f o r  a flame-calcination 
product. 

The product from run lo9 was c la s s i f i ed  t o  avoid 

The surface area of 0.84 m2/g 
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UNCLASSIFIED 
ORNL-LR-DWG. 52911 

Fig. 14.3. Effects of Flame Calcination at 16OOOC on Flame-Denitrated Th02-A1203 Prepared at 
1OOOOC. (a) Run 109: 1OOO"C, feed of 920 g/liter of Th(N03),-4H,0 and 83 g/liter of AI(N03),*9H20 in 
H 0, product of 2.2-t( mean diameter and 5.6-m2/g surface area. ( b )  Run 113: 16000C, feed of 200 g/liter 
o f  slurry in CH,OH of classified run-109 product; product of 1.8-p mean diameter and 0.84-m2/g surface 
area. 
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PART VI. METALLURGY 

15. METALLURGY 

A. Taboada 

F. W.  Cooke J. W. Tackett 
R. A .  McNees A. J. Taylor 

15 .1  THORIA-PELLET FABRICATION 

One a l te rna t ive  blanket material f o r  use i n  a thermal breeder reactor  i s  
a bed of small Tho 
region of the reacgor and of such qua l i ty  as t o  r e s i s t  mechanical, chemical, 
and radiat ion damage. 
as 27 tons, would be needed for  a blanket loading, an economical and r e l i a b l e  
method f o r  pellet production is needed. 
t o  determine the fac tors  influencing the fabricat ion cha rac t e r i s t i c s  and 
i n t e g r i t y  of p e l l e t s  formed by pressing and s inter ing.  

p e l l e t s  capable of being pumped i n t o  and out of the blanket 

Since large quant i t ies  of such pe l le t s ,  possibly as much 

Therefore a study has been undertaken 

In  i n i t i a l  tests, an ordinary batch of thorium oxide (11-40, produced by 
the Thorium Oxide P i l o t  Plant f o r  s l u r r y  use) could not be pressed on an 
automatic press t o  the required green density without the  formation of 
extensive laminations. 
calcining t o  1425OC followed by w e t  bal l -mil l ing i n  a s t e e l  m i l l ,  leaching 
with acid t o  remove the abraded iron, mixing with Z$ Carbowax, prepressing 
t o  15,000 psi ,  granulating, and s iz ing  t o  -35 +lo0 mesh. 

To improve t h i s  s i tua t ion  the  oxide w a s  modified by 

Using t h i s  modified D-40 powder, 3.5 kg of rounded-end p e l l e t s  were 
produced, without laminations, on a single-action Stokes automatic press a t  
green dens i t ies  up t o  6.3 g/cm3. 
laminations appeared at the junction between the upper dome and the 
cy l indr ica l  portion of the  p e l l e t .  The s intered density a f t e r  f i r i n g  t o  
1 6 5 0 0 ~  ranged from 9.0 t o  9.3 g/cm3. 
the dome and the cylinder w a s  removed by first f i r i n g  the p e l l e t s  t o  145OoC, 
cooling, wet tumbling, drying, and r e f i r i n g  t o  1650Oc. 

A t  higher green dens i t i e s  (6.7 g/cm3) 

The roughness formed at  the juncture of 

Samples of the best p e l l e t s  from t h i s  batch had a s intered density of  
9.14 g/cm3 and were submitted t o  the Chemical Technology Division f o r  in-pi le  
t e s t i n g  and t o  the Reactor Division f o r  mechanical t e s t i n g .  

Other methods fo r  modifying P i l o t  Plant oxides were investigated because 
the high-temperature calcinat ion method j u s t  discussed has not been e n t i r e l y  
consistent i n  producing a sa t i s f ac to ry  pressing powder. One method which has 
been t e s t ed  on cy l indr ica l  p e l l e t s  i s  t o  combine 1 t o  2$ of polyvinyl alcohol 
(PVA) w i t h  the  powder t o  serve as a binder during pressing. 
oxide DT-102, which laminated a t  a green density of 4.57 g/cm3 without PVA, 
could be pressed t o  a green density of 5.57 g/cm3 a f t e r  2$ PVA had been added. 

In  t h i s  manner, 
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I n  the l a t t e r  condition, a sound p e l l e t  with a densi ty  of 9.5 g/cm3 w a s  
produced by f i r i n g  a t  1 6 5 0 0 ~  f o r  2 hr.  The usefulness of powders of t h i s  
nature for automatic-press production of rounded-end p e l l e t s  i s  now being 
investigated.  

A thorium oxide powder which is unique i n  t h a t  it w a s  prepared by 
calcinat ion of thorium formate instead of oxalate has been formed i n t o  
cyl indrical  p e l l e t s  a t  a green densi ty  of 5.74 g/cm3 and s intered t o  a f i n a l  
density of 9.40 g/cm3. For t h i s  t e s t ,  the  powder w a s  prepressed a t  15,000 
p s i  and then granulated. The as-received powder, however, is  s u f f i c i e n t l y  
free-flowing t o  be usable i n  the automatic press and has been formed i n t o  
cyl indrical  p e l l e t s  and f i r e d  t o  a density of 9.11 g/cm3. 
thorium oxide powders produced by other methods i s  a l so  being investigated.  

Results of physical t e s t s ,  described i n  Sec. 13.1 of t h i s  report ,  have 

The usef-uhess of 

shown t h a t  i n  some cases t h o r i a  p e l l e t s  containing added alumina have higher 
dens i t ies  and greater abrasion resis tance than p e l l e t s  of pure t h o r i a .  
15 .1  shows photomicrographs of both types of p e l l e t s  and provides a bas i s  f o r  
explaining observed behavior. 

Figure 

Figure 15.l(a) shows the e f f e c t  of f i r i n g  pure Tho2 a t  1600, 1800, and 
20OO0C. 
angular, equiaxial  Tho2 crys ta l s  and a coalescence of pores (small black c i r c l e s ) .  

The main e f f e c t  of increased s in t e r ing  temperature is a growth of the  

A t  20OO0C pore migration occurred, and many large pores a re  concentrated at  
the grain boundaries. 

the Th02. A t  1 6 0 O O C  a eu tec t ic  l iqu id  apparently formed, and a t  1800OC she 
amount of l iqu id  phase (dark-gray areas)  w a s  increased. The coalescence of 
small pores i n t o  la rger  ones is more marked i n  t h i s  specimen than i n  pure Tho2 
a f t e r  f i r i n g  at  18000~.  

Figure l 5 . l ( b )  shows the e f f e c t  of the addition of 20 vol  $ of A120 t o  

A t  20OO0C a subs tan t ia l  growth of the Tho2 grains occurred, and the number 
of pores w a s  great ly  reduced, especial ly  i n  the areas near the grain surfaces.  
The eu tec t ic  l iqu id  apparently f i l l e d  the i n t e r s t i c e s ,  forming a continuous 
coating around the Tho2 crys ta l s ,  and, upon cooling, s o l i d i f i e d  i n  a “divorced“ 
fashion so t h a t  the grain-boundary material  a t  room temperature is e s sen t i a l ly  
a s ingle  phase, 
mater ia l  consis ts  mainly of c rys ta l l ine  Al2O3. 
obtained i n  an optimum amount, would afford protection against  abrasion f o r  the 
sof te r  Tho2 grains .  

Petrographic examination indicated t h a t  the grain-boundary 
It i s  t h i s  coating which, if 

15.2 WELDING OF ZIRCALOY-2 

Fabrication s tudies  have been conducted on methods f o r  constructing the 
proposed Zircaloy-2 replacement core vessel .  
covered: 
of allowable preweld misalignment o f  vessel  components. 

Two primary f i e l d s  of study were 
(1) the attachment of i n l e t  o r i f i c e  vanes and (2)  the  determination 

15.2.1 Attachment of In l e t  Orifice Vanes 

Current designs of possible HRT replacement core t anks  c a l l  f o r  a double- 
walled Zircaloy-2 i n l e t  region with closely spaced vanes located i n  the annulus 
t o  d i r e c t  the i n l e t  f u e l  stream tangent ia l ly  against  the outer core-vessel w a l l .  
The vanes would probably have a contoured shape, with a max imum thickness of 0 .1  
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Y 35894 2000 " C  Y 35891 2000°C 

1800 "C Y 35890 1800°C Y 35956 

1600°C Y 35889 1600°C Y 35955 
(0) ( 6 )  

Fig. 15.1. Microstructures of (a) 
2000OC in Air for 2 hr. Etchant: 16 M 

Pure Tho, 
HNO,, 0.01 

and ( 6 )  Tho, Plus 20 vol % AI,O, After Firing to 1600, 1800, and 
M HF, at 121'C. 500X. 



;paced at intervals of twice the 
:se vanes in the desired locations in 
circumferential, vaned insert and the 
the rest of  the double-walled vessel. 
;ed on the fabrication of vaned inserts. 

I methods of constructing the vaned- 
method, involving spark-discharge 
.men made by this method is illustrated 
)f machining the vanes so as to be 
ttly welding them to the inner w a l l  in 
Ipecimens demonstrating this method 
'ferent joint design for welding, as 

! crevice-free welds. However, this 
rn in Fig. 15.5. 

A deliberate attempt was made during 

.igned Components 

.cated by welding together a network 
to reduce the cost of the replacement 

t weld fabrication be reduced to a 
'1, two hemispherical sections preformed 
. by a single, circumferential, girth 

UNCLASSIFIED 

Fig. 15.2. Zircaloy-2 Specimen Milled by Spark-Discharge Machining. 
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Fig. 15.3. First Welded-Assembly Joint Design. 

Fig. 15.4. Second Welded-Assembly Joint Design. 

weld. 
for the single girth weld. In a preliminary investigation of hot-spinning 
methods, it was indicated that a maximum of 0.060 in. of mismatch could be 
expected in the preweld fitup. 

However, it may be extremely difficult to obtain a perfect preweld fitup 

An investigation has therefore been conducted to determine the amount of 
misalignment which can be allowed in the preweld fitup to permit a sound, 
uncontaminated root pass with a hydrodynamically acceptable contour. 
plate, 0.317 in. in thickness, was utilized fo r  the complete study. 
basis of preliminary work, a J-beveled joint design was used, incorporating a 

Zircaloy-2 
On the 
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0.U5-in. land. all root-pass welds were made by the inert-arc process, using 
automatic equipment and a trailer shield to prevent weld-metal contamination. 
No filler metal was added in the root-pass welds. 

Using the welding conditions suitable for making welds in the aligned 
plates as a starting point, root passes were made with preweld offsets of 0.015, 
0.030, 0.045, 0.060, 0.075, and 0.090 in. 
penetration was obtained and no significant weld-metal contamination occurred. 

A l l  root passes were sound, complete 

Figures 15.6 and 15.7 illustrate a typical root pass with a plate mismatch 
of 0.075 in., indicating the general soundness and gentle root-contour change. 
The remainder of the weld on several specimens was completed manually in an 
inert-atmosphere chamber, using filler metal. As would be expected, sound 
welds were made easily, and a photograph of such a joint is shown in Fig. 15.8. 

The studies indicate that the production of satisfactory welds is feasible 
where the joint components are misaligned in the range of 0.075 to 0.090 in. 
However, suitable care must be taken to carefully control the welding variables 
and to provide adequate inert-gas shielding of the weldment. 

UNCL 
V 

ASSlFlED 
38227 

4 

* 

Fig. 15.5. Third Welded-Assembly Joint Design. 



107 

UNCLASS I FlED 
Y 5757c  

Fig. 15.6. Root Pass with Plate Misalignment of 0.090 in. 

U N C L A S S I F I E D  

Fig. 15.7. Root-Pass Cross Section with Plate Misalignment of 0.075 in. 
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U N C L A S S  I FlED 

Fig. 15.8. Completed Weld in Zircaloy-2 with a Misolignment of 0.075 in. 
Etchant: H,O, HNO,, HCI, HF solution. 4X. 



PART VII. ANALYTICAL CHEMISTRY 

16. ANALYTICAL CHEMISTRY 

H. E. Zittel G. Goldstein 
D. L. Manning T. C. Rains 

16.1 AMPEROMETRIC TITRATION OF THORIUM 

An amperometric method was developed for the estimation of thorium in slur- 

In this method, which can be 
ries of Tho2 and a l s o  in fuels for molten-salt reactors consisting of mixtures 
of the fluoride salts of Li, Be, Th, U, and Z r .  
carried out by remote control, the thorium is titrated amperometrically with 
di-sodium ethylenediaminetetraacetic acid (EDTA) in a deaerated acetate-buffered 
medium at pH 4.5. A potential of 0.4 v vs the SCE is applied to a platinum-foil 
indicator electrode. Ferrous iron, added to serve as an indicator ion, is not 
oxidized at that potential. However, a ferrous-EDTA complex, formed after the 
titration of thorium is completed, is oxidized, producing an increase in the 
flow of current and, consequently, a break in the current-titrant curve at the 
end point. The end point is fixed by extrapolating lines drawn through the two 
straight segments of the titration curve to a point of intersection. 

By control of the pH within the permissible range, 2.5 to 4.5, a number of 
interferences can be circumvented. 
tolerated,&ut not at pH 4.5; the reverse is true for zirconium. 
uranyl, Mn , and Mg do not interfere at either pH. Chloride, nitrate, and 
sulfate do not interfere in molar concentrations tenfold greater than the 
thorium. At pH 4.5, fluoride at molar concentration e uivalent to the thorium 
can be tolerated. Zinc, Ni , Cu , Few, Co*, and VO , interfere in concen- 
trations equimolar with that of the thorium. Phosphate interferes seriously and 
must be absent. 

At pH 2.5, Ce(III), Cr(III), and A1 can be 
Lithium, 

+ - t %  7+ 

16.2 DETEI7MmTION OF THORIUM BY AN INDIFXCT POLAROGRAPHIC METHOD 

An indirect polarographic method, first described by Flaschka,’ was adapted 
to the determination of microgram quantities of thorium in reactor materials, 
In this method, the thorium is reacted with Pb-ethylenediaminetetraacetate 
(Pb-EDTA), liberating one gram-atom of lead for each gram-atom of thorium re- 
acting. 
of -0.45 v vs the SCE. 
polarographic measurement are carried out in an acetate-buffered solution at 
pH 3.5. 
determined with a coefficient of variation of about 6%. 

The lead is then determined polarographically at a half-wave potential 
The reaction of thorium with Pb-EDTA and subsequent 

By this method, from 2 to 16 pg of thorium per milliliter can be 

a 
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Although the sensitivity of colorimetric methods is comparable with that 
of the polarographic method, the latter method, when applicable, offers the 
advantage that it can be more readily adapted to the analysis of radioactive 
materials by remote control. 

Interference studies were made which revealed that, with the ORNL deriva- 
tive polarograph, model &-1673, 20 pg of thorium can be determined in the pres- 
ence of 270, 80, and 10 pg of U, Cr, and Mo, respectively. Copper, Ni, and Fe, 
which appear to displace lead from Fb-EDTA, cannot be tolerated. 

16.3 ELIMINATION OF INTERFEFENCES IN TBE FLAME-PHOTOMETRIC 
DETERMINATION OF CALCIUM 

A method was found for inhibiting the interference of a number of anions 
in the flame-photometric determination of calcium. Nitrate, sulfate, and phos- 
phate, introduced in the solvents used for the dissolution of samples of nuclear 
reactor materials, are known to suppress the radiant intensity of calcium when 
aqueous solutions are used in the flame-photometric determination of this element. 
The interferences can be reduced but not eliminated by using an oxyacetylene 
rather than an oxyhydrogen flame. 
is used in aspirating the sample into the flame, nitric, sulfuric, o r  phosphoric 
acid up to 1 M  do not interfere. When, however, the solution is made 0.1M 
with phosphate by adding (NI14)&P04, the calcium emissivity is reduced approxi- 
mately 2% even though a medium containing ethylene glycol is used. 
ference can be largely eliminated by adjusting the pH with nitric acid to fall 
within the range, 0.5 to 1. 

If, however, a 20% ethylene glycol solution 

This inter- 

The addition of ethylene glycol to the sample solutions not only eliminated 
the interference of phosphate in the determination of calcium but exerted a 
similar effect in the flame-photometric determination of several other elements, 
including barium and strontium. 

1. H. Flaschka, S. Khalafalla, F. Sadek, Z. Anal. Chem. 156, 321 (1957). 
IEI 
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