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SUMMARY
PART T. HOMOGENEOUS REACTOR TEST

1. HRT Remote Operations, Maintenance, and Testing

A program of maJjor reacbor alberatious and repairs was initiated after run
21, which was concluded when a second hole formed in the Zircaloy core vessel.
The program is now approximately 60% complete. So far, the upper five core
diffuser screens have been removed from the core, plastic impressions of the
core holes have been made to ald in patehing them, and several major pieces of
reactor equipment have been replaced or altered.

Tools were prepared for cubting a sample of the core wall from around the
second hole, for taper-reaming the circular opening left by the sample, for
cleaning the cors wall, and for plugging the two holes.

Heldium leak detection was used to locate a crack that occurred in the
purge line of the core circulating pump during run 21 shutdown.

Reactor containment-shield penetrations are being leak tested to ensure
that the integrity of the shield is maintained.

2. HRT Processing Plant

A revised multiple-hydroclone syshbem was designed and is being fabricated
for installation prior to the next run. The efficiency has been improved by
using more hydroclonss (18 instead of 13) and by using a smaller, more efficient
size; by utilizing the Tull head of the circulating pump (for increased pressure
drop); and by recycling overflow from the cell~C collecting hydroclone to pre-
vent loss of solids from that unit.

A gamma survey of reactor cell piping 80 days after shutdown indicates
that about 85% of the insoluble fission-product activity remained in the high-
pressure system. The highest reading found exceeded 6000 r/hr and was at the
multiclone feed chamber. Piping in the high-pressure system read from 800 to
%900 r/hr. The dirt trap in the suction line to the fuel feed puwnp, which
read 1100 r/hr following run 13, was ouly 120 r/hr at this survey.

3. HRT Component Development

The ignition of & titaniuwn wear ring while operating in a pump circulating
high-pressure oxygen caused a burn~through of the stsinless steel discharge
pipe. Such fires can be avolded by the use of adequate wear-ring clearance,
and particularly by stopping the pump upon a low-power signal caused by the
presence of gas.

A stress analysis of the HRI' core indicated that operation of the core and

blanket at widely differing temperatures will not cause excessive stresses in
the core tank.



Flow tests, coupled with computations of nuclegr heating, indicated that
the HRT in reverse flow will operate with a maximum core wall temperature of
300°C, if no scale is deposited. The maximum interior temperature is expected
to be 305°C.

4, HRT Reactor Analysis

4 study was made of the critical conceztration in the HRT at 260°C, with
variocus blanket fuel concentrations; harmonics-metihod results and two-group and
multigroup results were in good agreement. With blanket-to-core fuel-concen-
tration ratios of zero and 0.4, the clean-core critical concentration was 6.9
and 4.7 g of Uesds per liter, respectively. Addition of poisons presently with-
in the system increased the fuel comncentration about 2%. Changing the fuel
from U220 to U233 with no fuel in the blanket decreased the critical concen-
tration from 6.9 to 5.5 g of uranium per liter.

PART II. REACTOR ANALYSIS AND ENGINEERTNG DEVELOPMENT

5. Reactor Analysis

Estimetes were made of the core critical concentration in small, cylindri-
cal reactors; the core region contained U0zs504-D20, while the blanket region
consisted of three discrete thoria-pellet regions containing 5300 g of Th per
liter, separated by D0 regions. With a core dismeter of 18 in., and a length
of 43 in., and with 7.5 in. of D20 separating the core from the first thoria-
pellet region, the fuel concentration at 230°C for a clean core was 17.k g of
U235 per liter. Keeping other thicknesses constant, decreasing the thickness
of the first D20 gap from 7.5 to I in. increased the core critical fuel con-
centration by 40%. Increasing the core length from 48 to 72 in. decreased the
critical fuel concentration ebout 17%, while increasing the core diameter from
13 to 21 in. decreased the core concentration by about 35%.

6. Development of Reactor Components and Systems

A eylindrical core model 2 £t in diameter and 6 ft long was operated.
The first set of entry vanes tested promoted bypassing of about half the fluid
rom inlet to outlet, so that new vanes were designed and fabricated for test.

An evaluation was made of two-region thoria breeders which indicated that
blankets containing stationary thorias pellets are quite promising. Detall
design was begun of an experimental model simulating the blanket of a 40-Mw(th)
reactor. Lead shot were circulated in a simple model, illustrating the arrange-
ment proposed for handling blanket thoria.

The 2007 pump, containing alumina bearings, continued to operate satis-~
factorily. A test stator appeared to remain in a useful condition after an irra-
diation dose of 5.43 x 102 rads, 1ndicating acceptable radiation resistance.

The three-stage oxygen compressor was further instrumented in an attempt
to determine the cause of persistent diaphragm failures. Increased-capacity
solution feed pumps continued to perform satisfactorily.

The 300-SM system was charged with slurry, following completion of numer-
ous modifications. Charging was performed easily, and improved valves increased
the relisbility of the system as a whole.



A slurry of 1600°C-fired thoria circulating in the 200B loop appeared to
be forming a scale on the heat transfer surface. Its yleld stress at elevated
temperatures appeared to be unexpectedly low. A correlation derived for slurry
nonuniformity in the 200A loop suggested that dilute slurries are less uniform
than high-concentration slurries. TIn the 50A loop, a 3.,65~u thoria slurry
retained moderately dilatant properties after circulation.

T. Instrument and Valve Development

After 5540 hr of service in a 30-gpm slurry loop, the Zircaloy-2 plug and
seat of a flushed-bellows Hammel-Dahl valve was found to have suffered con-
siderable damage. The damage, however, was not catastrophic.

Life-testing of 12 titanium stem-sealing bellows was completed. Average
life of the 12 units tested was 24,139 cycles., Tests were performed in uranyl
sulfate solution at 280°C, with 2300-psig pressure applied externally to the
bellows.

PART ITI. SOLUTION FUELS

3. Reactions in Aqueocus Solutions

Measurements of the rate of peroxide decomposition in 0.03h4 M uranyl.
nitrate sclution were wade to establish whether the decomposition was suffi-
ciently rapid to parmit consideration of uranyl nitrate solution as a potential
reactor fuel. Tests were made over the temperature range 40 to 100°C with
several levels of excess acidity. The effects of known catalysts and corrosion-
product materials were established.

The results were gqulte similar to those previously oblained with sulfate
and perchlorate systems. The temperature dependence of the decomposition rate
was essentially the same as indicated by the caleculated activation energy of
25,000 cal/mole. The rate was inversely related to the excess~-acld concen~
tration. Iron salts were extremely effective catalysts for the deccmposition,
and copper salts promoted this activity substantially. Exbrapolation of these
results to higher temperatures suggests that the rates of peroxide decomposition
should prove adequate under anticipated reactor conditions.

. Heterogencous fguilibria in Agueous Systewms
o u

The determinstions of the compositions of lipght- and heavy-liquid phases
in the system UO3-805-Hz0 and its D0 counterpart at %00, 325, and 350°C were
extended to include light-liquid phases less than 0.1 m in 505 and heavy-liquid
phases which contained small excesses of Ulz. Further information was obtained
on the equilibrium distribution of Cul &nd/or NiG between the heavy- and light-
liquid phases at 325 and 350°C.

Solid~liquid equilibrla in the system UQ4-Cu0-S0s5-Hz0 at 325 and 3507C
are under investigation. Preliminary values for the simultaneous solubilities
of CuO«iU05 and ACul+505+-20,0 in sulfate solutions indicate little change from
values at 300°C.



10. Radiation Corrosion

A rocking-autoclave experiment was performed in which a D20 solution
of uranyl nitrate (0.032 m) with Cu(NOs) and excess DNOs was exposed in
Zircaloy-2. Low-power, low-temperature exposures of short duration were made
in order to obtain pressure data from which Gp, and Koy (225°C) values could
be estimated. Exposure at 230°C to the full reaclor power was made in five
periods, the total irradiation time being 134 hr. The pressurz and temperature
were followed closely both during and between irradiation periods. Analyses
were made of the irradiated solution, the autclave rinse, Uhe large amount of
precipitate, and the specimen surflaces.

Koy (225°C) was estimated to be 1600 to 1700 liters/mole~hr, about three
times as large as out-of-plle values found by others. Gp, was estimated to be
1.% %o 1.4, The various pertinent pressure and analytical data were not com-
pletely interconsistent but allow an estimated range of Zircaloy-2 corrosion
rates of 6 to 12 mpy during most of the exposure. The corrosion rate appeared
to increase during the last 3C hr of exposure, and the final rate was probably
20 mpy or more. From various features of the pressure data, estimates of Gy,
of 2 x 10-2 to 2.5 x 10-2 yere made, which are 7 to 70 times larger than -
reported values from fission-Tragment irradiations of Ca(NOs)s solution.
Recombipation of nitrogen and oxygen was indicated, the apparent rate corre-
sponding to a vapor-phase recompination with a GNO5— value of 1 to 3, which
is within the raange of values for vapor-phase fixation previcusly reported by
others.

PART IV. BSLURRY FULLS

1l. Engineering and Physical Properties

Previous studies of the minimum velocity required to transvort flocculated
suspensions in horizontal pipes have shown two regions of flow, Jdepending on
the concentration. The critical coacentration for the transition from one type
of flow to the obther has been shown to be a function of degree of flocculation
and tube diameter. It has also been shown that toe critical concentration can
be determined from a systematic study of the hindered-seliling rate as a func-
tion of container diameter and suspension concentration.

An analysis of the minimum-transport condition for particles sufficiently
small to setile according to Stokes' law and with diameters smaller than the
thickness of the laminar subleyer has shown that at least two feorces acl on
the particle causing it to be transported. The first condition results from
the particle settling through a fluid having a velocity gradient. The dif-
ference 1in stream veloclty between the top and bottom of the particle results
in & pressure difference between the top and bottom of the particie. The net
force at the minlmum-transport condition was found to be just cqual to the
gravitational force on the particle. The other condition resulis {rom appli-

ation off the penetration theory in wnhich turvulent sddies are posiuloted as

enebraving through the laminar sublayver Lo the nipe wall., It was found that
at the minimum-~transvort condition the magnitude of the fluctuations one
particle diameter from the wall is Just equal to the settling rate of the
particle.

Tests have shown that Lisi0s is an =ffective dispersant of cthoria sus-
peusions even at terperatures as greab as 250°C. Therefors, a run was made
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in a high-temperature loop to determine whether the presence of Lio304 would
prevent cake deposition when ThOz spheres, known to be cake Tormers, were
circulated. The tLest was more favorable than any previcus tests with different
electrolytes and indicated thet selection of the proper concentration of Lizb0.
might result in a marked decreass In caking tendency.

Addition of 50 wt % noncaking oxide to a known caking oxide decreased bub
did not preveant the formation of deposits in the loop.

Coprecipitation of 0.05 to 0.25 mole fraction Zr, Al, and Pb with thorium
followed by calcination at 300°C increased particle integrity greatly over that
observed with oxides prepared in a similar manner except that metal oxlde
additives were not present.

12. 'Thoriwn Oxide Irradiations

Two series of thorium oxide powders that had been fired at 650, 800, 900,
1100, and 1500°C and then irradiated 16 and 22 months in an LITR lattice posi~-
tion were recovered for examination. The 650, 300, and 900°C-fired samples in
both series were red and had sintered into hard agglomerabes; the 1100°C-fired
samples were off-white powders; and the 1500°C-fired ssmples were blue powders.
Radiochemical analyses of the 1&-month irradiated oxides snd fiux monitors
indicated the neutron flux to have ranged from 1.7 to 2.5 x 1013, The irradi-
ation produced a marked decrease in surface area for the lower-fired materials,
but no change in surface area was observed for the 1500° ¢ -fired material. The
estimated maximum temperature of all oxides while being irradiated was <%00°C.
Thus the observed effect of irradiation was a sintering action comparable to
about a 1500°C calcination.

A heavy-water slurry of »25-, 1000°C~fired thoria spheres conbaining 0.5%
natural uraniwm that had been irradiated 52 days in the C-U3 facility in the
LLIR at temperatures from 180 to 230°C was recovered. A dried plug, composed
of more than half the origiunal so0lids, was found st the top of the irradiation
autoclave, apparently deposited by the reflux conditions intrcduced by the
method used for temperature coutrol during lrradiation.

Irradiation of a settled hed of 0.2-in.-dia thoria pellets in heavy water
vas Initiated, and hot~-cell techniques for evaluation of irradiation effects
are under development.

13. Development of Gas-Recowbination Catalysts

The sol method of preparing the palladium catalyst for use in the catalytic
recombination of hydrogen and oxygen in thoria and thorla-uranla slhiurries gave
reproducible activities and the highest specific activities yel obtained. The
specific activity appeared alzo to be independent of the type and concentratlon
of slurry solids.

Under excess oxygen, the catalyst performance index (CPI) per millimole of
palladium concentration at 280°C apnd 100 psi hydrogen partial oressure varied
from 9 to 22 w/ml. Under excess hydrogen, the CPI was increased by several
orders of magnitude, Dats obtained in-pile with a slurry of a thorium - 8%
uranium oxide conbaining palladium indicated a CPI abou®t four times higher than
that obtained out-of-pile in a similar system. Iaboratory tests on a slurry
sample containing pslladium obtained from a loop gas~-recombination experiment
confirmed gualitatively the drop-off in activity with pumping bime observed in
the loop rup but did not explain the order~of-magnitude~lower specific activi-
ties in the loop experiment.
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14, Slurry Corrosion and Blanket Materials Tests

Procedures have been developed for evaluating the relative durability of
experimental preparations of thoria pellets which might be suitable for usc in
a proposed pebble~bed blanket of a TBR. Experimental preparations calcined
from 1000 to 1750°C, including 0.2-in.-dia spheres and right cylinders and
cylinders with hemispherical ends, approximately 0.2 in,., in diamster and 0.2 in.
in length, were compared in accelerated (1~ to 2-hr) tests at room temperature
using spouted beds to determine general particle integrity and attrition rates.
Static autoclave tests and 300-hr exposures of packed pellet beds in flowing
D20 at 260°C in 100A pump loops were made to evaluate high-temperature dura-
bility and potential leach-out of additives (0.5 to 5% (a0 and/or Als0s) from
the pellets.

During the examination of 50 different pellet preparations, welight losses
during exposure in D20 (12 to 200 hr) in static autoclaves at 260°C using
ambient atmosphere ranged from 0.001 to O.2%/hr. Materials which displayed
losses grester than 0.000%%/hr failed due to spalling, leach-out of additives
or partial disintegration. Sixty-seven per cent of the preparations showed
losses below 0.000%%/hr.

Pellets which showed weight losses of less than 0.000%%/hr in static auto-
claves dilsplaved weight losses during l-hr exposures in spouted-bed tests (10
pellets, 0.24 fps superficial velocity, 24 fps jet velocity) at room tempera-
ture of 0.3 to 50%/hr. Twenty per cent of the materials showed low rates,
<0.6%/nr.

I'wo preparations exposed in horizontal packed beds at approximately 2 fps
superficial velocity in 100A loop tests at 260°C using DoC with inert-gas
atmosphere displayed attrition rates of 0.006 and 0.008%/hr respectively during
300-hr exposures. Over 50% of the attrition products were retained as fines in
the packed beds. O8ix per cent of the calcium was leached from onz of the prepa-
rations which contained 0.5 wt % Ca0 as additive.

In-pile Zircaloy-2 autoclave slurry corvosion experimeunt L5Z2-1525 was
operated satisfactorily at 230°C under oxygen atmosphere at a Tission power
density of 20 w/ml for a short period, with satisfactory recombination cataly-
sis and no pronounced corrosion effects. OSome tendency of the thoria - 9%
enriched-urania slurry to form deposits was indicated during both out-of-pile
(675 hr) and in-pile (65 hr) operation, but no notable deposits were found in
postrun examination. The cxperiment was termlnated when a plug developed in
the 20-mil-ID capillary tubing leading to the pressure cell.

Zircaloy~-2 specimens from various in-pile autoclave experiments were
examined. A pickup of 20 to 110 ppm hydrogen was noted, but appeared to be
agssoclated with water corrosion rather than with atmosphere or irradiation
effects.

A new coiled-pipe core was installed in the S5-gpm in-pile slurry loop
which minimized plug-inducing geonmetries as well as permitting a satisfactory
disposition of corrosion specimens. In the prototype loop the installation of
a similarly designed core eliminated the problem of slurry deposition previ-
ously observed with the annular-flow core.

Satisfactory operation of the prototype loop for wmore than 1500 hr with
a slurry of the thoria - 1/2% enriched urania proposed for in-pile use indi-
cated that the present loop design is satisfactory for in-pile operation.



Only mild degradation in particle size occurved for this period, and corrosion
rates were also low.

Measurements of recombination kimetics and stablility of the palladium
catalyst in the prototype loop with three slurry preparations were made at
various catalyst levels. The thoria - 1/2% enriched-urania preparation to be
used in-pile gave the longest retention of catalyst activity, with half the
activity remaining after four weeks. The catalyst-slurry combination appears
to be adequate for the proposed in-pile experiment without unduly frequent
additions of catalyst. A sampling system designed to remove slurry samples
from the loop while operating in-pile was satisfactorily tested on the prototype
1oop.

The first loop package scheduled for In-pile operation has been constructed
and is under test.

PART V., FULL MANUFACTURE

15, Thorium Oxide Preparation

Three 3-kg batches of spheroidal thoria pellets of ~0.2 in., diameter, 9.6
to 9.7 g/cc density, and having good resistance Lo attrition in a spouting bed
est were prepared for feasibility studies for the pebble-bed blanket. The
est results were obtained from oxalate powder which had been prepared by pre-
cipitation under oxalate-deficient conditions and had then been fired to 800°C
for 1 hr. It was pressed to a pgreen density of 4.5 g/cc with alumimun stearste
binder and then fired to L750°C in air.

o

Four kilograms of 1450°C-fired Davison pellets of low density, strength,
and attrition resistance were densified, strengthened, and hardeved to a satis~-
factory degree by soaking in diban (dibasic aluminum nitrate solution) and then
firing to 1750°C.

The average size of thoria microspheres prepared by the flame denitration
of methanol solutions of thorium nitrate tetrshydrate was not changed by
increasing the size of the droplets fed to the combustion zone or by substi-
tuting water for methanol. and nitrogen for propanc-oxygen for atomizing the
tfeed solubtion. Decreasing the reflector temperature in the combustion zone
from 1600 to 900°C doubled the sverage particle size, increasing it from lu
Lo 2.

PART VI. METALIIRGY

16. Metallurgy

Resistance measurements were made on Zircaloy-2 as a funchtion of tempera-
ture from 100 to 1050°C, at heating =and cooling rates frouw 2 to T0°C per mimute.
The alpha/alphanplus-beta temperature is shifted slightly upward to above 827°C
at the highest heating rates; on cooling, it is depressed to T735°C for rates of
2 and 5°C per minute, 731°C for 10°C per mimute, and T760°C for T70°C per minute.
Two "bumps' appear in the resistance-tenperature curve that cannot be explained
through the present knowledge of the physical metallurgy of Zircaloy-2. One,
about 2% in magnitude, occurs between 250 and 450°C, and the second occurs in



the alpha-plus-beta two-phase field. Both are affected by heating and cooling
rate and, to some extent, by prior thermal history. Hydrogen coutent is not
the cause.

Transformation kinetics studies were started on the Zr-~15Nb-1Cu ternary
alloy and the Zr-Cu and Zr-Me binary alloys. Both isothermal and beta-guench
and reheat transformations arve being studied. The ternary alloy behaves simi-
larly to the parent binary alloy except that, in the beta-quench and reheat
transformation, greater awmounts of omega phase seem to be formed during the
heating to aging temperature. The isothermal transformation product is nodular
and grows grain by grain. Metallographic etchants have been developed for the
revelation of the microstructures of the isothermally transformed Zr-Cu speci-
mens but not for bthe Zr-Mo specimens. The isothermal transformation product for
the Zr-Cu system is nodular and grows Trom the grain boundary into the grain,

Twenty~four sets of pellets were fabricated with varying compositions and
fabrication techniques for abrasion testing to determine optimun wanufacturing
combinations. Techniques adequate for making flat-ended, cylindrical pellets
were found to result in pressure laminations when used in making spherical-
ended pellets.

The underwater constricted-~arc cutting process utilizing special torches
was applied successfully in culting the diffuser screens into strips for
removal from the IRT core vessel.

PART VIT. ANALYTICAL CHEMISTRY

17. Analytical Chemistry

Flame~photometric methods were devised for the determination of calcium
and also rare-earth elements in ThOs. In the determination of calcium, an
additive to the ThOz for the purpose of increasing its density, an HC10s solu~
tion of the sample is aspirated into the flame, and standard soluticns of
caleium containing thorium in a concentration approximately that of the sanple
are used for calibration purposes. In the application of flame photometry for
the estimation of rare-earth elements in ThO,, the sample is dissolved in a
nitrate medium. The thorium is then removed by an extraction procedure to
prevent its interference. After destruction of ammonium acetabte in the raffi-
nate, the rare-earth elements are extracted and subsequently determined flame-
photometrically in the organic phase.

A direct coulometric titration method was applied to the estimation of
U(IV) in slurries of ThO+UOx. For samples containing 1 to 10 mg of U(IV) the
coefficient of variation was 1%.

Conductometric titrimetry was used to determine free Ho8504 in radicactive

uranyl sulfate fuel solutions. For 0.05 M 2504 solutions, the relative

standard deviation was less than 1%.
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1. HRT REMOTE OPERATIONS, MATNTENANCE, AND TESTIRG
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In run 2), which occupied the major portion of the previous report period,3

the reactor operated continuously For 105 days at power levels up to 5 Mw. YThe
rmn was ended on January 22, after the rate of wixiug of fuel between the core
and blanket regions suddenly doubled. An inspection of the core revealed a
second hole in the Zircaloy vessel. A program 0T maintenance and major repairs
vhich had been planned aiter the first hole occurred, was begun in order to
remove the five uppermost diffuser screens, repair the core~vessel holes,
reverse the diresction of flow through the core, and replace several pleces of
equipment. Approximately 60% of this program has now been completed.

2T
o

1.1 CORE PROBLEM3E AND REPATR
After the formation of the first core-vessel holeLL and recognition of the
fuel ~instability problem,S studies were initiated to find methods of lmproving
the core hydrodynamics and vessel cooling. These studies indlcated that to
improve the performance of the existing core vessel 1t would be ngcessary 1o
remove the upper five diffuser screens and reverse the core {low;® and in order

to restore the reactor to a two-region wachine, it would be necessary, of
course, to repair the cors hole. Tools for modifying and repairing the core

were deslgned and Pabricated and were tested in the malntenance mockup. (»0

Concurrent with the core studies and tool development, the recachtor was
operated as a single-region mechine (fuel in both core and blanket regions) 1o
advance the understanding ol the fuel-instability problemn. In order to
delineate regions of instability, it was necessary to operats on the boundaries
of these regions. Since the core was essentially unalitered since the time that
the first hole developed, the potential for the Tormation of a second hole was
high.

Upon completion of run 21, techniques for modifyliag and repalring the core
were in an advanced state, and the effects of the variables of acig level and
system pressure on the reactor stabililty were fairly well defined.’ Conse-
ntly, the program of reactor alterations was initlated.

J



1.1.1 Second Core Hole

On February 3, the second hole was found in the Zircaloy core vessel with
the aid of a 7/8-in. optical periscope. The hole, shown in Fig. 1.1, was
located l~l/2 in. below the equator of the core. Since the metal immediately
around the hole appeared weakened, a tool (shown in operation in Fig. 1.2) was
used to chip away the unsound material, enlarging the hole from approximately
1 x 3/8 in. to 1-1/2 x 3/ in.

1.1.2 Core-Vessel Appearance

The spherical and conical sections of the core vessel down to the
elevation of the first core hole were inspected with the optical periscope. The
portion of the vessel above the equator was essentially free of blemishes or
pits. It did appear to have more scale deposit than the lower portion of the
vessel. The scale, however, appeared to be very thin. Below the eguator there

UNCLASSIFIED
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Fig. 1.1. Second Hole in HRT Core Vessel.
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Fig. 1.2. Chipping Tool (Y-in. Diameter) in Second Core.
4

were brownish areas that conlained many small pits and interspersed globules
having the appearance of mollen-weld splatter. In the diffuser-screen area,
nubbins were visible where the upper five screens were once attached.

The shape and size of the first core hole appeared unchanged since being
previously observed. The vessel wall around the hole and for a few inches
above it had a bright etched, metallic appearance.

l.1.3 Reaming of Core Access Flange
The core access flange was reamed with a remoiely operatbed Lool,Y removing

excessive weld metal from the opening. This enlargement permits use of the full
2-1/8-in.-dia opening.



1.1.4 Cutting of Diffuser Screens into Strips

The upper five screens were cut into l-l/Z—in.—wide strips with an under-
water cutting torch and manipulator.8:9 The top two screens, already separated
from the wall by corrosion, were cut first, and the strips were removed. The
third screen from the top was broken loose with a hook, and cut next. Then the
fourth and fifth screens (also loosened by corrosion) were picked up and cut
into strips. Only 24 hr were spent in cutting all five screens.

1.1.5 Removal of Screen Strips and Loose Objects from Core

Ninety-two pieces of screen were removed from the core with hooks mounted
at the end of long rodslO while the operator viewed the operation with an
external-light-source telescope.ll

Fifty-three pieces, including several corrosion pins, were removed, using
various combinations of toolsl2 while viewing through a 7/8-in.-dia optical
periscope. A simple grapple operated with a speedometer cable encased in a
flexible metallic sheath was used extensively to approach out-of-the-way
objects. The removal of the 145 pieces of screen was accomplished in approx-
imately 10 days.

1.1.6 Plastic Impressions of Core Holes

After removing the screens, impressions of the two holes were made to
obtain the accurate dimensional descriptions needed to patch them. Satis-
factory impressions were made after several attempts. The impressions were
made with remotely controlled thermoplastic plugs, 213 a separate tool beling
required for each of the two holes. This operation required four days.

The impression of the lower hole was replicated in a "hot" hood by making
successive castings with rubber and epoxy resin until the activity level was
reduced to below 2 mr/hr. Replication of the second impression 1s in progress.

1.1.7 Contaimment of Activity During Core Alteration

With a core radiation level of 105 to 100 r/hr (ref 7) after shutdown and
tools contaminated so that they indicated as high as 100 r/hr at contact when
withdrawn from the core, radiation and contamination control was a first-
priority consideration in all the reactor alterations work. That the control
has been effective is attested to by the fact that personnel exposures have been
well below permissible levels.

Disposal of contaminated tools has become routine. Tools are pulled into
a disposable plastic contaimment sheath that extends below, and thus prevents
contamination of, the personnel shield through which the core work is done. The
entire assembly is lifted into a plastic bag, which is sealed remotely to
prevent dusting of activity into the personnel area (see Fig. 1.3). The bagged
assembly is then conveyed from the area for burial or decontamination.
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Fig. 1.3. Removal of Contaminated Tool from HRT Core Vessel.



1.2 PREPARATTONS FOR COMFLETION OF THE CORE REPATIR

The future core-repair program includes the following sequence of
operations:

1. A sample of the core wall (for metallographic examination) will be
cut from around the second hole, creating a round hole.

2. The round hole will be reamed to provide a seating surface for a
conically tapered plug.

3. The core vessel will be cleaned with a wire brush to remove scale.
., The lower hole will be patched and leak-tested.

5. The upper hole will be patched and leak-tested.

6. The system will be flushed with water.

The tools described below have been designed and tested to perform
these tasks.

1.2.1 Core-Hole Sample Cutter

A tool to cut, retain, and recover a sample of the core wall (at the edge
of the second holes for metallographic examination was designed, and sub-
assemblies were tested successfully. This tool (Fig. 1.U4) utilizes a hole saw
that is fed into the wall by a double-acting hydraulic <ylinder and is rotated
from above by means of a 3/8-in.-dia flexible shaft.

l.2.2 Core-Hole Reamer

A reamer assembly was designed to cut a 6£0° tapered seating surface into
the circle left by the sample cutter, and testing was begun. The drive
mechanism is the same as that used in the cutter.

1.2.3 Core-Wall Cleaning Tool

Preliminary tests were made of steam-cleaning, grit-blasting, argon-arc-
blasting and wire-brushing as methods of removing zirconia-urania scales.
Steam-cleaning alone vas ineffective, although with the addition of grit it was
the best method tried. However, disposal of steam and grit in the HRT would be
difficult and time-consuming. A plast of argon ions from a modified weld torech
removed heavy oxide effectively, but it had a tendency to melt a thin surface
layer of the Zircaloy wall. The wire-brush technique was chosen ag the simplest
and best method.

A high-speed, air-motor-driven wire-brush assembly was designed for
cleaning scale from the inside wall of the core. This tool (Fig. 1.5) can
brush both the spherical and conical surfaces of the core wall.

1.2.4 Patching of the Holes

The tool for patching the lower hole was described previously.! A similar
tool will be used for patching the second hole.
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Fig. 1.4. Core-Hole Sample Cutter.

Whereas the first hole is in 2 region of direct impingement by the jet when
the fluid flow is from the top of the core dowaward, the second hole is in a
region where uranium-bearing solids might collect in the wake of projections
above the surface of the core vessel.l” Therefore it is desired to mount a
flush patch which will ereate a minimua of flow disturbance. A flush Zircaloy
plug, having a 60° included-angle taper, will be placed into the hole and
fagtened by means of a Zircaloy toggle bolt. The Zircaloy bolt will have a
flush, countersunk head with a carbon-steel hexagon glued on with Bastwman 910
adhesive. After the bolt has been properly torqued, the glued bond will be
softened by hot water, and the hexagon will be removed, leaving a flush bolt
and patch assembly. A mockup of this type of patch was tested and found to leak
less than 500 cc/min at a 15 psil differential with a l/%—in. bolt torgued to

35 in-lb.
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1.3 MAINTENANCE AND SYSTEM ALTERATTONS

Concurrent with the core repair work, maintenance and alterations of other
major pieces of reactor cquipment have been in progress. The reactor shield was
flooded and undervater procedures were Tollowed. Bulficient light-water con-
densate was added to the reactor to establish ice plugs and prevent gross entry
of tflooding water into the piping and equipment during replacement operaiions.

1.3.1 TInstallation of Dual Personnel Shields and Standpipes

Modifications were made to the two existing personnel shields (lead) to
permit them to be aligned over the respective core and blanket inlet holes
simdtaneously. Standpipes were then mounted above the core and blanket

access flanges to permit dry operations Lo be carried out in the core and
blanket regions while the cell is flooded with shield water. An off-gas system
was attached to the standpipes to prevent spread of radicactive gas from the
reactor vessel to the high-bay area.

1.3.2 Alterations to Permit Core Backflushing

Cutting of the core diffuser screens produced about 1/2 liter of metal
droplets.’ In order to remove this and other loose debris, the core circulating
pump was raised and temporary crossover pipes were installed so that the debris
can be back-flushed from the core. The suction pipe contains a basket-Lype
strainer to collect the solids.

The core dump valve was removed temporarily, and a hand-valve assembly was
installed with a strainer to prevent debris from entering the dump tarks.

1.3.3 Bguipment Replacenents

(a) Valves.~--The inlet valves (HCV-136 and -236) to both high-pressure
samplers were replaced, because of excess leakage through their seats.

One of the block valves (HCV~938) between the low-pressure syshems was
replaced, because the valve stem occasionally stuck, necessitating higher
than normal aiv loadings in order to operate the valve.

The three valves had been in use since the reactor was built.

(v) Pumps . ~~Two diaphragmn pump heads were replaced. One was a fuel-feed
head in which the diaphragm had failed early in run 21. The head, which had
seen only about 450 hr of service at the time of fallure, will be cut open to
determine the cause for the faillure. The second head replaced, from the fuel-
pressurizer purge pump, was used throughout run 21, bul the check valves leaked
excessively during the latter part of the run.3 The head had operated for a
total of 9264 hr.

(¢) Multiclone.--As an initial step in the reversal of the core-
circulating-pump Tlow path (see Sec. 1.3.2 , the multiple-hydroclone assembly
wag removed and Lransferred to the equipment storage pool in a shielded carrcier.
One spot on the assembly surveyed as high as 6000 r/hr at contact. A multiclone
of revised design will be installed (see Sec. 2.1).

~—
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1.3.4 Sampler Mechanism Repair

The core sampler assembly was removed for repair of a pinned conneclion on
the stem of the low-pressure isolation-chapber valve. After the assembly was
reingtalled, the sampler connections were made leak-tight, as indicated by
helium detection methods.

1.3.5 Condensate-Transfer Jumper-Line Installation

During operation of' the reactor with fuel in the blanket, fuel has been
able to accumulate in the blanket dump tanks through sampling or valve leakage.
This has necessitated emptying the dump tanks in batches every few days. A new
lineld was installed so that condensate which is transterred from the core
system will flow into the blanket dump tanks. This will erable the blanket feed
pump to pump continuously from the dump tanks. In order to install the line it
was necessary to replace the blanket transfer valve (HCV-43L), although it had
no defects. This valve was used in another replacement [see Sec. 1.3.3(a)].

1.3.6 Radiation Containment Experience

Personnel exposures were well below permissiblie levels during all phases of
the work performed on eguipment replacement or alteration. The highest single
exposure in a Zh-hr pericd was 220 mr. Working backgrounds have usually been
10 to 60 mr/hr.

The reactor shield has been filled with water (~200,000 gal) for approx-
imately 85% of the report period. Only one of the underwater maintenance
cperations added any large amount of activity to the water. This occurred when
about 70 curies of predominantly (>80%) beta emitters drained from the core
circutating pump while It was being repositiocned for the backflushing operation.
When the pump was unbolted from its flanges, a scavenging jet was used to pull
Jight-water condensate from the pump to the waste system, but it was not wholly
effective. The rest of the underwater maintenance activities added only
10 curies of activity to the water. Since activity in the water did not add
appreciably to the working background and since visibility has been good, there
hag been no need to dispose of and renew the shielding water so far during the
maintenance veriod.

L.3.7 TIuture Alterations

Replacenment jobs still remaining are:

L. primary and secondary fuel recombiners,
2. core circulating pump,

3. the fuel condensate-tank biock valve, and
)

. & core pressurizer-heater element.

1.4 RIACTOR CONTALMMENT TRESTS
1.4.1 Tocation of DpO Leak

During the cool-down following run 21, a leak developed in the piping of
the fuel system and allowed about 400 1b of D»0 condensate to escape to the
contaimment-ghield sumps. Before the initiation of the reactor alterations
program, heijum Jleak-detection methods located the leak at & crack which had
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developed between two welds made close together in the purge line to the core
circulating pump (see Fig. 1.6). The line will be removed with the circulating
pump, which is to be replaced.

1.4.2 Shield-Penetration Leak Tests

A11 reactor contaimment-shield penetrations are being leak-tested. These
tests are repeated routinely Lo ensure that the integrity of the secondary
containment is maintained.

1.5 METHODS OF OPERATION FOLLOWING CORE REPAIR

Studies of reactor operating methuds following core repair were completed.
The reactor will be operated with the core and blanket pressurizers inter-
connected 1f possible. If the leakage through the core patches is too great
to permit interconnecting the pressurizers, the following methods will be
investigated: (1) operation with the pressurizers separated by an orifice and
rupture disc, and (2) operation with the pressurizers separated by rupture
discs and with the blanket pressurizer filled with liquid.

To improve core wall cooling, the blankei operating temperature will Dbe
epth below the core temperature.

UNCLASSIFIED
ORNL-LR-DWG 49258

Fig. 1.6. Location of Crack in Purge Line.
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2. HRT PROCESSING PLANT

W. D. Burch 0. 0. Yarbro

2.1 IMPROVED SOLIDS~-SEPARATION SYSTEM

Afver the early runs in which solids removal rates with the original
single-hydroclone system were found to be considerably less than production
rates from corrosion, the system was modified by installation in the reactor
cell of a wnit containing 1% hydroclones.l:2 Solids coucentrated in this unit
were then collected by the original system and dissolved in the normal manner.
Collzction rates were increased, approximately to the production rate in run 20,
when corrosicn rates were very low. Furbther improvements, however, are necesg-
sary to prevent a coutinual inerease 1ln s0lids inventory in the reactor. A
revised multiclone has been designed and is being fabricated for replacement of
the original unit during the present maintenance period. The efficiency of the
system has been improved by:

1. Reducing the size of the hydroclones from 0.6 in. to O.4 in., but
retaining approximately the same flov rate by adding five hydroclones, for a
total of eighteen. The efficlency for particles in the range of 0.5 to 1 U is
50 to 100% higher for the smaller hydroclones.

2., Increasing the available head across the multiclone from 48 7t +to
nearly 9% ft, the full head of the circulating pump. The revised system feed
and return lines originate on the legs of the replacement circulating puup
instead of at the flanges across the heat exchanger. Hydroclone efficiencies
for l-uparticles are 50% at 90 £t of head, but only 30% for 48 ft.

5. Recycling the cell-C hydroclone overflow stream to the multiclone
underflow receiver. Thus all solids collected by the multiclone should eventu-
ally be transferred to the processing cell, independent of the efficiency of
the cell-C hydroclone.

L, Removing the multiclone underflow receiver to overflow stream bypass,
which prevented a continued accumulation of solids in the multiclone underflow
pot. With this arrangement, the cell-C collection system need be operated for
only a short interval after a convenient-sized batceh of solids has been col-
lected in the multiclone underflow pot.

The piping layout is shown in Fig. 2.1.

2.2 LOCATION OF SQLIDS IN THE REACTOR PIPING SYSTEM
BY GAMMA SURVEY

An extenslve gamma survey of piping in the resctor system has been in
pProgress during the core maintenance period following run 21. Since the piping
system was rinsed thoroughly, it is assumed that essentially all the activity
is associated with insoluble fission products, and past experience has shown
that these insoluble Tission products are rather uniformly dispersed with

15
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Fig. 2.1. Multiclone Installation for Reverse Pump Flow,

the insoluble corrosion products. In the period 80 to 100 days after shutdown,
vhen the readings were taken, the activity was vredominantly from Zr9b, Nb95,
and Rul03, 1

Significant gamma readings obtained to date are listed in Table 2.1. The
main eirculating~aystem piping above the core will be surveyed at a later date.

A preliminary meterial balasnce indicates that about 70% of the total insol~
uble fission-product activity is in the heat exchangers, 15% is in the rest of
the high-pressure system, and about 15% is in the low-pressure system. While
it may be inferred that the corrosion~product material balance is approximately
the same, the poseibility exlists that there ere accumilations of old, decayed
golids in the low-pressure gystem which would not be detected by this suxrvey.
One interesting fact was noted in connection with interpreting scgle thickunesses
on corrosion specimens inserted in the system. The activity level in line 101
(where the corrosion-specimen assembly was installed just upstream of the heat
exchanger) was a factor of 6 less than the average readings in the fuel circu-
lating loop. The scale on the specimens and piping at this point is obviously
considerably less than on the majority of the plping.

A gammz survey of the jodine bed revealed significant activity at the
bottom of the bed as expected, but, in addition, over twice as much activity
at a point about 4 to 6 in. below the top of the bed. The majority of this
activity is I151, since readings seven days after the initial reading were
only about 60% as high as the first reading.

The hottest reading obtained in the cell (>6000 r/hr) was at the feed
chamber of the multiclone. Calculations show that about 100 g of solids are
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Table 2.1. Gammz Activitles in the Reactor System

Activity
Location (r/nr)
Fuel-gystem piping upstream of heat exchanger 900 - 1740
Fuel-system piping downstream of heat exchanger 840 - 1440
Blanket sysbtem, line 200, in vicinity of fuel circ., pump 2400 - 3900
Fuel-circ.-pump discharge line 18 in. past and under o100
thermal shield
Blanket dump tank (bottom) 180 - 3000
Fuel dump tank (bottom) 120 ~ 2L0
Dirt trap in fuel-feed-pump suction line 120
Multiclone at feed chamber >6000
Bast head, fuel feed pump 2400
Tuel feed line downstream of feed pumps Up to 2100
Letdown heat exchanger, hot end 1800 - 3200
Letdown heat exchanger, cold end 6 ~ 600
Todine bed (due to 8-day Ilz)l as verified by readings 360
one week apart)
Fuel storage tanks; fuel charge contained thereln 600

required to give such a reading. In a previous survey, Tollowing ruoa 15,5

the dirt trap in the feed-pump line read 1100 r/hr, a factor of 30 to 50 above
most of the high-pressure system piping. It was clear that a large accumulation
of solids existed in the dirt trap at that time, but the present survey showed
the trap to be essentially free of activity.
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3. HRT COMPONENT DEVELOPMENT

1. Spiewak F. N. Peebles
C. H. Gabbard J. C. Moyers
C. G. Lawson M. Richardson

3.1 CIRCULATING-PUMP TESTS UNDER ADVERSE FLOW CONDITIONS

As the result of two titanium impeller fires several months ago in the HRIE,
a series of tests was conducted to determine how to avoid such incidents in the
future when using titanium or zirconium impellers. The test of a zirconium
impeller was reported previously, as well as the start of the test of a stain-
less steel impeller containing titanium wear rings.l

During the cool-down from steam-oxygen circulation at 250°C and 1250 PS5
the titanium wear rings ignited at nominal loop conditions of 101°C and 875 psia
oxygen pressure. The resultant fire burned a large portion of the stainless
steel impeller and scroll liner. A section of the stainless steel discharge
line was also ignited at a tube fitting approximately 6 in. from the pump casing
and burned through the pipe wall as shown in Fig. 3.1.

The tests indicated that titanium or Zircaloy propably will not ignite
unless the surfaces are relatively dry. On pumps using titanium or Zircaloy
hydraulic parts, the wear-ring clearances should be increased to avoid rubbing
contact, and the pumps should not be run under cavitating or dry conditions. 4
complete report of the tests is being written.

UNCL ASSIFIED
PHOTO 35480

Fig. 3.1. Pipe-Wall Burn-Through of Pump Torture Loop.
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3.2 HRT-CORE STRESS ANALYSIS

An analysis of the stresses that would exist in the HRT core with various
blanket temperatures down to 100°C was completed.2 Stresses considered were
those due to axial differential expansion between the core and the pressure
vessel, radial temperature gradients in the core wall, and a differential
pressure of 100 psi between the core and blanket fluids. The maximum calculated
stress, which occurs at the sphere-to-cone transition, is 7760 psi. This com-
pares with a 1L,000-psi yield strength at 600°F obtained from the original core
material.3 Since the calculated stress is a combination of thermal and pressure
stresses and can, therefore, exceed the allowable design stress value to a
certain extent without serious consequences, the lower limit of the blanket
operating temperature is not set by core-vessel stresses.

3.3 REVERSE FLOW IN THE HRT CORE

Calculations were made to estimate the temperature distribution that would
exist in the HRT with the flow reversed and the screens removed from the 90°
cone. These calculations were based on observations with dye of the flow dis-
tribution in the low-pressure HRT core model and on measurements of the dilution
of a salt stream added to the core. In addition, transport lags of fluid

recirculated from the outlet back into the entry jet were calculated.5 The con-
clusion from these calculations and tests are (1) that the core wall may be kept
to 300°C (or lower) at 5 Mw if the blanket is at 250°C (or less) and no uranium-
bearing scale is present on the wall and (2) that the maximum fluid temperature
in the core at the above conditions will be about 305°C. Figure 3.2 shows a
temperature map of the core.

The effects of uraniym-bearing deposits were considered along with cooling
of the core-wall patches. The temperature of the core wall is shown in Fig. 3.3
as a function of scale deposit where the scale contains 10 wt % uranium. These
calculations assume that the zirconium oxide remains where the corrosion
occurred. The three curves shown are for the following cases: The upper curve
is computed on the assumption that both the blanket and the core are pressurized
so that boiling does not occur. The middle curve is obtained on the assumption
that the blanket is pressurized and the core is at 1500 psi. The lowest curve
is for both the core and the blanket at 1500 psi.

Measurements of velocity distribution were made at five locations near the
wall of the HRT model in support of temperature computations. The results are
summarized in Table 3.1. In all cases the flow was found to have a tangential
and a meridional component. The minimum peak velocity is 1.53 fps and is Just
above the equator.

A radial velocity estimated at 1/3 fps or greater exists in the region
between the central jet and the wall jet.

Axial velocity distribution in the central jet indicates that the incoming
stream of 450 gpm entrains 172 gpm in its first 7.75 in. of travel, and 670 gpm
in the next 9.75 in. Velocity measurements in the lower part of the core show
that the jet 1s somewhat unsymmetrical.
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Table 3.1. Wall Velocity Measurements in 32-in. HRT Core Model;
Flow Rate, 450 gpm

Peak Meridional Distance from Distance from Wall
Position™ Velocity Veloecity Wall to Peak to Zero Meridional
(fps) Component {fps) Velocity (in.) Component (in.)
22° L, 2k 3.0 0.25 1.3125
52° 3.3 2.33 0.375 1.8125
90° 1..88 1.33 0.5 1..6875
133° 1.53 1.08 0.125 1.25
165° 2.6k 1.87 0.125

*See the sketch below for identification of probe positions:
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I, HRT REACTOR ANALYSIS

. R. Kasten

M. L. Tobias D. R. Vondy

4.1 ESTIMATES OF THE CRITICAL CONCENTRATION IN THE ARI AT 260°C

A number of calculations by various methods were used to obhain the HRT
critical concentration at 260°C as a function of blanket-to-core fuel ratio,
poison level, and Ds0 conecentration. Figure 4.1 shows the critical concentrations
as a function of blanket~to-core fuel ratio as computed by the harmonics method,t
the muitigroup code GNU,2 and WANDA,S using two-group constants obtained from GNU,
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The results obtained by the various methods are in good agreement. Figure 4.2
shows the effect of core poison level upon the critical concentration as computed
by the harmonics method. Also shown are the effects of 1209 changes in the con-~
centrations of nickel, sulfur, and copper at a polson fraction of 8.9 x 1073; this
latter value represeuts an estlmate of the present poison level in the fuel solu-
tion.

Harmonics-method calculations were performed to determine the reduction in
the critical concenbrabion associabed with the use of U3 in place of U39,
The results are given in Fig. 4.3, with the U235 curve showing harmonics~method
results obtained by Edlund and Wood.* With U232 ruel, a single point at 280°C
was obtained with the GNU-multigroup method, and it was in good agreement with
the harmonics-method results.

UNCLASSIFIED
ORNL—LR—DWG 48842
6.2

/} HEAT LOSS POISON LEVEL

N R

*
"’H"“ £20% Ni |
60 | — —={|l=%20% 5 |.. —t B

»-l }—*t 20% Cu

|
59— |+

58 |-

FUEL CONCENTRATION {g of UZ35 per liter)

E

& (1110g OF UPSPER LITER IN J
U; 5.7 v BLANKET -
S (2) MODERATOR, 97.5% D,0

= /]

o ®

S {3) EXTRAPOLATION DISTANCE 4 cm

- ]
5.5 5 L :
0 0.0t 002 003 004 0.05

Z, POISON / 2, FUEL

Fig. 4.2. Effect of Poison Level on Critical Fuel
Concentration in the HRT at 260°C (Harmonics Method).



24

UNCLASSIFIED
ORNL-LR--DWG 48843

l | ‘ | /
B © HARMONICS (4-cm EXTRAPOLATION) /
2 . © MULTIGROUP | | 4/‘
N e IE— ]
> | | I
"M ! /
N:) l / ¢
S 6 - | e /,,,7
= | conpiTions: \ / °
5 97.5% D,0 uB® UL~/
= NO FUEL IN BLANKET )‘/ »
£ 5T HEAT LOSS POISON LEVEL 7.
2 e
H s/ l
S i A
S 4 e <
w H
Lo

2 P & U®33 FuEL
9 3| s . 2
o —_— i
- .—a/ ‘ !
2 ‘
& '
= v
g 5 ‘ i

0 100 200 300

TEMPERATURE (°C)

Fig. 4.3. Critical Concentration in the HRT as a
Function of Temperature, with U233 or U235 as the Fuel.

REFFRENCEDS

R. Chalkley et al., An TBRM~TOL Code for a Harmonics Method Applied to Two-
Region Spherical Reactors, ORNL-20809 (Mar. L, 1950).

C. L. Davis et al., GNU-IT -~ A Multigroup One-Dimension-Diffusion Program,
GIMR-101 (Wov. 12, 1957).

0. J. Marlowe, WANDA - A One=-Dimensional Few Group Diffusion Fguation Code
Tor the IBM~TO, WAPD-TM-28, Addendum 2 (July 1999).

M. C. Fdlund and P. M. Wood, Physics of the Homogenecous Reactor Test; Statics,
ORNL-1780 (Aug. 27, 1954).




Paxt 11

REACTOR AWALYSIS AND ENGINEERING DEVELOPMENT






5. REACTOR ANALYSIS

P. R, Kasten

M. L. Tobias D. R. Vondy

5.1 THOR{UM~PELLET-BLANKET REACTOR STUDIES

Estimates were made of the critical fuel concentration in certain small,
cylindrical reactors containin% fertile material in the blanket region. 'The
reactor cores consisted of UP3%-Ds0 solutions contained in a %min.mthick
Zirecaloy tank. The core was surrounded by a layer of D0 followed by three
pebble~blanket regions separabed from one anobher by heavy~water layers; the
pebble-blanket regions contained 5300 g of Th per liter. The core fuel con-
centration was obtained as & function of core length, diameter, and the thick-
ness of the water layer between the core and the first thorium region. The
core region was assumed to conbain no poisons, and the blanket region contained
0o fuel. The dimensions of the various regions are given in Table 5.1. The
reactor temperature was 280°¢ in all cases.

Table %.1. Dimensions of Pebble~Blanket Redctor Regions

Core dismeter 15 - 24 in.
Core lenghth 48 -~ 72 in.
Thickness of: 1lst heavy-wvater layer 0~ 9 in.
core hank 1/2 in.
1st pebble blanket 3 in.
24 water layer 3 in.
24 and 34 blankets 2 in.
34 water layer 2 in.
Lth water layer % in.
pressure vessel 4 in.
Extrapolation distance 1 cm

Figure 5.1 shows the variation of critical concentration with the parameters
cited plotted on a relabive basis. Most of the calculations were performed using
two groups of neutrons. As a check, a multigroup caleulation was performed for
a core b £t long and 18 in. in diameter, and the concentration obtained was
174 g of yse per liber; using two groups, the estimate was 12.3 g/liter. The
discrepancy is due to differences in the slowing~down model as well ss to dif-
ferences in the estimate of blankel resopnance capbtures.

27
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6. DEVELOPMENT OF REACTOR COMPONENTS AND SYSTEMS

I. Spiewak . N. Peebles
De M. BEissenberg C. G. ILawson . R. Payue
C. H. Gabbard J. C. Moyers M. Richardson
F. H. Harley L. F. Parsly A, N. Smith
K. J. Kedl R. P. VWichner

6.1 DEVELOPMENT OF CYLINDRICAL RE-ENTRANT CORE VESSEL

The best design currently envisioned for large two-region reactors
ineludes a vertical cylindrical core tank with a length-to-diameter ratio of
about 3. TFluid is admitted in a vaned anuular entry at the top of the vessel
and directed at high velocity past the Zirealoy wall, thereby keeping the wall
cool and reducing the corrosion rate of the wetal. The main outlet is at the
top, with a secondary outlet to drain the vessel ab the bottom.

A test core vessel, which is a full-scale low-pressure model of a 4O-Mw
reactor or a tenth-scale model of a B00-Mw reactor, was fabricated to permit
experimental optimizetion of the hydraulic desipn 3nd to permit detailed
measurements of veloclty distribution. From Lhe experimental data it will be
possible to calculate the temperature distribution in an operating reactor of
this type.

Figure 6.1 shows the vessel, which is 2 £t in diameter and 6 £t long, in
place for testings many of the 29 access holes for velocity probes are visible.
Also vigible are Lucite windows Through whieh the flow may be observed.

Figure 6.2 is a photograph of the inlet vane agseubly, which is installed inside
the top of the vessel.

Some axial and tangential velocities measured at a flow rate of 3950 gpin
(two-thirds the rated flow) are shown in Mg. 0.3. At this LJOW rate, the
superficial axial velocity at the inlet is 9 9 fpz.  The obvious defect in the

flow pattern illustrated in Fig. 6.3 is unit W7% of the inlet fluid penstrates
less than 12 1/2 in. into tha core. This large amount of short-circuiting is
verified by visual observation of the flow.

Small golid particles, below L/d in. in diameter, seem to be ejectad
quickly from the core. However, some 7/h~1m. pazt1al‘n remain in the core,
rotating with the fluild near The bobtom of the vessel, and dvop out only when
the tlow stope,.

Two new inlet vane assemblies are being designed and fabricated. These
will provide higher inmlet axial wvelocities, and it ig believed the Fluid by-
passing can thereby be reduced to an acceptable level.
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Fig. 6.1. Cylindrical Re-entrant Core-Vessel Model.
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6.2 THORIA BREEDER REACTORS WITH PELLET BLANKETS

An evaluationl was made of two-region thoria breeders consisting of a
blanket containing thoria pellets in annular regions surrounding a cylindrical
core containing uranyl sulfate fuel solution. Critical concentrations, neutron-
flux distributions, core and blanket cooling requirements, chemical processing
cycles and power costs were determined for 400- and LO-Mw{th) reactors.

Table 6.1 gives & summary of important design data for these reactors. With the
assumption that satisfactory pellets can be fabricated, it was found that a
400-Mw(th) reactor with a pellet blanket was economically more attractive than
the corresponding reactor with a slurry blanket.

Figure 6.4 illustrates the pellet-blanket reactor vessel for a LO-Mw(th)
reactor. The fuel solution enters at the top of the cylindrical core chrough a
set of annular swirl-producing vanes, flows downward along the core vessel wall,
turns at the bottom, and exits at the polar outlet pipe at the top. The blanket
thoria is contained in concentric annular beds. These beds are cooled by heavy
water, which enters at the bottom of the pressure vessel, flows upward along
the outside of the core, and then radially outward through a perforated distrib-
utor shroud and the annular pellet beds in series. The heavy-water coolant
leaves the pressure vessel through a silde outlet nozzle.

Thoria in the innermost bed would be rearranged periodically, to regulate
the irradiation of the pellets, by means of water jets. Removal of pellets from
the blanket and recharging pellets to the blanket would be accomplished also by
means of water jets. The means for pellet transport is based on a concept tested
successfully with 1/8-in. lead shou.

6.2.1 Design of Pellet-Blanket Reactor Vessel

A general arrangement layout was started for a L4O-Mw(th) reactor vessel
having a 2-ft-dia, 6-ft-long cylindrical core with concentric anmular beds of
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Table 6.1. Design Data for Breeder Reactors with Thoria Pellet Blankets

100 Mw(th), Nominal

ho Mw(th), Nominal

Core diameter, ft

Core length, Tt

Blaunket thickness, It

Core power, Mw

Average core pover density, kw/liter

Maximum pover density af core wall,
kw/liter

Core U233 + U35 concentration, g/liter
Core flow rate, gpm

Core inlet temperature, °C

) . 4 L crreratir 0

Core outlet temperature, "C

Blanket power, Mw

Maximum blanket power density, kw/liter

Average thorium concentration in
blanket, g/liter

Total thorium in blanket, metric tons
Thoriz pellet disweter, in.
Blanket flow rate, gonm

Blanket inlet tewperature, °C
Blanket outlet temperature, °C
Blanket hot-spot temperature, °C
Total UA33 inventory, kg

Total DeO dinventory, liters

Reactor doubling time, years

1.6
26,600
240
290

92

8oo

Ly
11,400

10.9
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Fig. 6.4. 40-Mw Reactor with Pellzt-Bed Blanket.

thoria in the blanket region. Means are provided for rearranging, removing, andé
recharging peilets in the innermost bed. Pellets in the two outer beds can be
removed from the blanket and recharged, Lut not recirculated withnin the beds or
from one bed to another. Two PWR-type seal-welded closures are provided in the
pressure vessel: one L0 permit removal of the core vegsel without removal of
the blanket beds, and the other to permit removal of the pellet beds and
associated pellet-handiing squipment.
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6.2.2 Development of Pellet-Handling Equipuwent

The equipment diagrammed in Fig. 6.5 was used to demoonstrate the feasibil-
ity of circulating, removing, and charglng thoria pellets 1n a reactor blanket.
In the test, 1/8-1in. lead-shot pellets were circulated successfully by intro-
ducing water at the jet at the bottom of the column. When the water was dis-
charged at the top of the pellet column, through discharge line A, the pellets
were disengapged by settling and returned to the pellet bed. When the water was
discharged at the top of the l-in. transfer line through discharge line B, the
water velocity exceeded the pellet settling velocity at all points, and hence
pellets could be removed from the column. A flapper~valve at the top of the
transfer line permits charging of pellets to the column through line B.
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Attempts to circulate l/h~in. steel shot in the test equipment were not
completely successful because of occasional Jamming of the large pellets in the
1-in. transfer line.

6.3 CIRCULATING-PUMP DEVELOPMERI
6.3.1 2007 Fump and Loop

The 2002 pump, which contains a motor similar to that used in the HRT cir-
culation pumps, but which contains parts more suitable for use in cilreulating
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thoria slurrics, was operated in high-temperature water to test its alumina
Journal and thrust bearings. The pump continued to operate sat’glactorily after
2300 hr.

6.3.2 Stator Irradiation Test

Irradiation damage to motor insulation is a potential source of pump-motor
. o 1 . . a . -~ - . b
failure. A test stator, irradiated in a Co 0 source, was previously reported~
to have railed after a total dosage of 5.43 x 10Y rads.

The test unit was removed from the source and cleaned. A low resistance
from the winding to ground was found in an electrical cable near the stator.
The reslstance to ground of the mooor insulalion was lhen checked by connceting
instruments alrectly to the stator leads, and it was found to be ceonsiderably
lower than normal. Following baking for 4& hr at a temperatuve between 100 and
140°C (to remove any possible moisture present), the stator was found to have a
higher resistiance thar before irradiation.

It wag concluded from this test that pump movors having class H insulation
with the end turns potted with Feonvacite (silica powder and Dow Corning resin
(521) would rot be appreciably damaged by radiation in canned-motor pumps in
agueous homogeneous reactors, assuming that punp-~to-motor seals dicd notl promote
excessive fluid mixing.

5.4 FEED PUMES
»

o

Future reactors are like'y to requirce oxygen recycle pumps, as well as Tucl
feed pumps of about three times the capacity of HRT pumps. Such pumps are
being tested.

6.4.1 Oxygen Compressor

The high-pressure diaphragm of the three-stage dlaphragm compressor,
designed to recycle radioactive oxygen, hes falled several Limes.> The pump
was reassembled and instrumentec to nmeasure temperaturcs al various locacions
on the compressor heads. The compressor will be operated to determine if
thermal stresses across the diapbragm or 1f differcriial expansion belween the
head and the diephragm can be thoe cause of failure of the third-stage diaphragm.

-

6.4.2 Ircreased-Capacity Solution Fecd Pumps

Enéursnce testing of Teed-pump heads is continuing; the 10-3/:d4-in. double-
diaphragm head ard the 1lZ-in. gingle-diaphragm head have nov operated for
respective totals of 14,580 and 9,960 hr.

.5 THE 300-8M SLURRY SYSIEM

Secause of the mary problems which may arice 1n the operation of an agueous
slurry core or blarkel system, a systern approaching a reacior in complexity ic
required to demonsirate guccessful techniques. The 300-8M Loop, following
noderately guccepsful operation with a slurxy core vessel, was recently
revised® and expanded to include a full-flow shell-and-tube heal exchanger.

Water waes circulaied Lo begin @ rew run. After 200 hr or wabler circeulatiorn,
eeding of slurry to the high-prescure system With tre revised feed syoiom was

o
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started on March 1. The concentration was brought to approximately 350 g of Th
per liter in 6 hr, with a charge concentration of approximately 1000 g of Th per
liter,

On March 15 excessive leakage occurred through the letdown line and the
system was shut down for replacement of the letdown valves. On examination of
the valves, it was found that the upper valve was not visibly dameged. It
appeared that this valve had been open while the system was at pressure because
of insufficient spring loading on the alr operator. The lower valve, which
contalned similar trim consisting of a Zircaloy plug and 17-5 PH stainless
steel seat, was severely eroded. As replacements, a ball valve with aluminum
oxide trim was installed in the upper position, and a plug valve with tungsten
carbide trim, in the lower position. During this shutdown, additional con-
densing surface was added to the low-pressure system Lo permit smoother pressure
control.

The run was resumed on March 25 with most of the original solids still in
the high-pressure system. On March 28, 1t was found that the condensate line
to the pump motor was plugged with slurry, which apparently had been displaced
into the high-pressure condensate recelver as a result of an operating error.
The line was unplugged in place by using the hlgh-pressure purge pump, a
pressure differential of approximately 3000 psi being required to break the
plug; and the slurry was Tlushed from the condensate receiver.

Meanwhile, it was found that the slurry stored in the dump tank contained
excessive chloride contamination as a result of a cooling-water leak into the
low-pressure system through the packing gland of the slurry transfer pump. Five
decantations removed most of the chloride, reducing the concentration in the
supernate from 30 to 2 ppm.

Blurry charging to the high-pressure system was resumed on March 31, and
the circulating concentration in the high-pressure system was brought to
950 g of Th per liter oo April 1, approximately 10 hr of feeding being required
to increase the concentration from 350 to 950 g/liter. Slurry was circulated
at 950 g/liter until April 8, when the loop was shut down to provide cooling
coils on the shell side of the high-pressure heat exchanger; these were needed
to run heat transfer experiments. The slurry was left in the high-pressure
system until the run was restarted on April 14. The slurry was resuspended in
approximately 30 sec after the pump was energized, and the loop shows no
indications of plugs in any location. The run is continuing quite satisfacto-
rily, and measurements of heat exchanger performance are being made.

The most important factor in the success of the present run, as contrasted
to difficulties experienced in preceding runs, is the use of aluminum-oxide-
trimmed ball valves in the Teed lines. While these valves have certain limita-
tions (they usually leak slightly, they will only hold pressure in one
direction, and they will not seat satisfactorily unless there is a substantial
pressure differential), they are the first of the valves tried which seem
capable of shutting-off flowing slurry repeatedly.

6.6 SLURKRY LOOP EXPERIMENTS
6.6.1 200B Loop Operation, Run 4B

The 200B loop has been in continucus operation during the quarter, in
run 4B, pumping a 1600°C-fired 1.8-u-dia thoria slurry (DIr'-12 and -13) at
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temperatures between 170 and 280°C. Total rurn time to date is 2500 hr, and the
run ie still in progress. Heav itransfer ccefficients measured with the copper-
disc heat meter? have been obtained as a function of concentration, temperature,
pipeline velocity, and time. During this operation a capillary viscometer was

used o measure the rheological constants of the slurry. The concentration was
gradually reduced in the loop from ar initial 360 wo a low of 290 g of ThO» per

Jiter.

The slurry heat transfer coeificients appeared to be proportional to the
0.8 power of veleclty at low concentrations. At the highest concentration ihe
power dependence was over 1, suggeoting that fully turbulent flow was not
achicved until the veloecity was close to 15 fps There was a significant in-
crease of hecat transfer registance with zime, indicaling that a thorla scale
might be bullding up.

The capillary-tube viscometer sampler was used to obtain rheclogical con-
stants for various concentlrations of slurry. The values of yield strese ave
presented in Table 6.2 for the high concentration only, since at lower concen-

trations the viscometer sampler indicailed negligible yield stress. The yield

L

stress reported in 'lable 6.2 appears to decreasc with time, and is considerably

Table 6.2. Yield Stress of Z00B Run 435 Siurry*

Temperature Volume Fractlon Yiela Stress

Date (°c) Solids, T (lb/ftgs’ K = T,/¢3
b v ¥
1-21 250 0.086 0.0286 Ly
1-21 255 0.0855 0.0351. 56
1-22 230 0.0765 0.0229 51
1-22 225 0.0765 0.0166 37
1-27 225 0.0768 0.0229 TS
2-1 220 0.0850 0.029h 43
2-1 220 0.0850C 0.0230 38
20 225 0.0850 0.0208 34
2-2 180 0.0850 0.0260 h2
2-2 180 0.0850 0.007% 13
2-2 180 0.085 0.0099 16
z2-3 175 0.0820 0.0169 31
2-3 LS 0.0818 0.0104 19

%Coeflicient of rigidity, n = C.015 1b/ft-sec.
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below that reported previously for high-teuperature circulation of pure thoria
slurries,® 'The value of the coefficient of rigidity for 4B slurry at the high
concentration was found to be constant at 0.015 lb/ft-sec over the temperature
range 175° to 250°C.

The variation of coefficient of rigidity with concentration for this slurry
was investigated at room temperature in a vertical-tube viscometer., The
coefficient of rigidity, §, was equal to the viscosity of water, p, multiplied
by (1 + 104), where ¢ is volume fraction solids. The yleld stress at 1000 g of
ThOs per liter was 0.163 1b/fte.

6.6.2 200A Loop Operation, Run 21A

Run 21A, in the 200A loop, was completed in February. The primary purpose
of the run was to investigate the dropout behavior of an aquecusg thoria slurry
in a 3-in. horizontal pipe at elevated temperatures and at various flow rates
and concentrations. The relative atienuation of a collimated gamma-ray beam
was used to indicate concentration variations./

During the run, a total of 63 stepwise scans were made with different
combinations of the following variables:

Temperature, °C - 210, 260, 280

Concentration, g of ThOp per liter of slurry - O, 366, 663, 909, 1200
Linear velocity, fps - 3.2, 4.3, 5.3, 6.3, 7.5, 8.5, 9.6, 12.8

Count rates of the attemiated radiation were converted into concentration values
following determination of the mass absorption coefficients for ThOz and water
in ecalibration runs.

A typical set of observations is plotted in Fig. 6.6. A slurry conbtaining
900 g of ThO» per liter at 280°C has virtually uniform concentration at
12.8 fps, a noticeable gradient at 7.5 fps, and a very strong gradient at
3.2 fps. The data were Tound to correlate with an empirical relationship of the
type:
n
(o

v

ot {a

where

g = mean deviation from average concentration,

(R ]
i

average coucentration of slurry,
$ = volume fraction of solids,
v = velocity,

a, b, n = empirical constants dependent on the slurry properties
and temperature.

The relationship predicts that the concentration deviations are more marked at
low concentrations. The constants change with temperature and/or slurry
settling rate in 2 manner such that concentration deviations are more marked at
elevated temperatures.



40

UNCLASSIFIED
ORNL—LR—DWG 48848

1600 T T
\ 900¢ of ThO2 per liter of SLURRY
280°C

. ‘
1200 fremmsemmrrm NG e e

LINEAR
VELOCITY
(fps) 7
12.8
Tv= 75
800 R S *
- 5.3
)
,._—‘r———_{
AQ0 o — b

CONCENTRATION {g of ThQ, per liter of siurry!

3.2
0 — |

0 1.0 2.0 3.0
DISTANCE FROM BOTTOM OF PIPE (in.)

Fig. 6.6. Concentration Gradients in ThO, Slurry
Flowing in a Horizontal 3 in. Pipe.

6.6.3 50A Loop Operation, Run 504A-1

Loop 50A operation was continued up to a total of 2300 hr, in run 504A-1,
with the object of determining how various enviromments affect the dilatancy of
a 1600°C-fired 3.65-u ThOz slurry.0 It was found by qualitative test that
pumping under Hp atmosphere for 270 hr had no effect on the moderately diiatant
properties of the slurry. 8ince the observation had been made that complete
nondilatancy had been observed only in 1600°C-fired long-pumped slurries, il was
decided to add simulated corrosion-product Fe(OH),; to the circulating slurry to
prowote nondilatancy. Laboratory tests had indicated that Fe{OH)3 alone was
nondilatant. A quantity of this additive sufficient to bring the Fe-Th weight
ratic up to 0.027 was added during high-tenperature operation. This was a
doubling of the existing ratio in the slurry. A temporary decrease in dilatant
properties was observed, but the slurry returned to its former state witih
further pumping.

REFERENCES
1. 1. Spiewak and F. N. Peebles, Tentative Tvaluation of Thorium Preeder
Reactors with Pebble Blankets, HRP-60-1 (Jan. L, 1960).

2. I. Spiewak, HEP Quar. Prog. Rep. Jan. 31, 1060, ORNL-2920, p 2.

3. 1bid; p 2h-25.

) y

4, Ibid; p h3-4i.



41

R. B. Korsmeyer and F. N. Peebles, HRP Quar. Prog. Rep. Jan. 31, 1959,
ORNL-2696, p 61-62.

R. B. Korsmeyer and F. N. Peebles, HRP Prog. Rep. Oct. 31, 1959, ORNL-2879,
p 67.

I. Spiewak, HRP Quar. Prog. Rep. Jan. 31, 1960, ORNL-2920, p 37-38.

ibid; p ho-hi.



T. INSTRUMENT AND VALVE DEVELOPMENT

A. M. Billings R. L. Moore

7.1 VALVE TRIM FOR THORIUM OXIDE SLURRY APPLICATIONS

Upon conversion of the 30-gpm loop to a solution system, the flushed-
bellows Hammel=-Dahl valvel was removed from service. Examination of the
Zircaloy=-2 plug and seat revealed no change in appearance from that reported
earlier.© The plug and seat are shown in Fig. T.l. Although damage to the
seating region of both plug and seat is considerable, it is not catastrophic.

UNCLASSIFIED
PHOTO 35571

Fig. 7.1. Plug and Seat from Hammel-Dahl Valve No. 220 After Test (Feb. 17, 1960).

The set of trim was in slurry service for 5540 hr. The valve plug was in
the fully opened position for approximately 4950 hr, and the remaining 590 hr
was about evenly divided between plug positions of 30 to 40% closed and 65%
closed. During the loop operation an additional 30 to 40 hr of water-service
time was accumulated.

For high~temperature, low-differential-pressure slurry applications,
Zircaloy-2 appears to be the most favorable valve-trim material tested to date.

T.2 LIFE-TESTING OF TITANIUM STEM-SEALING BELLOWS

Life-testing of titanium stem-sealing bellows3 was completed. Twelve
production-model assemblies were cycled to destruction in uranyl sulfate
solution at 280°C. The stroke length was 1/8 in., and a pressure of 2300 psig

42
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was applied externally to the assembly. Average life of the twelve units was
24,139 cycles. The Fulton Sylphon Division, Robertshaw-Fulton Controls Co.,
developed this bellows for a minimum life expectancy of 10,000 cycles under the
conditions described above.

REFERENCES
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2. R. L. Moore et al., HRP Quar. Prog. Rep. Jan. 31, 1960, ORNL-2920, p 48.
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8. REACTIONS IN AQUECUS SOLUTIONS

M. J. Kelly M. D. Silverman
G. M. Watson

8.1 DECCMPOSITION OF PEROXIDE IN URANYL NTTRATE SOLUTIONS

A study was undertsken to determine whether the decomposition of peroxide
in uranyl nitrate solutions was sufficiently rapid to support consideration of
uranyl nitrate solutions as potential agueous homogeneous reactor fuels.l The
experimental work was restricted to uranium concentrations of 0.034 M, but both
H-0 and D20 were tested as solvents, and several possible catalysts and promot-
ers were studied within the temperature range of 40 to 100°C. Most studies
were made in solutions containing 0.05 M excess HNOs.

The problems casused by the radiolytic production of peroxide in reactor
fuel solutions, the equilibrium between H 0z and uranium peroxide, and the
relatively low solubility of uranium peroxide have been discussed in connection
with studies of the kinetics of the decomposition of peroxide in uranyl sulfate
solutions.2sJ

8.1.1 FExperimental Procedure

The apparabtus and experimental procedure used were those described previ-
ously,2 but with only the chemical method of analysis employed to determine
peroxide concentrations. The ureuyl nitrate concentration of 0.034 M was
chosen as being appropriate for reactor fuel; a concentration of 0.05 M excess
nitrlc acid was present in all the catalytlic decomposition studies for three
reasons:

1. This acidity is appropriate for reactor use in the nitrate systen.

2. All the cabalytic species were solubilized.

3, Convenient rates were obtained.

Some experiments were performed at lower acidities in the absence of catalysts
to test the effect of this variable.

8.1.2 Results and Discussion
In all previous work the decomposition of peroxide in uranyl solutions was
found to be first-order with respect to peroxide; most of the results of this

study followed the same pattern.

(a) Effect of Temperature.--Figure 8.1 shows the effect of temperature on
the decomposition rate for various solutions. It should be noted that:

1. Energies of activation of 24 to 25 kcal/mole were calculated from the
temperature dependence. These values are in agreement with those reported for
the sulfate system.2:3
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Fig. 8.1. Effect of Temperature on Decomposition
Rate: Nitrate System.

2., The temperature dependence was essentlally unaffected by changes in
acidity or the isotopic composition of the solvent.

3. The temperature dependence was not substantially altered by the pres-
ence of small amounts of iron which were, nevertheless, sufficient to give
considerable increases in the decomposition rate., This finding, analogous to
results in the sulfate system, is inconsistent with the hypothesis which says
that catalysts operate by providing reaction paths of lower activation energy
than are available for the uncatalyzed reactions.

(b) Effect of Acidity.~--The results presented in Table 8.1 show that the
decomposition rate was inversely related to the acid concentration. Studies

of the sulfate and perchlorate system)+ suggested that the decomposition, in
solution without excess acid, proceeded largely through U0, as a consequence
of the equilibrium

U02" + HoOp =2 UO4 + 2H

which is displaced far to the right at low acldities. “The addition of excess
acid would obviously maintain the peroxide as Ho0z lnstead of UO4, and the
decomposition of H20z has been reported5 to be much slower than that of UO4.
An analogous interpretation of these results in the nitrate system appears
reasonable.
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Table 8.1. Effect of Acid Concentration on the Rate
of Peroxide Decomposition - Nitrate System

Excess
Solution Solvent Acid k/ko
(m)

I D0 0.02 1
0.03 0.62
0.05 0.37

II Ho0 0.016 1
0.0% 0.25
0.16 0.114
0.5 0.058

II1I D0 0.02 1
0.1 0.40
0.3h 0.2%

(c) Effect of Catalysts.--Catalytic studies were undertaken, using copper,
nickel, chromium, and iron as the active species. The effect of each of these
species on the rate of decowmposition of peroxide is shown in Fig. 8.2, where
catalytic effects are represented bywﬁk/ko versus concentration. Here Ak =
k - k_, or the difference between rates in catalyzed and uncatalyzed solutions,
and C is the concentration of catalyst in parts per million. It may be noted
that, except for iron, only minor changes in rates were cobserved. In sharp
contrast, iron, a very powerful catalyst for peroxide decomposition, was
approximately a thousandfold more effective than the others.

The effect of ijonic iron on the rate of decomposition of peroxide, as a
function of temperature, is shown in Fig. 8.3. Values of 8k/C, obtained for
three different solutions, are plotted versus 1/T. An activation energy of
25,000 cal/mole was calculated, in good agreement with values obtained from
uncatalyzed "purified" uranyl nitrate solutions. The similar temperature
dependence of the uncatalyzed and catalyzed solutions suggests that the mecha-
nism involved in the decamposition of peroxide by added ionic iron is similar
to that in the absence of a cabalyst. Furthermore, it might be speculated that
the decomposition of peroxide in uncatalyzed "purified" uranyl salt solutions
is caused by small traces of iron, probably in concentrations $0.01 pom.

(d) Effect of Promoters.--A reactor solution will contain, in addition
to copper, measurable quantities of iron, nickel, and chromium from the corro-
sion of stainless steel., The effect of these mixed species on the decomposition
of peroxide was therefore studied.

Wickel and chromium were added, during the course of a rate experiment, to
a solutlion coataining 0.26 ppm of iron. The results are shown in Fig. 8.4; it
is evident that the addition of sizable amounts of nickel or chromium had little
effect on the rate of decomposition of peroxide in the presence of ionic iron.

Previous work2 showed that the addition of cupric lon to uranyl sulfate
solutions containing iron led to much faster rates of decomposition of peroxide.
Similar effects were also observed in uranyl nitrate solutions. The increased
rabes were much greater than could be accounted for by the product of the rate
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constants obtained from Fig. 8.2. The following noteworthy results were obtain-
ed from this study:

1. Promotion increased with increasing copper concentrabtion, reaching a
platean or saturation value at about 0.0005 M Cu** (30 ppm). These results
are shown graphically in Fig. 8.5, where, for fixed iron concentrations, values
of k (the decomposition rate constant) are plotted against the copper concen-
tration.

2. The rate of decomposition was first order (with respect to HOz) only
at low copper concentrations, but became more complex at high concentrations.

3. A square-root relatioanship is suggested (Fig. 8.6) when the values of
k shown in Fig. 8.5 (at maximum promotion or platean level) are plotted against
the concentration of added iron. Similar results were obtained by Bohnson and
Robertson® and interpreted by Baxendale.

4, Promotion appeared to be independent of temperature, as shown in
Fig. 8.7.

5. The promotion factor,ékk/ko, decreased with incressing iron concentra-
tion (Fig. 8.8). Bohnson and Robertson,© whose studies were conducted in much
more concentrated solutions than those used in the present work, helieve that
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the promotion factor probably decreases to a limiting value of 1 in concentrated
solutions.

8.1.3 Conclusions

Kinetic studies conducted in uranyl nitrate solutions have given results
similar to those previously reported for uranyl sulfate solutions. The rates
were usually first order with respect to peroxide concentration. Of the common
iong expected to be soluble in an aqueous homogeneous reactor system, only iron
was an effective catalyst. "The rates obtained with iron-catalyzed solutions
gave an activation energy of approximately 25,000 cal/mole, practically the
same as that for "purified" uncatalyzed uranyl nitrate solutions, indiecating
that the mechanism of decomposition is probably the same and lending strong
argument to the belief that minute amounts of iron are responsible for the
ecatalysis in "purified” solutions.

Promoter effects were observed when copper was added to iron-containing
solutions. The promotion was independent of temperature and reached saturation
at a copper concentration of 0,0005 M. The rates of decomposition became com-
plex at higher copper concentration. The rate constants obtained from the pro-
moter studies varied with the square root of the lron concentration (at constant
copper concentration), in agreement with results obtained elsewhere.

Extrapolation of these results to higher temperatures suggests that per-
oxide decomposition rates sbould prove adeguate under anticipated reactor
conditions.
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9. HETEROGENEOUS EQUILIBRTA IN AQUEQUS SYSTEMS

W. L. Marshall

J. 8. Gill E. V. Jones R. Slusher

9.1 LIQUID-LIQUID FQUILIBRIA IN THE SYSTEM U03-S0s-Bz0,
ITS D20 ANALOG, AND SIMILAR SYSTEMS CONTAINING
Cu0 AND NiO COMPONENT'S FROM 300 TO 350°C

Determinations of the equilibrium compositions of the heavy- and light-
liguid phases in the system U03-505-Hz0, its D0 analog, and similar systems
containing Cul and NiO components were continued. Detailed information on
experimental techniques and earlier results were reported previousl.y.l

The most recent data, together with previous results for the three-compo-
nent system U0s-80s-Ho0 and its Dz0 analog, are shown in Fig. 9.1. By plotting
the saturation mole ratio, UO;/SO;, against the logarithm of the sulfate con-
centration, all data may be shown conveniently on the same figure. Since the
date are not plotted on a conventional trilinear scale and ars not expressed
as mole or weight fractions, the lines connecting compositions of dilute liquid
phases with concentrated phases are not "tie" lines in the usual sense of the
word but are rather "connecting" lines. The new data extend the previously
presented immiscibility curves to below 0.1 m 30s and, for the heavy-liquid
phases, to concentrations conbaining an excess of UOs (i.e., m UOs/m 505 >1).
In order to anchor the ends of the liquid-liquid curves at 300, 325, and 3%50°C,
the intersection poinls mist be determined in which solid, presumably UOs-HZ0,
and two liquid phases coexist.

The extensions of the curves to higher and lower sulfate concentrations
substantiate previous comments on comparative saturation mole ratios in HzD and
D20 systems. 1In the light-liquid phases there is a considerable lowering of the
saturation mole ratio in Dz0 solutions, whereas in heavy-liquid phases there is
comparatively little difference in saturation mole ratio between the two systems.

The distribution of Cul, as well as of NiO, in the heavy- and light-liquid
phases of the system UOz-80s-Hz0 and its Dz0 analog, are shown in Figs. 9.2 to
9.k, Figure 9.2 shows the distribution of Cu0, NiO, and UOsz components at
550°C for the multicomponent system U0s~CuQ-Ni0-80s-H=0. Due to the complexity
of the system, several factors must be kept constant in order to represent the
experimental data on smooth curves. In the five-component system the tempera-
ture was held constant at 300°C, the initial UOgs™ concentration was kept at
1.25 M, and the initial ccncentrations of Ni0 and Cul were either 2.5 or 3.5
wt % each. Sets of correlating curves were drawn for solution compositions
containing the 2.5 and 3.5 wt % initial concentrations of NiO and Cul. The sum
of the saturation mole ratios at constant 503 concentration Tor either set was
found to equal approximately the value for the saturation mole ratio, UO3/SO3,
for the system U03-503-Hz0 not containing Ni0 and/or Cul components.

Figure 9.3 shows the distribution of U0z and Cul components at 350°C in the
four-component system UO3-Cu0-503-Hz0 for solutions initially 1.25 M in UOo504
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containing 5 wt % CuS04 and 10 to 45 mole % excess HzSO.. Figure 9.4 shows a
similar distribution of U0z and NiO components at 525 and 350°C in the system
U03-N10-805-H20. The initial solutions are 1.25 M in U0s5304 containing 2.5

wt % NiSO4 for the 325°C data and 1.0 wt % NiSO4 for the 350°C data. Excess
Hp804 varies from 10 to 45 mole %. In these included four-component systems,
as in the five-component system, the summation mole ratios, (UOs/S0s + CuQ/S0s)
or (U0s/S0s + Ni0/S0s), appear to fall on an immiscibility curve for the system
U0x5~505-Hz0 (Fig. 9.1).

9.2 SOLID-LIQUID EQUILIRRIA IN THE SYSTEM
U03-Cu0-305-Hz0, 300 TO 350°C

Considerable solubility information has been obtained at 300°C for solid-
Jigquid equilibris in the five-component system U0z-Cul~-NiO~S0x-H=0 and its
included four- and three-component systems.“ The experimental procedure con-
sisted in the determination of saturation councentrations of solids in sulfuric
acid solution in which the maximum number of solids allowsble by the phase rule
was always present. In this manner, monary, binary, and ternary solubility
curves at 300°C were obtained as a function of sulfuric acld concentration.
The experimental data, together with details of the experimental procedure and
discussions, were presented previously.Q:5 Briefly, aqueous sulfate solutions
in pressure vessels were saburated at 300°C with selected solids. Samples of
the saturated solubion were withdrawn for analysis, and the solid phases were
identified by X~ray diffraction and chemical analyses after subsequent removal
from the pressure vessels.

Similar investigations are being extended to %25 and 350°C. The first
system under investigation is the four-component system UOz~-Cu0-S503~-Ho0 in which
the saturating solid phases are the new solid, Cu0-3UOs (ref 4), and antlerite,
3Cu0-S0=5+2H0. The simultaneous solubilities of these solids in sulfuric acid
solutions are being determined as a function of sulfate concentration. In this
manner a binary curve can be obtained at 325 and 350°C and compared directly
with the binary curve obtained at 300°C.

The preliminary solubilities at 325 and 350°C are plotted in Figs. 9.5
and 9.6, which also include the previous data at 300°C (ref 2). Figure 9.5
shows a linear plot of total sulfate in solution versus the saturation concen-
trations of the two components UOs and Cu0. Figure 9.6 shows a different
representation of the data in which the saturation mole ratios, UO;/SO3 and
CuO/SO3, are plotted against the logarithm of the sulfate concentration. Tt
is apparent that very little change in the simultaneocus solubilities of CuQ-+3U0s
and. 3Cu0+S0z+2Ho0 occurs as the temperature is changed from 300 to 350°C at
least from 0.02 to 0.1 m 803. The anticipated appearance of ligquid-liquid
immiscibility in this system ab higher sulfate concentrations, however, is
expected to produce a large, negative, temperature coefficient of solubility
for the heavy-liquid phase.
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10. RADIATTION CORROGION

G. H. Jenks B. C. Savage
5. J. Ball R. J. Davis
S. B. Bolt V. A, DeCarlo

10.1 IN~-PILE SOLUTION ROCKING-AUTOCLAVE TESTS, LITR
10.1.1 Introduction

The possibility of using U0o(NO5)s fuel solutions in aguecus homogeneocus
reactors has recently been reconsidered by Marshall.l He points ocut that the
nitrate system shows some advantage over the sulfate with respect to high-
temperature stability toward two-liquid-phase and solid-phase formation. Direct
experimental information regarding the radiatlon decomposition of the nitrate
ion in U0z(li05)s fuel solutions was not available, but from considerations of
the data of Boyle and Mahlman® for radiation decomposition of Th{NOz), solu-
tions, Marshall suggests that the radiation decomposition of nitrate may be
negligible in the dilute UOz(NOs)sn solutions which would be employed in reactors.

In an effort to obtain experimental information of the nitrate stability
and of other factors which are of importance in the evaluation of a fuel solu-
tion, an in-pile autoclave experiment with a UOp(NOsz)z solution has been carried
out. The other factors investigated were: radiolytic gas formation and copper-
catalyzed recombination, and “Zircaloy-2 radiation corrosion in the nitrate
solution. No informatbion has been reported previously on the radiation corro-
sion of Zircaloy-2 in UCs(NOsz)s solutions. Reconbination of Hyp and Op (ref 3)
and Do and Op (ref L) catalyzed by copper has been investigated out-of-pile by
Kelley et al. The activation energy found was similar to that in sulfate
systemsfb'iﬁé K u values for light-water nitrate solutions were about half those
for similar sulfate solutions. Ds0 as solvent reduced the Kp, by approximately
another factor of two. As mentioned, Boyle and Mahlman report values of Gy, in
rather concentrated Th(NOs). solutions (~0.3-3 m Th(NO3),). For fission frég-
ments, GNz was considerably higher than for fast neutrons or gamma rays, and
it decressed rapidly with decreasing concentration of Th(NOz)4. Some N0 was
found; as much as about 10% of the amount of Np. Sowden and Lynde® subjected
Ca{NOg)o solutions (0.21 to I M NOs™ ), to fission recoils and reported
Gy, = 0.004 (NOg )*+® ror the entire concentration range. The Gy, values of
Boyle and Mahlman for nitrate concentration within the indicated Timits are
expressed fairly well by this equation as are, also, the Gy values reported®
for UOs(N03)z (~1 M) in Los Alamos water boilers. Gas-phasé recombination of
nitrogen with oxygen has been studied.”?® The OO, velues increase with the
ratio of oxygen to nitrogen and with the addition of water vapor, and are con-
siderably higher at elevated temperatures than at room temperature. Gyq values
from 0.5 to 5 were reported. Varying amounts of NoO were also formed, the
average being about half the amount of NO5. GH2 values were also measured ?yl/i
Sowden and Lynde, and these resultls were expressed by GHE = 2.0 to 0.8 (NOz ) .
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In the present work, the autoclave and the coupon specimens were made of
Zircaloy-2. The initial composition of the solution, according to analyses
(Table 10.2), was 0.032 m U0z(NOs)z, 0.008 m Cu(NOsz)s, 0.072 m excess DNOs,
and 0.17 m NO5 in D20, and the autoclave was sbout 85% full at the maximum
exposure temperature of 280°C. Barton and Hebert® tested the stability of
this solution in a quartz tube, and it appeared to be stable to 327°C. During
exposure to full reactor power the solution temperature was 280°C.

Information concerning the decomposition of nitrate and the corrosion of
Zircaloy-2 during irradiation was sought in the usual type of pressure measure-
ments and in examinations and analyses of solution and samples following termi-
nation of the in-pile exposures. Radiolytic gas formation and recowbination
were also Investigated through pressure measurements, but for these investiga-
tions the autoclave was operated at 225°C and the reactor at one~fifth of full
pover. Under these conditions, the rates of gas formation and recombination
were slow, and the above factors could be estimated from the data for the rate
of pressure change with time.

Pretreatment was dore at 280°C for 185 hr. The exposure to full reactor
power irradiation was performed in five successive periods. The first three
and the last were of about 1 day each, and the fourth period was of about
2 days duration. f7he usual pressure~temperature data were obtained. Between
the irradiation periods the experiment was retracted, in most cases with the
reactor operating. Prior to the first and to the last irradiation periods,

a series of radiolytic-gas buildup curves were obtained by short exposures at
225°C and with the reactor at 20% of full power. The initial exposure of this
type was at 235°C.

After completion of the exposure, the autcclave was immediately cooled
and vented, and about three weeks later was opened For examination. The solu-
tion, the autoclave rinse water, and the large amount of suspended solid
material were chemically analyzed. The specimens were visually examined, then
welghed. Some of them were defilmed, and others were pickled to remove a
surface sample for enalyses. After further pickling, two samples were used
for zr®> activity analysis and estimation of thermal neutron flux.

The experiment will be described in detail elsewhere.'® 4 limited account
is given here.

10.1.2 Results

{a) Description and General Interpretation of Pressure Results.--{1) Low-
Power, Low-Temperature Measurements.--The series of short-time low-power, 225°C
exposures provided smooth pressure bulldup-curves from which Kp ) and GD2 values
could be estimated.

During the initial series of these exposures, small but significant in-
creases in pressure persisted following retraction and after sufficient time
had passed for the radiolytic gas to recombine. These increases amounted to
42 psi after the first exposure, which was at 235°C, and 5 and 7 psi in the two
following exposures at 205°C. 'The exposure period for most of the measurements
wvas less than 1 hr, and the pressure during exposurc appeared Lo be levelling
off. One exposure was continued for about L4 hr, and in this a continuing
increase in pressure during exposure was appareat.
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As judged from past experience with sulfate solutions, these pressure
increases are not fully explained by fluctuations and/or uncertainties in
pressure measurements, and thus at least part of the increases is ascribed
to the formation of nitrate decomposition products during irradiation.

(2) High-Reactor-Power 280°C Measurements.--During each of the five full-
pover exposure periods, the pressure underwent changes qualitatively similar
to those shown in the schematic diagram, Fig. 10.1, although differences in
detajil were observed. Also, during the hour after the start of the first of
these exposures a rapid increase in pressure of avout 160 psi occurred after an
apparent steady-state pressure of radiolytic gas was achieved. The pressure
increase was followed by a pressure decrease from the maximum of about 18k psi.
Following this pressure excursion, the pressure rose as illustrated in
Fig. 10.l. Pressures measured at the different points during each of the
five exposures are listed in Table 10.l.. Point B for exposure No. 1 was taken
as the lowest pressure reached after the initial pressure execursion.

The values Tor the rapid changes in pressure following insertion (A-B)
and retraction (D-E) increased gradually with increasing irradiation time.
The pressure increase {B-C) during the first exposure was greater than that in
subsequent exposures. Pressure decreases (C-D) were not observed during the
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Table 10.1. Gas Pressures Observed at Various Times During High-Power Exposures

Exposure Pressure at Points Labeled on Fig. 10.1 {psi at 280°C) BN sl
Time Before After Pressure Before fter 1-8 hr After 15-20 hr After ﬁad;olyf¢g Gas
P .y . R . . P . . - . . Cressure
(j—Mwnr Insertion Insertion Maximum Retraction Retrasction Retraction Retraction T8 T 5%
LITR Energy) A B C D E i G
2-20 1048 1146° 1227 10072 10862 1088% 1047% e 139
20-45 10472 1192% 12028 1193% 10512 10252 993™ 145 b2
45-6% 995  1133%  1155° 11557 (1010)% 938° o (1bs)d
63-109 938° 1111° 113%3° 1018° 8pz® 800°¢ 769° 173 195
109-13k 769° 998°  1050° 995° 748° 718° 583° 229 247

. . f s : - s t
Pressure before any irradiation (prior to the low-power, low-temperature irradiation): 975

a,b,c . - . . . . )
( 2 )Data corrected for effect of valve turns so that each value is on the same basis:

correction, 2k psi;
correction, L0 psi;
correction, 72 psi.

{a
{o
{(c

Lt A Sy

(QDEstimated.
{
\eDApparent value, 117 psi; but it may be confused with the initial pressure-peak phenomenon.

{23
‘*/This value calculated from a 25°C measurement.

£9
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first and third exposure, probably because of the short irradiation periods.
Those cobserved in the other exposures increased in value with increasing time
of irradiation. The pressure loss rate ¥-G starting a few hr after retraction
was negligible for the first exposure, but was appreciable for the subsequent
exposures. The total drop in pressure E-G during the 15- to 20-hr period of
retraction was roughly the same in each exposure. The pressure shortly after
retraction, B, for the first exposure was greater than lhe initial pressure, A.
In each of the subsequent exposures, the pressure at E was less than that
observed for the prior exposure,

The general interpretations of these pressure results based on prior
experience with U0pS04 solutions, Gy and Kgy values determined from the low-
power, low-temperature results, and The general consistency of the results are
the following: The detailed explanation for the pressure excursions immediately
following the first insertion is unknown. However, it appears likely that the
effect is related to sowewhat similar effects observed in autoclave experiments
with UOs304 solutions. Some of these previous effects have been interpreted in
terms of a loss of copper from solution during the initial exposure, followed
by a re-solution of the copper.’? The pressure changes A to B and D to E
represent the formation and recombination of radiolytic gas upon insertion and
retraction, respectively. The pressure buildup following point B was due to the
formation of gaseous nitrate decomposition products. The occurreace of a maxi-
mum in the pressure was a result of a back reaction of the decomposition
products, a loss of oxygen pressure due to corrosion and, probably, a decrease
in the rate of nitrate decomposition as the solution became more dilute in
nitrate upon decomposition. The decrease in pressure after the maximum was due
primarily to oxygen loss as a result of corrosion. The pressure at point E
includes tue pressures of excess oxygen and that of the nitrate decomposition
products, The latter pressures were probably near those which prevailed at the
termination of exposure, although a small amount of recombination may have
occurred. 'The nearly constant rate of pressure loss from F to G may have been
due either to corrosion which continued after retraction or to a recombination
of nitrate decomposition products under the influence of the gamma-ray field
in the retracted position, or, alternatively, to both factors. The rapid
pressure changes E-F after retraction and the recowbination of radiclytic gas
were probably also a result of oxygen loss due to corrosion which continued
after retraction and recombination of nitrate decomposition products. No
evaluation can be made of the relative contribution of the two possible
processes.

10.1.% Results of BExamination and Analyses of Autoclave Contents

The postirradiation analyses of the solution, rinse, the part of the sus-
pended material soluble in dilute HzS0,, the part insoluble or difficultly
soluble in dilute HpS04, and the specimen surface anglyses are listed in
Table 10.2.

The pH and other analytical results for the solution are consistent when
it is asssumed that the nitrogen was present as nitrate ion, and they show that
the recovered solution contained about 39% of the original uranium and abowut
27% of the original nitrogen. It is assumed that the solution was not diluted
or concentrated and that the unrecovered volume of solution was lost in venting
or handling.



Tgble 10.2. Summary of Postirradiation Analyses

Suspended bdaterial Material on
Original Irradisted Autoclave Part Soluble Difficultly Surface of
Solution Soivtion Rinse in 25 ml of Soluble Dried Specimens
0.1 M HaS0, Part (average of 2 values)
o . a c .C
Sample size 5.9 ml 3.9 ml L.0 mi
oH 0.950 2.35?
Jranium 5.3 gfliter 3.2 gf/liter 0.7 g/liter 6.5 mg 9.4 mg 0.16 nmg/cm®
Peroxide 5.5 mg U
NOa~
Total N 2.6 g N/liter 0.7 g N/liter 1.1l g N/liter 0.0% mg
NHg 0.01 g N/liter 0 0.03 mg
Free acid 0.08 N
Copper 0.6 g/liter 0.2 g/liter 0.02 g/liter 0.18 mg 0.4k mg 0.04 mg/cr®
Chromiun 0.002 gfliter 0.00k gfliter 0.0l ug 0.%4% mg 0
Nickel 0.13 g/liter 0.07 g/liter 0.25 mg .20 ng 0.07 mgfem®
Iron 0 0.0L g/liter 0.06 mg 0.73 mg 0.64 ng/en®

(a)
(o)

)pH values
units for

Volume of

solution originally loaded into autoclave.

reported are gless electrode values, using buffers of
D50 solutions.

c - . A R
( )These values are the volumes of samples collected.

(d)yg

o0 solutions plus & correction of 0.25 pH

Expressed as milligrams of uranium, assuming that the peroxide titrated was UO4.
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The amount of nitrogen found in the rinse was greater than that found in
the recovered solution, but no pH or free-acid data which are required for
validating this result were obtained.

Appreciable amounts of uranium were found in the suspended material. The
6.8 mg found in the soluble part was probably mostly peroxide, which may have
formed after the irradiation and prior to separation of solution from the sus-
pended material. The 9.4 mg in the insoluble part, however, amounts to aboutb
20% of the total uranium in the autoclave.

The analyses of specimen surfaces showed appreciable amounts of ¥Fe, Ni,
and U, and consideration of these data and of those for weight losses upon
defilming show thal these oxides remained on the defilmed surfaces to the
extent of 1.3 mg/emZ.

Weight losses of two defilmed Zircaloy-2 specimens average 2.4 mg/ch,
corresponding to 0.14% mils penetration and an average corrosion rate of 9.1 mpy
during exposure. However, estimations based on possible amounts of oxides re-
maining on the specimens alter defilming indicate that the average penetration
and the corrosion rate may have been 0.21 mils and 13.5 mpy, respectively.

The neutron flux during full reactor power and during insertion corresponded
to a caleulated solution power density of 2.6 w/ml, based on the composition of
the original solution.

10.1.4  Derived Values for Gy,, GNOs~s Koy end Gpgs Zircaloy~2
Corrosion Rates; Nitrate Decomposition During
Radiation Exposure

In using the pressure daba to calculate the various factors of interest,
it is assumed that the nitrate decomposition products were comprised entirely
of Np and Op in a molar ratio of 2:5. As mentioned previously, the work of
other investigators shows that Nz is the major product of the decomposition,
although small amounts of nitrogen oxides also have been found. It is also
assumed that the solubility of nitrogen and oxygen in the UOg(NO;)g solution
are the same as thal for oxygen in U0p504 solutions of similar concentrations.
Comparisons of pressure data obtained at 25°C and at the elevated temperatures
in this experimeant indicate that this is a reasonable assumption. It is also
assumed that deuterium solubilities are the same as those employed in UO:50,4
solutions. No estimate of the validity of this assumption for Ds is available.

(a) Koy and GD,.--Values for these factors calculated from the results
of 225°C méasiraments are shown in Table 10.3. The results of the measurements
made during insertion are considered more nearly valid than those cbtained
during retraction because of the possibility that the rates of recombination
during retraction are partly controlled by diffusion processes. 'The results
of thne high-temperature exposures are not suitable for accurate evaluation of
Gp, and Kou, but the pressures observed during the initlal exposures are in
rough agreement with those predicted from the results obtained at low
temperature.

(b) Gy,.--Values for Gy, estimated from various pressure data are listed
in Teble IOaM. It should be noted that the value calculated from the rate
of pressure rise during the initial high-temperature exposure should be regarded
as a minimum value. Some loss of pressure due to corrosion and to recombination
of' nitrate decomposition products may have been taking place during the rise
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Table 10.3. Values for GD2 and Kpy, Based on
Low-Power Exposuresat 225°C

K G,
Basis Cu = _ - Dz
f [liters (STP)-mole” tehr *] (molecules/100 ev)
Values from Data Obtained at Beginning of Irradiation
Pressure buildup data 1600 1.3
1600 1.3
1700 1.h
1700 1.k
Recombination data 1200 0.9
1100 0.9
Values from Data Obltained After 109 hr of Irradiation
Pressure buildup data 800 0.9
800 0.9
Recombination data 500 0.6
Table 10.4. Estimates of Gy,
G, .
No Exposure Time
(molecules/100 ev) (3-Mwhr LITR Energy)

Low Power, 225°C, 235°C Data

Incremental increases in
apparent equilibrium
retracted pressures

2.5 x 102 0-0
2 x 1073 0.3-0.
3 x 1073 0.7~1

Low Power, 225°C Data

Approximate linear pressure
increase after apparent
radiolytic Hp-0Op equilibrium
1x 102 2

High Power, Inserted Data

Rate of pressure buildup after
apparent radiolytic Hzo-Opn
equilibrium
3 x 1073 5
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in pressure. Also, during the low-temperature exposure, some recombination

may have occurred. No corrections for these possible pressure losses were
attempted. Rates of pressure inerease following insertions during the exposures
subsequent to the first at high temperature were less than that for the Tirst.
No attempt was made to evaluate GNz values from these subsequent exposure data.

(c) GNO.~ - --Fough values for the rate of recombination of Np can be esti-
mated if TT 1% assumed that the formation of a steady~state pressure during the
first high-temperature exposure resulted primarily from the recombination of
nitrate decomposition products. For this exposure in which the GN2 was
3 x 10 3, estimated from the initial pressure rise, the gas-phase Tecombination
required to foim a steady state at the estimated gamma ray and fast neutron
fluxes prevailing in the insertion position can be estimated to be that which
corresponds to a Gyg,” of 1 to 3. The true Gyp, values are probably somewhat
lower then the value thus obtained, since some decrease in nitrate decomposi-
tion rate would be expected as the nitrate concentration in solution decreased
due to decomposition. Also, the rate of loss of oxygen as a result of corrosion
may have increased as the time of irradiation exposure increased.

(4) Zircaloy-? Corrosion Rates and Nitrate Decomposition as a Function of
Time During Rediation Exposures.--Limits for the rates of Zirecaloy-2 corrosion
at different times during the radiation exposure can be roughly estimated from
the rates of pressure decreases observed during different exposures, the total
Zircaloy-2 corrosion indicated by the weight losses of defilwed specimens, the
possible presence of FepQs and other oxides on the defilmed specimens and other
surfaces, and the total amount of nitrate decomposition as shown by the analyses
of the final solution.

The probable minimum rates of oxygen consumption as a function of time
during radiation exposure are those represented by line A of Fig. 10.2. The
data points upon which the line is based are those calculated from the rates of
pressure-loss measurements during the final portions of the high-temperature
exposures.

The estimated maximum oxXygen consumption rates illustrated by line B of
Fig. 10.2 were selected such that the area under the curve corresponds to the
total Zircaloy-2 corrosion which occurred if the analytical results for the
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amounts of FexsOz and other oxides on ‘the coupon surfaces are considered correct
and that those specimen surfaces were representative of other surfaces in the
autoclave. The area under this curve also 1ncludes the amount of oxygen consumed
in corroding the stainless steel capillary in the amount indicated by the nickel
found in solution and on the Zircaloy-2 surfaces. The points representing the
high rates of pressure loss during the two final exposures were considered as
probably more nearly representative of the actual oxygen-loss rates than the
other, lower-rate, points. Therefore, all the rate adjustments were applied
to the first 100 hr of irradiation.

By graphical integration of the curves in ¥Fig. 10.2, maximum and minimum
values for the volumes of excess oxygen in the autoclave can be estimated to
give those illustrated by curves A and B in Fig. 10.3. The difference between
the values illustrated by a given one of these curves and those for the total
volumes of excess oxygen plus nitrate decomposition products in the system
{1ine C) yields the maximum and minimum values for the volumes of the gaseous
decomposition products, which are illustrated by curves B' and A', respectively.

If it is assumed that the minimum rate line A in Fig. 10.2 represents
rates of oxygen consumption in Zircaloy-2 corrosion, the rate for this material
during the first 90 hr of radiation was about 6 mpy. The rate at the end of
the final exposure was about 30 wmpy. The aversge corrosion rate was about
10 wpy, a value in near agreement with that estimated from the weight loss of
defilmed specimens.
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The corresponding curve A' in Fig. 10.3 for the minimum volumes of gaseous
nitrate decomposition products shows that the volumes increased rapidly to about
10 to 12 cc (23 to 25% decomposition) during the initial exposures and then
remained nearly constant until the final exposure, during which the volume of
decomposition products increased to about 20 cc {(47% decomposition). It may be
noted that the indicated amount of gaseous decomposition products at the end
of the experiment is in fair agreement with that indicated by the analytiecal
results for the total amount of nitrogen in the sclution and rinse. ‘These
results showed about 27% of the original nitrogen to be in the solution and
28% in the rinse. A discrepancy in the interpretation of the final two rate
values in Fig. 10.2 is apparent in this treatment of the data. The treatment
indicates that the pressure of nitrate decomposition products was increasing
at the time the total pressure in the system during exposure was increasing;
therefore, the rates of oxygen consumption may have been greater than those
calculated from the rate of pressure decreace,

The proper correlation of these facts is not apparent. It is possible
that the oxygen-consumption rates were greater than those employed. It is also
possible that the ratez did not iucrease regularly with exposure time in this
region and that the high rates occurred only during the time that the observed
pressures were decreasing vapidly. Other treatuwents of the data to include
these possibilities do not appear worthwhile in view of other appreciable un-
certainties in the results.

The estimated maximum rates of oxygen consumption due to corrosion,
illustrated in line B, Fig. 10.2, corresponds to a Zircaloy-2 corrosion rate
of about 12 mpy during the 100 hr of radiation when it is assumed that the steel
corrosion rate remained constant throughout the 134 hr of exposure. Curve B'
in Fig. 10.3, illustrating the estimated maximum amounts of gaseous nitrate
decomposition products, shows a rapid rise to about 12 cc during the initial
exposures and then a slower but steady increase during subsequent exposures to
a value of about 48 cc. This volume i8 slightly more than that which would be
produced by 100% decomposition of the nitrate in solution. Again the inter-
pretation of the final two rate points in Fig. 10.2 is in question because the
indicated pressures of nitrate decomposition products were incressing at the
times the pressures were decreasing and, again, attempts to resolve these
discrepancies by other treatments do not appear worthwhile because of over-all
uncertainties in the results.

The true amounts of corrosion and of gaseous decomposition products prob-
ably fall between the limits indicated in Figs. 10.2 and 10.3, with the excep-
tion that during the final 30 hr of exposure, oxygen consumption rates greater
then those indicated in Fig. 10.2 may have occurred.

10.1.5 Summsery and Discussion

Although appreciable uncertainty exists in the interpretation of some of
the results obtained in this experiment, the factors comprising the objectives
of the experiment were evaluated, but with limited accuracy.

All the results are consistent with the occurreace of nitrate decomposi-
tion during radiation exposure. The results of pressure measurements during
the initial 225 to 235°C exposures and during the initial 280°C exposure provide
evidence that the initial nitrate decomposition rate was greater than that pre-
dicted by the reported results of Sowden and Lynde, mentioned in the introduction,
by factors of from about 7 to T0. A back reaction of the nitrate decomposition
products is indicated by the results of the first 280°C radiation exposure.
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The Gno,~ value of about 1 to 3 for gas-phase recombination, estimated from
these results by assuming that NO53~ 1s the sole product of recombination, is
within the range of values whieh have been reported by others. (1 should be
noted, however, that the conditions of pressure, tempersture, and gas phase
composition in this experiment differ from those employed in the other reported
studies, and the GNOS“ for this present experiment cannot be accurately pre-
dicted from the other studies.

The initisl Koy values (225°C) are sbout three times as large as those
found. out-of-pile by Kelly et al.* The initial Gp,, value of 1.3 is near agree-
ment with the value of about 1.5 5 fouad for nitrate” solutions by other workers.
The apparent decreases in Keu and Gp, througnout the exposure can be ascribed
to a loss of uranium and copper from solution.

The Zircaloy-2 corrosion rate during the initial 100 hr of radiation at
280°C were probably in the range 6 to 12 mpy. A corrosion rate in the sawe
range would be expected for uranyl sulfate solutions of similar concentratious.
During the final 34 hr, the rate was greater than 12 mpy and was probably as
high as 30 or more. The large amount of sorbed uranium (0.16 mg/cm®) indicates
that a high effective power density prevailed in the system and probably
accounts for the high rate near the end of exposure.
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11, ENGINEERING AND PHYSICAL PROPERTIES

H. W. Hoffman

C. 5. Morgan D. G. Thomas

11.1 SUSPENSION TRANSFORT STUDIES
Previous studies® ? of the minimum velocity required to transport a floc-
culated suspension in horizontal pipes have shown two regions of flow, depend-
ing on the concentration, In the first region, the suspension is sufficiently
concentrated to be in the compaction zone and hence has an extremely slow set-
tling rate. The second region is observed with more dilute suspensions which
are in the hindered-settling region and settle 10 to 100 times faster than
slurries which are in compaction. An unresolved problem was the definition of
the critical concentration separating the two flow regions, although it was
clear from the data presented that the critical concentration increased with
tube diameter.

Io order to obtain additional evidence on the effect of tube diameter aond
concentration on the onset of compaction, a series of hindered-settling studies
were made (Fig. 11.1). For sufficiently dilute concentrations, the hindered-
settling rate is independent of tube diameter, decreasing regularly as the con-
centration is increased. However, for any given tube diameter, there is a
certain critical concentration beyond which the settling rate decreases sharply
to a value 1/10 to 1/50 of that expected if there were no wall effect. The
decrease in settling rate is due to the suspension being in compaction and, as
shown by the family of curves on Fig. 11.1, there is a regular increase of the
critical concentration with tube diameter. The critical councentration is also
a function of the degree of flocculation, and hence the diameter-concentration
relation must be determined for each particular suspension.

The compaction concentration determined from hinderesd-sebtling measurements
is compared with the compaction concentration from minimum-transport studies in
Fig. 11.2. The good agreement observed indicates that critical concentrations
determined from a simple series of hindered-settling tests can bhe used to deter-
mine the range of applicability of minimum-transport relations developed for
the compaction region.

Previous studies® have indicated that minimum-transport data for a dilute
suspension can be correlated by an expression of the form:

U D (u
— = ¥ i (1)
(uy), ( W,

Among the possible mechanisms, two appeared to be susceptible to analysis,
provided that conditions were restricted to iunclude only those particles with
diameters smaller than the thickness of the lamlnar sublayer and which settled
according to Stokes' law. The two hypotheses were that the minimun-transport
condition for particles resting on the bottom of the pipe occurs:
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(l) when the 1ift force due to the velocity gradient is equal to the
gravitational force, or

(2) when the turbulent-velocity fluctuations at o distance of one
pvarticle diameter from the wall equals the terminal settling
veloclty.

Assumptions impliecit in the first hypothesis are:

yu
+ -+ 5
(1) E‘}ﬁ = U =y = e
Koy v
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(2) the 1ift coefficient is equal to the drag coefficient,

(3) the ratio of lift force to gravitational force is unity at
the minimum-transport condition.

The second assumption is supported by data taken by Fage and recalculated by
White.® The line calculated on the basis of these assumptions is shown in
Fig. 11.%a, compared with the date previously reported.

Assumptions implicit in the second hypothesis are:

(1) fTurbulent fluctuations extend through the classical laminar
sublayer, becoming zero only at the pipe wall.

(2) The expression for the decay of the fluctuations in the
proximity of the wall is that derived by Deissler® in his
analysis of mass transfer at high Schmidt numbers.

The first assumption is supported by experimental observations®’® and has been
used successfully in interpretation of heat? and mass-transfer data.® The line
calculated on the basis of these assuwnptions is shown in Fig. 11.3b, compared
with the data previously reported. As can be seen, there is little to choose
between the agreement of the data with the two different lines.
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11.2 THORIA CAKING STUDIES

11.2.1 Thoria Dispersing Agents

The addition of dispersing agents to flocculated ThOp suspensions produces
many desirable effects, ranging from virtually eliminating the non-Newtonian
flow characteristics to possibly preventing the formation of cakes on loop sur-
faces. However, most electrolytes either decompose or lose their effectlveness
at elevated temperatures.

During a series of screening tests, it was observed that thoria slurry,
contained in a quartz tube, was maintained as a dispersed suspension for more
than two weeks at 250°C after addition of LioS0s. The dispersing effect was
marked over a wilde LioS04 concentration range. Since no other electrolyte that
had heen tested in this series had exhibited a strong dispersing capacity, it
was desirable to test the effectiveness of Lis304 in preveanting caking in a
high-~temperature loop test.
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The cake prevention test was made in the 30-gpm loop using ThOp spheres,
material which had caked in all previous tests even in the presence of such
electrolytes as chromic acid, sulfurie acid, or sodium aluminate.” The ThOs
concentration wag about 400 g of Th per kg of H:0, and the circulation tempers-
ture was 250°C. The initial 145504 concentration was 2000 ppm based on ThOs.
This was increased to 3000 ppm after 50 hr circulation and to 7000 ppm alter
170 hr. After circulation was complete, there was no cake in the impeller
vanes or weep holes although such deposits had always occurred in prior spher-
circulation runs. The multidiameter sample barrel (three different velocity
sections) had no deposits in the 20~ or 10~fps sections. There was thin (<1
mil), soft ThOs film covering the entire 5-fps section. The f£ilm had been
deposited in two layers, the upper of which peeled off in some places on drying,
suggesting that oxide deposition occurred after additional Li=S04. was added to
the loop. It is believed that this represente definite evidence that addition
of LiosS04 to a high-temperature circulating-thoria loop inhibits cake formation.
However, the optimum concentration of electrolyte and the exact mechanism
responsible for cake inhibition are yet to be determined. It is knowa that
addition of LizS04 to ThOz at room temperature gives very high zeta potentials,
with values up to -195 mv as determined by mlcroelectrophoretic measurements.10
Both the high zeta potential and the apparent effectiveness in reducing cake
formation may result from adsorption of S0, on the particle surface with
highly hydrated Tit ions forming a strong counter-ion layer.

11.2.2 Concentration of Small ThOs Particles
Required for Cake Formation

It is believed that ThOo cake formation occurs when l- to 3-micron parti-
cles degrade, producing fine fragments which may be deposited on container sur-
faces as a hard cake. The quantity or concentration of fine fragments required
to produce cake formation is not known. A qualitative test was made by circu-
lating thoria spheres diluted with 1600°C-caleined ThOp. These spheres provide
fragments for cake formation, while the 1600°C oxide does not form cakes.
Circulation of slurry containing 50 wt % of each oxide type resulted in reduced
cake formation compared to that normally occurring during sphere circulation.
There were ThOp films on impeller faces and in the multidianeter sample barrel,
but almost no cake was in impeller vanes or weep holes. Thus, although the
substantial quantity of noncaking oxide apparently did not serve as an slterna-
tive site for fine-fragment deposition, it maey have acted as a scrubbing agent,
removing deposits from the most turbulent regions of the system.

11.2.3 Properties of ThOp Containing a Coprecipitated Oxide

Studies of slurry caking phenomena have demonstrated the importesunce of
particle integrity in the prevention of caking. One method of achieving parti-
cle integrity of pure ThO- is by calcination at a temperature ¢f 1600°C. }An
alternative procedure for achieving integrity, with the added advantaze-of a
lower calcination temperature, 1s by incorporating a suitable metallic oxide
in the thorium compound to be calecined. In order to study the effect of dif-
ferent metals, thorium hydroxide or oxalate was coprecipitated with Si, Al, Pb,
Zr, or Mg and then calcined stepwise to 800°C. Particle integrity was deter-
mined after Waring blendor treatment of 1 hr and 10 min, using the Cake
Resuspension Iadex (CRI) procedure previously described.l? (Briefly, the CRI
procedure yields an empirical number, varying from O to 10, which is inversely
proportional to particle integrity.) The results for ThO» with additives of
Al, Pb, and Si, prepared by coprecipitation as the hydroxide, are:
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Additive,

Mole Fraction CRI
None 6
S8i, 0.1 .6
Al, 0.1 2
Pb, 0.1

The results for ThOs with Zr additive, prepared by coprecipitation as the oxa-
late and followed by digestion for 4 hr, are:

ZI‘OQ,
Mole Fraction

Q
o
~

2

0

0.05

0.05 (ealcined at 1000°C)
0.1

0.25

o o O i+ F
\N

Results with MgO addition were very unfavorable with respect to particle
integrity.

A CRL of 2 or less gives gualitative evidence of high particle integrity,
and on this basis it is apparent that oxide additives of Al, Pb, and Zr may
produce increased particle integrity although there are insufficient data to
specify the exact concentration and caleination schedule required.
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12. THORIUM OXTDE TRRADIATIONS

J. P. McBride
0. 0. Yarbro

Work on the effect of reactor irradiation on the properties of thorium
oxide continued, with the recovery for examination of two series of thoria
powders irradiasted in sluminum capsules in a lattice position in the LITR; the
recovery of a slurry of >25-u Houdry spheres irradiated in a settled condition
in the LITR (C-43); and the start of the irradiation at 250°C of a settled bed
of thoria pellets, 0,196-in. diameter, under D=0 in the C-I3 facility.

12.1 TRRADIATIONS OF THORIA POWDER

During the month of February, 1958, personnel of the Solid State Division
initiated the irradiation of two series of thoria powders (C and D) in aluminum
capsules in the C-52 lattice position of the LITR., The powders were prepared
from 650°C-fired D-16 thorium oxide by refiring them in platioum crucibles Ffor
24k hr at 650, 800, 900, 1100, and 1500°C. The solids were recovered for exami-
nation after having been irradiated 16 months (series D) and 21 months (series
C). Series C samples are now being examined. The 650, 800, and 900°C-fired
samples in both series were red, and the particles had agglomerated into hard,
glossy clinkers (Fig. 12,1). The 1100°C- and 1500°C-fired oxides were powders
of off-white and blue colorations, respectively (Fig. 12.2). Specific surface
aress for all series D samples (series C samples have not yet been messured)
except the 1500°C~fired material were markedly decreased by the irradiation
(Table 12.1), despite the fact that the estimated maximun temperature of the
powders during irradistion, besed on caleulations assuming 25% theoretical
dnsity for the powders, was less then 300°C.

The powders were canned in aluminum capsules, about 2-1/2 in. long and of
l/E«in. OD and l/huin. ID. They were irradiated in such a way that the reactor
cooling water flowed over the outside of the capsules. The capsules contained
cobalt and titanium flux monitors.

The only contaminant found in the oxides after irradiation was aluminum
(100 to 5000 ppm), most of which probably came from powder that dropped into
the oxides during the grinding required to open the capsules. The marked de-
crease in surface areas with all except the high-fired oxides suggests that the
irradiation produced much the same effect as firing an oxide to about 1500°C.
The results of density measurements of the irradiated oxides were erratic, and
the measuring technique will have to be modified. Measurements of average
particle sizes will be made on all the irradiated samples as time and radiation
level permit.

12.2 TIRRADIATION OF HOUDRY-SPHERE STURRY

An agueous slurry with 5 g of >25~p Houdry spheres containing 0.5% natural
uraniuvm was irradiated for 52 days in a settled condition at a thermal neutron
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Fig. 12.1. 650°C-Fired ThO, Powder lrradiated 16 Months in the LITR; Maximum Temperature 300°C.
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Fig. 12.2. 1500°C-Fired ThO, Powder Irradiated 16 Months in the LITR; Maximum Temperature 300°C.



Table 12.1., Thoria-Powder Irradiations in LITR

Irradiation time: 489 days
Maximum temperature: <328

Neutron Flux

Oxide Thermal

Firing 03Z% Av;raie 8 2

Temp. pao P gp09* 59 60 Faﬁg, ~5,0 %gv Surface Area (m*/g) Description of
(°c) Th Th Th Co””(n,y)Co Ti*(n,p)Sc Before After Irradiated Oxide

xlOlO xlOl—j xlO3
650 2.5 2.5 1.6 28.4 1.0 Red clinkers
800 2.1 2.3 1.3 15.2 <0.5 Red clinkers
900 2.2 1.7 1.6 7.9 <0.5 Red clinkers
1100 1.9 1.8 1.4 343 1.9 Off-white
powder
1500 1.7 1.8 0.5 0.8 Blue powder

*Flux based on neutron capture or fission yield as related to total thorium present.

S8
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flux of ~2 x lO15 in hole C-43 of the LTER.l The container was a stainless
steel autoclave equipped with mild-steel cooling fins to increase the efficien-
¢y of the air cooling used in C-43 to control temperatures. Water was appar-
ently lost from the autoclave after only four days' irradiation, and the auto-
clave temperature increased from 180 to 280°C. More water was added after an
additional 21 days' irradiation, reducing the temperature from 280 to 230°C.

The autoclave temperature continued to rise slowly under the ordinary conditions
of cooling, probably because of increased fission heating, and at the end of the
experiment the lowest temperature that could be maintained under ordinary con-
ditions of temperature control was 270°C.

When the autoclave was opened, a dried plug of yellow solid containing more
than half the original material was found at the top. This solid was apparently
deposited as a result of the refluxing introduced by air cooling: air flows
down over the top of the bomb, and the top is the coolest position. Approxi-
mately 1.3 ml of slurry was drained from the autoclave after the plug was broken
away. Portions of the slurry and plug have been submitted for chemical, ratio-
chemical, and physical analyses.

12.% IRRADIATIONS OF THORIA PELLETS

Irrediation under D=0 at 250°C of a settled bed of 50 thoria pellets 0.196
in. in diameter was initiated in the C-43 facility in the LITR. The pellets
were prepared by treating the Davison-prepared pellets (1450°C fired) with di-
basic aluminum nitrate solution and refiring at 1750°C (see Sec. 15.1.2). Hot-
cell equipment to measure pellet wear in a spouting-bed test and the crushing
strength of the irradiated pellets is being developed.

REFERENCE
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13. DEVELOPMENT OF GAS-RECOMBINATION CATALYSTS

J. P. McBride L. E. Morse

Further studies were carried out on the catalytic combination of hydrogen
(or deuterium) and oxygen by thoria and thoria-urania slurries containing a
"sol-prepared” palladium-thoria catalyst. The sol method of preparing the
palladium catalyst, described below, has given the most active palladium
catalyst and appears to be reproducible. Bpecific activity of the sol-~prepared
catalyst seems to be independent of the type and concentration of slurry solids.
Leboratory tests of the catalyst in thoria-urania slurries being used in-pile
radiatlon-~-corrosion studies indicated that the activity was more than adequate
for use in these systems. Tests on a slurry sample from a pump-1lo0p gas-
recogivlnation study showed a lower specific activity than is obtained with un-
pumped. slurries and confirmed qualitatively the drop-off in catalytic activity
observed during the loop run. The decline in activity during pumping was
coincident with a slurry-solid degradation process.

13.1 PALLADIUM CATALYST DEVELOPMENT

The sol preparation method consisted in refluxing a 650°C-fired thorium
oxide in an agueous solution of palladium nitrate (0.5 g of Pd(NO3)s to
10 g of ThOp) to form a sol and then reducing the sol with hydrogen. Treatment
with hydrogen (or deuterium for heavy-water preparations) reduced the palladium,
destroyed the bulk of the nitrate, and flocculated the sol. The catalyst
preparation was a flocculated, slow-settling suspension, an aliquot of which was
added to the slurry under test. Preparations were made in both ordinary water
(P-23) and heavy water (P-28 A and P-28 B-C).

The rate data showed reproducible activities of the catalyst in the cases
where the slurry was pretreated with oxygen (Table 13.1). Tt was active in both
thoria and thoria-urania systems. Assuming an average blanket power level of
about 10 kw/liter, slurries containing oonly a few hundred ppm of palladium
should have sufficient activity to keep the radiolytic-gas partial pressure
below 150 psi at 280°C even under an excess-oxygen overpressure. Lncluded in
Table 13.1 are data obtained from an in-pile slurry experiment with a
thorium - 8% enriched-uranium oxide at a power level of 20 w/ml, which showed
a speclfile catalyst activity about four times greater than that observed in
out-of-pile studies. Pretreatment of the slurry-catalyst system with hydrogen
or maintaining an excess-hydrogen overpressure resulted in an increase in
specific activity of many orders of magnitude. 'The limits of hydrogen or
OxXygen overpressure oxr Hg/Og ratios under which catalytic activity is maintained
have not been explored, bul prelimirary information suggests that some
limitations may exist.

The order of the recombilnatlon reacticn has not yet been established.
Apparent over-all reaction orders of O to 2 based on total gas pressure in
excess of steam have been observed. An effort is under way Lo determine the
order of reaction with respect to hydrogen and oxygen partial pressures by
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Table 13.1. Palladium Catalysis of EHydrogen-Oxygen IFeaction in Thoria Slurries
y [ Ll

Catalyst:
Temperature:

soi-prepared

285°¢C

Description of Slurry Reaction cpre
Oxide Catalyst Concentration Pretreatment Rate, at 0.001 m P4,
Catalyst Firing ppm of Pd, Gas or Gas PHZ:lOO pei, PHB:lOO psi
Preparation g Th/kg £20 Temp.{°C Based on Thorium m of Pd  in Excess {moles Hp/liter-hr) {w/ml)
P-23 100 1600 275 0.00024 H, 25 460
P-28 A 100 1600 117 0.00010 Oz 0.23 9
P-28 A 500 1600 234 0.00010 i ~50 ~2000
228 A 100 1000 {Th - 59.3 0.00005 0o 0.11 S
8% U oxide)b
P-28 A 115.6 0.00010 Op 0.34 13
P28 A 170 0.00015 02 0.59 16
P-28 A 1080 1000 {Th - 59.3 0.00055 0o 5.5 Lo
(in LITR) 8% U oxide)P,C
P-28 B-C 69.2 1000 (Th - 133 0.00008 0o 0.42 22

16% U oxide)P

reactvion rav

e at 0.001 = Pa

and PHZ = 100 psi

“Catalyst performance iandex =
production.

(0.38) (0.56)

, where 0.6 is the G vaiue for gas

Bivorium - 8% uranium oxide and thorium - 16% uranium oxides are equivalent to U/Th mole ratios of 0.08 znd 0.16,

respectively.

C8ee Sec. 14.2.2 of this report.

88



89

determining the initial reaction rate with various H2/02 ratios under various
over-all gas pressures.

13.2 FEFFECT Of SLURRY CONCENTRATION ON CATALYTIC ACTIVITY

A series of experiments was carried out in which the P-28 A catalyst
preparation was first added to a slurry (100 g of Th per kg of Hp0) of 1600°C-
fired oxide at a concentration of 117 ppm of palladium, based on thorium. The
catalytic activity was measured, and then the thoria concentration was charged
in increments of 100 g of Th per kg of He0 and the activily again measured.
Increasing the thoria content to 500 g of Th per kg of Hs0 without adding any
more palladium did not significantly change the specific activiiy of the
catalyst at either 250 or 280°C, the two reactlion temperatures investigated
(Table 13.2).

The water produced during recombinatlon tests at any one concentration was
removed prior to the addition of fresh thoria. Initially and after each thoria
addition, the suspension was heated at 280°C for at least 2 hr under oxygen

Table 13.2. B®Bffect of Thoria Concentration on Catalyst Activity

Slurry Palladium No. Apparent CPL,*
Concentration Concentration of Initial Reaction Pp,=100 psi
(g Th/kg H50) (ppm P&/Th)(m x 10-%) Exphts. Hg/Op Ratios  Order %w/ml)

Reaction Temperature, 250°C
100 117 1.1 3 0.56 ~ 0.64 0-1 0.3 ~ 1.2
200 58.5 1.1 3 0.52 - 0.53 0 o.h - 1.2
200 39.0 1.1 3 0.56 ~ 0.62 1 0.2 - 0.3
400 29.25 1.1 Iy 0.40 - 0.50 1 0.2 - 0.3
500 23.h4 1.1 L 0.33 - 0.40 0.5-1 0.2 - 0.5
Reaction Temperature, 280°C
100 117 1.1 3 0.6]. - 0.6l 0-2 0.3 - 0.9
200 58.5 1.1 3 0.60 - 0.62 0-1 0.7 - 1.4
300 39.0 1.1 3 0.57 - 0.63 1-1.5 0.3 - 0.5
40O 29.25 1.1 5 0.25 - 0.59 1-1.5 6.5 - 1.2
500 23.4 1.1 5 0.29 - 0.3k 1-1.5 0.8 - 1.3

¥Catalyst performance index =

reaction rates in moles H?/liter~hr at PHZ:lOO psi

(0.38)(0.6)

where 0.6 is the ¢ value for gas production.
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(200 psi at room temperature) prior to its use in recombination tests. Excess
oxygen over stoichiometric Hy + 1/2 Op was maintained in all experiments.

Over-all reaction orders, based on total gas pressure in excess of steam,
vere from O to Z, but the majority of reactions showed a first-order dependence.
Of 27 experiments, 15 showed first-order dspendence; nine, zero order; three,
1.5 order; and one, second order. Twelve of the reactions measured were pre-
ceded by an initial reaction, too fast to measure, which consumed part of the
gas mixture.

Further experiments are planned in which the thoria concentration will be
held constant and the palleadium concentration increased in successive steps.
Some insight should be gailned as to whether or not the coucentration of the
slurry to which the palladium is added is an important variable in the utiliza-
tion of the catalyst.

13.3 PALLADIUM CATALYSIS IN THORTA-URANIA SLURRIES

Work on gas recombination in thoria-urania slurries (Table 13.1) was
carried oubt primarily in support of the in-pile slurry-corrosion studies of the
REED corrosion section. The same thorium-uranium oxide preparations containing
enriched uranium used or planned for use in the in-pile work were used. The
thorium-uranium oxides contained U/Th molar ratios of 0.08 and 0.16. 'The
experiments were run after pretreatment of the slurries with oxygen (200 psi at
room temperature) at 280°C for 60 hr. An initial overpressure of 200 psi of
oxygen at room temperature was added to the reaction autoclave prior to heating
the system to 280°C for the recombination experiments. Stoichiometric
quantities of hydrogen and oxygen were then added at temperature, and the
reaction was followed by noting the decrease in gas pressure with time.

Comparison of the data obtained with the thorium - 8% uranium oxide in-
pile (Sec. 14.2.2) and out-of-pile (Table 13.1) indicates that the specific
activity obtained in-pile was about four times greater than that obtained out-
of-pile. DNo importance is abttached to this difference because the out-of-pile
experiments were carried out at about one-tenth the slurry concentration used
in the in-pile work, and the compariscn is based on a linear extrapolation of
recombination activity with slurry concentration.

13.4 PALLADIUM CATALYSIS IN PUMPED SIURRIES

The slurry corrosion group of REED has carried out gas-recombination tests
in a mocknup of an in-pile slurry loop, using a thorium ~ 0.5% uranium oxide
(Sec. 14.3.10). 1In general, for similar slurries, the specific catalyst
activities in the loop were 10 Lo 20 times lower than those in the laboratory
tests in autoclaves. In addition, the activity dropped off with pumping time,
colncident with slurry degradation.

A sample of a slurry used in the mockup (1000°C-fired thorium - 0.5%
uranium oxide; 1800 ppm Pd, based on thorium, showed a CPI of ~1 w/ml at 280°C
and Py, = 100 psi (G = 0.63 in a laboratory test. A synthetic mixture of the
original charge gave a CPI of >30 w/ml, confirming qualitatively that the
catalytic activity did decrease in the loop run. As yet no explanation has been
found for either the unusually low specific activities observed in the loop or
the drop-off in activity. A laboratory effort to investigate these discrep-
ancies is under way.



14, SLURKY CORROSION AND BILANKET MATERIALS TESTS

E. L. Compere H. C. Savage
J. M. Baker R. A. Lorenz 5. A. Reed
5. B. BRolt R. E. MebDonald A, J. Shor
V. A. DeCarlo A. R. Olsen L. F. VWoo
R. B. Gallaher M. L. Picklesimer

1h.1 THORIA-PELLET TEST PROGRAM

14.1.1 Introduction; Iaboratory and 100A Loop
Tests of Experimental Thoria Pellats

The use of thoria pellets as a possible blanket material in a two-region
breeder reactor was investigated at ORNL in 195%-5h in a series of preliminary
tests using fluidized beds of ThCp cylinders and washers.l Recent renewed
interest in a pellet blavket (see Sec. 6.2) has stirmlated a more comprehensive
investigation of methods for preparing suitable thoria compacts and of develop-
ment of tests for estimating the attrition of the pellets under simulated reactor
conditions.

In one proposed 400-Mw breeder reactor (Sec. 6.2), the blanket would con-
tain approximately 27 wmetric tons of thoria pellets. If the pellets were attrit-
ed at the rate of 0.0004 wt %/hr as a result of periodic agitation of the beds,
thermal ratcheting, ete., approximately 100 g/hr of fine material would result.
Ir pellets are moved only a few times during the course of their exposure, losses
due to pellel attrition incident to movement from one reactor region to ancther
are probably momentarily higher but are much less frequent. Such movement uay
involve fluidization, Jet-pumping, or other schemes.

The size distribution and chemical behavior of the degradation products are
of considerable interest in studying thelr disposition. While in the reactor
system, the nature, extent, and locality of their accumulation will be important,
potentially involving hot spots, reduced heat transfer, maintenance problews,
etc. Removal procedures are also of interest, both to avoid the above problems
and because of potential processing advantages.

Efforts during the past quarter have been concerned with the development of
tests appropriate for the characterization of pellet preparations, and the exai-
ination of experimental preparations from ssveral sources. Approximately 50
experimental pellet preparations have been tested. The majority of the prepara-
tions were fabricated in the Chemical Technology Division. Several samples were
also prepared by the Ceramics Group of the Metallurgy Division. Five samples
obtained at various times were from outside vendors: two from Davison Chemical
Company, two from the American Lava Corporation, and one from Norton Company.
The experimental pellets, which were calecined in the range 1000 to 1750°C,
included 0,2-in.-dia spheres and right cylinders and cylinders with hemispherical
ends, approximately 0.2 in. diameter by 0.2 in, in length. Details of pellet
fabrication are discussed in Sec. 15.1.)1. Major fabrication variables included
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pellet density. calcination temperature, initial thoria calcination temperature
and particle size, additives (CaO, A1205), pressing pressures, die lubricants,
and binders.

A summary of major preparation variables and results of the evaluation tests
is presented in Table 14.1.

14.2.2 Test Methods

Farly preparations usually consisted of one to five pellets, which were
exposed in static autoclave tests of 17 to 350 hr duration in pure water at
260°C. This test served to reveal susceptibility to leaching effects. The
effect on the preparations was evaluated from weight changes, dimensional changes,
differences in general appearance as observed with an optical microscope and by
chemical analysis of the supernatant liquid for leachable additives originally
in the samples.

When 25 or more pellets were available, 2 portion of them was also subjected
to 2h~hr rocking-autoclave tests in 260°C water, using the same postrun examina-
tions. The 2.5-liter autoclave was rocked =&0° at 38 cycles/win. Rocking-
autoclave tests served to inidicate susceptibility to attrition due to pellet
agitation as well as leaching in high-temperature water. Low values on this test
would be expected to imply satisfactory handling gualities for reactor exposure.

Sufficient quantities of two preparations were available for exposure in
10CA loop tests conducted at 260°C using DoO and nitrogen overpressure. Pellets
wvere contained in cylindrical holders 1 in. in inside diameter, which were
inserted in the test loop as packed static beds placed in a horizontal position
or as free-moving [luidized "pulsating beds placed in a vertical position.
Superficial velocities through the beds were 2 and 0.2 fps, respectively. Peri-
odic samples were withdrawn from the test loop and subwmitted for chemical anal-
yses. Quality of the pellets was determined as noted above.

As preparation techniques improved and higher quality pellets were wade,
autoclave tests alone were not sufficient to distinguish slight differences
between small lots of pellet preparaticns. Therefore an accelerated test using
the spouted-bed2 technigue was employed. The method consisted of consecutive
1-hr exposures at room temperature using 10 pellets in a bed when the super-
ficial liquid velocity was 0.2 fps and the jet velocity was 24 fps. Ouality of
the pellets wac determined after each l-hr exposure by measuring weight loss and
dimensional changes and by microscopic examination.

Fluidized~bed and ball-mill tests at room temperature were run in ons case
where sufficient pellets were avallable. In the fluidized-bed test, 1500 pellets
(44 g), which formed an 8-in. settled bed in a 2-in. Pyrex pipe, were fluidized
at 0.7 f'ps superficial velocity resulting in a bed expansion of 40 to 50%. Four
successive 2-hr tests were made.

In the ball-mill test, 10 pellets and 250 ml of HoO were placed in a 3.75-
in.-dia (50-ml rubber-lined ball mill rotated at 155 rpm, for eight successive
1-hr exposures. Particle size of attrited material from this test corresponded
to the size of thoria-powder particles used in the preparation of the pellets.

1.1.35 Pellet Quality

Weight-loss rates ranged widely in static autoclave tests, from 0.2%/hr to
0.000l%/hr, as preparation procedures advanced {Table 1.1). A few preparations



Table 1i.1. Preparation Varizbles and Atirition Rate of Experimental Thorla Pellets

srase A iti [
Additives, Pinal Density A lo. of Aéztfib& tgg6§i°n fate gvt ﬁ/§r; -
Original Treatment Calcin. (Hg Immersion) g- Shape Preps. — d,o” AVE, . nguﬁic S
(wt %) emp. {OC) (g/cc Meth. - rested Static, Rocking, 25-C,
A ~Emp / B/== e 17350 e 24 hr 2 ar
None - 1750 5.0-9.6 P Cylinder 24 0.0001-0.03 0.02-2 2-4
None - 1750 9.0 P Cyl-hemisph 5 0.0001-0.0005 0.7 5
None 1450 5.0 P¥  Sphere 1 0.2 - 50
lone Th{ OE)), sol 1200 5.6 P¥  Sphere 1 - - 25
None Th(I05)y soin 1200 - ¥  Sphere 1 - - 17
None - 1750 6.0 ¥ Sphere 1 0.00% - 10
lione Th{ OH)), sol 1750 6.7 P* Sphere 1 - - 3
None Th{ N0z} sola 1750 6.6 P¥ Sphere i - - 5
Nore AlOH(Boj)g soln 1750 T.b P¥  Sphere 1 - - 1
0.25-0.5 Ca0 - 1750 8.8-9.7 P Cylinder 7 0.0001-0.02 0.09-0.7 2-5
0.5 Alg05 - 1750 G.7 P Cyl-hemisph L - 0.08-1.3 0.6-3
3. 3-5 B15054 - 1750 7.8-8.9 P Cylinder 6  0.0001-0.0003 0.05-0.12 1.4-3
0.2 Cad + 0. AlDy - - (BM) Sphere 1 - - 0.9
0.25 Ca0 + 0.5 A0 1750 8.9 P Cylinder 1 0.0001 0.2 -
0.5 a0 + 5.0 Alp05 1750 8.3 P Cylinder 1 0.0008 - 3

ssed in spherical die by Davison Co.

©¥ - or
- pellets apparently finished by ball miliing, Norton Co.

€6
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displayed weight gains. Materials which displayed weignht losses g:
0.000j%/hr generally had failed due to spalling, leach-out of additives, or par-
tial or complete disintegration. Of 47 batches tested, 31 showed weight losses
below 0.000j%/hr. Pellets which gained welght during exposure were usually dis-
colored, and scme suffered dimensional changes. Such changes appeared to be the
result of high-temperature water reactions with additives {(e.g., Ca0) or impuri-
ties present in the pellets as a result of fabricaticn variables.

Attrition rates in rocking-autoclave tests at 260°¢ ranged from 0.05 to
1.7%/hr based on 2b-hr weight-loss data. OFf 12 preparations tesved, 5 displayed
rates less than 0.1%/hr.

The spouted-bed test was a rapid screening test indicating susceptibility
to attrition due to agitation. Rates ranged from 30%/hr to 0.3%/hr, after various
exposure times on various preparations. Of 12 preparations tested, half displayed
rates of l%/hr or less. After ten consecutive l~hr exposures, attrition rates
wvere frequently a factor of 3 to I lower than the initial 1-hr rate, but subse-
guently appeared to become relatively steady in value. This was attributed to
pellet surfaces becoming rounded and smoother.

A few preparations were carried through 25 or more consecutive 1l-hr tests.
Data from these are shown in Fig. 1k.1 in which the logarithu of weight (as
percentage of original) is plotted against time. Linearity after the [irst few
hours implies a constant-percentage weight-luss rate. A number of characteriza-
tion tests of a recent preparation (batch P-39) were made. The material consisted
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Fig. 14.1. Pellet Weight Loss in Extended Tests in Spouted Bed.
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of 0.2-in. cylinders with hemispherical ends, prepared from pure thoria with the
addition of 5% aluminum stearate (eguivalent to 0.5% AloO: in the pellet) as lub-
ricant. After pressing, the material was fired at 1750°C to a density (Hg immer-
sion) of 9.7. Results by various test procedures were:

Static autoclave, 260°C
Rocking autoclave, 260°C
Fluidized bed, 25°C
Ball mill, 25°C
Spouted bed, 25°C

(see Fig. 1k4.1)

.0005-.0012%/hr
.2%/hr

.2-0.1%/hr
L5-1.1%/hr

4-3%/hr (first hr)

o

.8%/hr (steady)

D H g =io

The effects of pellet shape were of interest, as both techniques of manu-
facture and handling gualities were involved. Initlal preparations were cylin-
ders varying in size from 0.1 to 0.2 in. in height and diameter. Iater compacts
had been fabricated as cylinders with hemispherical ends. Two preparations were
nearly spherical in shape. Right cylinders and modified cylindrical shapes were
fabricated by conventional pressing technigues using an appropriately shaped die
and ejecting plunger. A nuuber of the preparations contained pressing defects.
Early batches of cylinders were laminated (see Fig. 14.2). These pellets failed
generally along planes of lamination, and some chipping and spalling were
observed. This batch was used in the first loop test.

Some cylinders with hemispherical ends had stress planes along the bound-
aries between the cylindrical body and domed ends. Localized erosion occurred
in these areas as shown in Fig. 14.5. Several preparations which appeared satis-
factory by macroexamination were found to contain numerous pores and micro-
cracks (Fig. 14.4) when they were mounted and polished using conventional
metallurgical techniques. High weight losses occurred with such preparations
during exposures in both static- and rocking-autoclave tests.

Pellet density appeared to be a factor with pellets of lower density. The
series (given in Table 14.1) in which pellets of density 5.0 were treated with
Th(OH)y sol, Th(NO.)),, or AlOH(NO5)2, and recalcined, resulted in pellets of
varied density up To (.4. The attrition rate diminished exponentially in this
series from %0%/hr to 1¢/hr.

UNCLASSIFIED
PHOTO 48977
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Fig. 14.2. Photograph of P-12 ThO, Pellets Showing Laminations Resulting from |mproper Pressing
Conditions.
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UNCLASSIFIED
PHOTO 4354

NEW PELLETS

“ 2

FROM ROCKING AUTOCLAVE

Fig. 14.3. Photograph of P-37 Pellets Showing Areas of Localized Attrition as a Result of Stress
Planes.

With other preparations prepared in dilfferent ways, in which the pellets
were of higher density, from about © to 9.7, no strong correlation of attritior
rate with density was evident.

14.1.4 Loop Tests

A 100A pump-loop test was carried out on the pellets shown in Fig. 14.2,
which were exposed in randomly packed, static, horizontal beds at DEO super-
ficial velocities of 2 and 0.06 fps. In the 350-hr test, attrition rates
averaged 0.006 and 0.00&%/br, respectively. Of the material lost as fines, 53
and 54%, respectively, remained in the beds. The remainder was deposited in
quiescent areas of the main loop. Only trace amounts of thorium were detected
in the circulating DoO. During exposure, laminations in the compacts were en-
larged. One per cent of the pellets disintegrated. These pellets had shown
weight-loss rates at 260°C in static and in rocking autoclaves, respectively,
of 0.002 and 1.7%/hr.

A second loop test was made with 0.1-in. cylindrical pellets (American Lava
Corp.) which contained 0.5 wt % CaO as additive. These pellets had been pre-
pared a number of years ago. Static autoclave Lests at 260°C on single pellets
gave weight-loss rates which ranged between 0.0002 and 0.024/hr. Two consecutive
2l-hr roching-autoclave tests pave attrition rates which averaged 0.7%/ar.

For the loop test, pellets were exposed in a horizontal, packed bed as
described for the previous test and in a vertical column in which the pellets
were fluidized. With uniform cylindrical pellets, under geometries such as that
of the experiment, a pulsating action may develop in fluidized beds. This eifec
was observed in the present experiment. The superficial veloecity through the

t
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horizontal bed was 1.3 fps, and a velocity of 0.2 fps was maintained through the
pulsating fluidized bed. A television x-ray unit was used periodically to
observe that there was constant movement of the pellets in the vertical bed.

During the 288-hr test at 260°C, the attrition rate in the horizontal bed
was 0.008%/hr. In the pulsating bed the rate was 0.0E%/hr. Seventy-seven per
cent of the material lost from cylinders in the horizontal bed remained as fines
within the bed. No fines remained in the pulsating bed.

Approximately % of the calcium was leached from the pellets. Although a
total of 26 g of ThOp and 0.2 g of Ca were released from the beds, only trace
quantities (see Fig. 14.5) of the materials were detected in the circulating
Do0. The bulk of the atirition products was deposited in the loop piping. The
material was recovered by a circulating rinse of the loop using 5% nitric acid
at 200°C.

UNCLASSIFIED
ORNL-LR-DWG 48856

mg/kg DO

CIRCULATION TIME (hr)

Fig. 14.5. Concentration of Thorium and Calcium in Circulating D,0 During 100A Loop Test with ThO,
Pellets Containing 0.5% CaO. '

1h.2 IN-PILE AUTOCIAVE SLURRY CORROSION STUDIES
14.2.1 Introduction

The Zircaloy-2 autoclave slurry corrosion experiment discussed below
resulted in achieving the highest fission power density yet developed in slurry
systems, estimated to be 20 w/ml. During the short in-pile period, corrosion was
slight and catalytic recombination satisfactory. However, the experiment was ter-
wminated earlier than planned because slurry plugging of the 20-mil-ID capillary
connecting tubing prevented obtaining further sensitive pressure readings. The
thoria - 8% enriched-urania slurry had given out-of-pile evidence of a tendency
to form deposits, and there was some evidence of similar behavior in-pile.

Interest in the hydriding of Zircaloy-2 prompted the examination of in-pile
autoclave corrosion specimens exposed in various experiments to radiolytic gas
and oxygen or deuterium atmospheres.
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14.2.2 Exposure of In-Pile Experiment L5%-1525

Operation.--In-pile Zircaloy-2 autoclave experiment L5Z-1525 was loaded with
thoria~urania slurry at a concentration of 1080 g Th per kg of D0, with 7.9 wt %
enriched uranium with respect to thorium, and 0.0006 m Pd added as a recombination
catalyst. At an assumed flux in LITR beam hole HB-5 of 1 x 1015 neutrons/cm?- sec,
the fission power density in the autoclave in the fully inserted position was
20 w/ml at 280°C. The experiment was cperated at 280°C out-of-pile for 673 hr,
and in-pile for 65 hr, of which 42 hr was irradiation time.

A &0-psi overshoot during the initial heatup out-of-pile to 200°C led to
examination of the location of the slurry in the autoclave at temperature by
gamma-ray radiograpny. This revealed that a tenacious slurry plug was [lormed in
the lower end of the autoclave when it was heated up to 280°C in one step with-
out rocking. It was further shown that the slurry remained suspended when the
autoclave was heated in 30°C steps, each followed by 5 min of rocking (36 cycles/
min rather than 19).

After insertion into LITR beam hole HB-5, the autoclave wag irradiated 17 hr
(overnight) in the fully retracted position {flux, 3% of 1 x 1012 neutrons/cn?-sec)
before being moved into the fully inserted position. After 5 hr of smocoth opera-
tion in this position, the temperature indication of the internal theruocouple
rose from 280 to almost jOOOC, and the experiment was retracted. A deposition
of thoria - enriched~urania slurry around the thermowell was suspected. The
following day, during a reactor shutdown, the autoclave was cooled to 25°C; and
slow response of the Baldwin pressure cell to the pressure changess involved
implied a partial plug in the 20-mil-ID capillary connecting tubing. A briefl
insertion at 280°C, during subsequent reactor operation, to a flux of 15% of
fully inserted flux confirmed this, although no unusual temperature effects asso-
ciated with the thermowell were observed. The experiment was terminated after
pressure readings were obtained at 25°C.

Catalyst Performance.--From two of the three step~wise insertion experiments,
total radiolytic-gas pressures of 220 and 1L0O psi in the fully inserted position
were estimated. Based on a fission power density of 20 w/ml, catalyst perform~
ance indices of 14 and 21 w/ml per 100 osi Do, respectively, resulted. The dis-
parity of the two values might be a result of wide temperature osecillations
that the autoclave experilenced on insertion due to the large shifts in load of
the heater-cooler.

Postrun Observations.--When the autoclave was dismantled, no loss of DsO
from the auvtoclave during the high-tewperature operation was indicated by slurry
samples recovered. Alsc, no significant deposits of slurry were observed around
the thermowell of the autoclave, although 2 deposition of slurry had been sug-
gested by the rapid rise in temperature of the internal thermocouple during the
fully inserted irradiation. However, a light, chalky coating of slurry was
observed on the weld at the base of the thermowell, which extended approximately
one~-fourth the length of the thermowell down [{rom the weld region, indicating that
deposition of slurry around the thermowell may have been an ephemeral occurrence.

14.2.3 Corrosion in Experiment L5Z-15298

Time and Radiation Effect on Generallzed Corrosion.--Generalized corrosion
in Zirealoy-2 autoclave experiment LbZ-1525 was followed in the usual way from the
decrease in oxygen pressure as determined from gas measurement during reactor
shutdowns at 25°C (refs 3 and &), and the results from this experiment sre pre-
sented in Fig. 14.6. During the initial 25 hr of pre-irradiation operation, a
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Fig- 14.6. Radiation Corrosion of Zircaloy-2 Autoclave by Thoria-Urania Slurry.

fairly rapid decrease in oxygen pregssure . cquivalent to a corrosion of 194 in,

was observed. This initial consumption oi oxygen may have been due, in part, to
an oxidaticn of uranium in the slurry. Therealter, the corrosion appeared tc be
linear with time, with the average corrosion rate observed being O.4 mpy. No
appreciable response to irradiasation during the short in-piie period was indicated.

Coupon Corrosion Specimens.--The corrosion results ol coupons, determined
by weight lost, lo experiment L57-1525 are presented in Table 1k.2. The Zircaloy-2
specimens lost welght in the experiment, and corrosion rates were calculated Trom
the loss witnout correction for zirconium oxide rermaining on the specimen. Con-
sequently, the values given represent a ninimum estimate of attack, and the truec
corrosion was undoubtedly greater. Gains in weight are usually experienced with
Zircaloy-2, and attack is calculated by attributing such gains to the formation
of oxide corrosion product.

14.2.4  Hydrogen Pickup in Zircaloy-2 Specimens [row Frevious Experiments

Results of hydrogen pickup by “4ircaloy-2 corrosicn pin specimens exposed
at 200°C in Zircaloy-2 auboclaves containing thoria or thcria-urania are pre-
sented in Table 1.5, With the exception of control experiment Y&Z%-1265, the
experiments were irradiatec in the HB-6 facility of the LITR. No significan

2

G
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Table 14.2. Radiation Corrosion of Coupon Specimens
in Zircalcy-2 Autoclave Experiment L5Z-1525

Temperature, °C 280
Concentration of slurry, g Th per kg DoO 1080
Wt. % enriched U, with respect to Th 7.9
Concentration of catalyst, m of Pd 0.0006
Atmosphere Excess Op
Type of autoclave Zr~2
fours at temperature out-of-pile 673
Total hours at temperature 738
Hours irradiated 42
Effective fraction of full irradiation

time, fully inserted flux 0.151
Assumed flux, neutrons/cmg-sec

(in the fully inserted position) 1 x 1013
Maximum power density, w/ml, at 280°C 20
Average power density while irradiated, w/ml, at 280°¢ 3

Autoclave generalized corrosion,® § in.
Out~of-pile 51
Total 5l

Coupon~specimen corrosion, B in.
(Based on weight loss)

Zircaloy-2P 15, 17
Type W7 58 28
Titaniuwm-75A 20

4Based on oxygen measurementbs.
YIn a number of experiments Zircaloy-2 has been observed to gain in weigh
be

result of in-pile exposure. Conseguently, the above Zircaloy-2 figures
sent the least amount of corrosion that could have occurred.

change in pickup of hydrogen by the pin speclmens as a result of in-pile expo-
sure or atmosphere 1s noted, but exposure to high-temperature water quite gener-
ally resulted in a2 small uptake (20 to 110 ppm).

1.3 IN-PILE SLURRY LOOP

14.3.1 Intryoduction

Test results obtained Trom operatiocan of a prototype 5-gpm in-pile loop
indicate that the loop is now capable of circulating thorium oxide slurries at
temperatures at least to 280°¢. During the past report period the loop core
section was replaced with a coiled-pipe core design which eliminated slurry
deposition of thoria previously observed in the core region. A slurry sampling
system which will allow samples of the slurry to be removed from the loop during
in-pile operation was designed and satbisfactorily tested in a mockup facility.

Operation of the loop with a thorium oxide slurry containing 1/2 wt %

enriched uranium, which is the material propused for use in-pile, and measure-
ments of the reccmbination kinetics and stability of a palladium catalyst during



Table IL.5.

Hydrogen Pickup In Zircaloy-2 Autoclaves

. Eydrogen
I Mot O . - - . Hur
Thorium Uranium i jr?' Hrs. Avg. Fis, Power fO°al orr Z? e %r € Spec Alter .Vgrogen
Expt. {2/ke Dn0) {a/ke D.0) Atmos. 2t Trrad Density (w/ml) Based on Gas  Spee. Item Corr. Exposure Pickup
VEIRE P20 Re/ke Do Temp. e AsLLy A/ Meas. {uin.) No. No. {ain.) xposuy {ppom)®
\ ppm;
L6z-1228 990 5 O 07 765 0.6 105 L 1212 35 120 €0
M 1012 Ly 150 70
L6Z-1255 950 5 Dy 1052 10kL 0.5 62 1212 116 160 100
M 1212 gub 120 &0
L67~1266 ko 50 B 31 ko 1.8 53 L 1212 55 130 70
i 1212 4ob 170 110
16Z-2275 L00 20 0p 1122 (52 0.4 100 M. 12150 10k 150 Lo
M 12150 30 140 30
¥67-1203 110 20 0p 1143 0 0 353 My 12150 5¢ 160 50
Mp 12155 0¢ 1%0 20
L67,-1298 1090 Sk O, 1660 1260 5.2 175 5o 12156 14sP 210 30

g

aHydrogen content expressed as ppm H with no distincticnr between H and D atom

Un-defilmed specimen.
“Specimen corrosion based on weight loss herve;

S

all others based on weight gain.
&

col
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this run indicate that the loop is satisfactory for in-pile operation with this
slurry.

Based on these test results as well as more than 4000 hr out-cf-pile loop
operation which have been accumulated during the in-pile slurry loop development
program, an in-pile loop has been fabricated and is now being tested out~of-pile.

1k.3.2 Slurry Circulation

Following run 4, previously reported,5 the velocity in the core section was
increased from 4 to 6 Tps by incorporating a coiled-pipe core section {described
below) in the loop. For run 5 the thoria used was of the same batch as for run
4 (DT-18 with 1/2 wt % uranium) except it was refired to 1500°C {from 1225°C) in
an attempt to reduce or eliminate the particle-size degradation which occurred
during pumping in runs 3 and 4, However, during run 5 the refired DT-18 thoria
underwent even more degradation than the slurry previously tested. The mean
particle size had decreased from 1.7 to 0.561 after 630 hr of operation at 280°C,
with slurry concentrations ranging from W50 to 900 g of Th per kg of Dy0.  How-
ever, during run 5 no thoria deposition occurred in the core section as previously
observed,6 and the circulating-slurry concentration as determined from samples
removed from the loop was in good agrecement with that calculated from the thoria
inventory. Run 5 was terminated after 870 hr because of pump overheating.

The pump was replaced, and for run 6 the loop was charged with thorium oxide,
batch DT-22, containing 1/2 wt % enriched uranium, which is the material proposed
for use in the first in-pile loop experiment. After 700 hr of circulation at
2809C, this thoria has undergone much less varticle-size degradation than other
slurries previously tested in this loop. The mean particle size has decreased
from 1.9 to 1.6p . The activity of the palladium recombination catalyst has also
remained more stable than in other runs, as discussed in Sec. 14.3.10.

The loop was initially charged with sufficient slurry to give a circulating
concentration of 1400 g of Th per kg of D505 slurry samples removed during the
run, which are replaced with Dp0O. have reduced this to 700 g of Th per kg of D0.
Analyses of these samples indicate that 2ll thoria in the loop is in circulation.
Periodiec radiographic examination of the core section shows that there is no
thoria deposited there.

1h.5.3 Core Section

The core section which had been used through run 4 is similar to that of
the ORR in-pile solution loop.! This core geometry and flow rate (2 to 4 fps)
allowved settling and resultant loss of thoria from the circulating stream.

Following run 4. the core was replaced with one fabricated from 1/2—1n.
sched-40 pipe as shown in Fig. 1k.7. This type of core was designed to improve
core geometry for fluid flow and to increase the flow velocity to~ &6 f£ps to
prevent slurry settling. The particular configuration used was the result of
several considerations: (1) to provide sufficient volume (500 cc) to expose an
appreciable fraction (35%) of the slurry to maximum neutron flux, (2) to provide
space for corrosion test specimens, and (3) to fit within the dimensions of the
existing loop-container Jacket.

A mockup of the coiled-pipe core section was installed In the prototype
loog prior to run 5, and no deposition of slurry in this core has occurred in
more than 1500 hr of slurry operation.
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Fig. 14.7. Coiled-Pipe Core for the In-Pile Slurry Loop.

14.5.4 Corrosion Test Specimens

Corrosion test specimens of Zirecaloy-2, type 347 stainless steel, titanium
45A, and titanium 110AT are incorporated in the coiled-pipe core section. These
specimens are in the form of flat plate coupons 5/8 in. x 1/4 in. x 1/16 in.
thick, and eight test coupons are located in each of the six holders (a total
of 4& specimens).

The coupons Torm a continuous septum through the center flow channel of
each holder, and holders with flow velocities of 22 and & fps are located in the
high- and low-flux regions of the core and in the pump discharge line in order
to obtain information on the effect of reactor irradiation on corrosion by
thorium oxide slurry.

14.%.5 Circulating Pumwp

The 5-gpm canned-rotor pump used in the in-pile slurry loop is cquipped

P =
with aluminum oxide bearings and Jjournal bushings and is identical to the pump
used in the in-pile uranyl sulfate solution loops.ﬂ After 35500 hr of operation
in the prototype slurry loop, the pump was removed because of excessive tempera-
ture and noisy operation. Inspection revealed that the bearings and journal
bushings were worn. Considering that a portion ol the pump operation was without
bearing purge, which allowed thoria to enter the bearing region, the pump per-
formance was excellent, and a 5500-hr operating life is considered more than
adequate for a first in-pile loop experiment. Visual examination of the pump
impeller and impeller housing revealed no excessive ccrrosion or erosion.
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14.3.6 Slurry Filter

The sintered-metal filter of 8-4 mean pore diameter used to provide thoria-
free filtrate for the pressurizer feed and pump purge continues to perform satis-
factorily after more than 4200 hr of operation with thorium oxide slurries at
concentrations to 1400 g of Th per kg of Ds0 and at temperatures to 280°¢C.

1k.5.7 Over-All Loop Corrosion

Over-all loop corrosion rates for runs 4. S, and 6 in the prototype in-pile
loop, L-2-26S, have been low. More than 2100 hr of slurry operation was accumu-
lated in these three runs. All runs were at a loop temperature of 280°C, in an
oxygen atmosphere, at a flow rate of ~8 fps in the main loop stream, and with
thoria concentrations of from 450 to 1400 g of Th per kg of Do0. Stainless steel
corrosion was calculated from analyses of chromium content of the slurry and
from oxygen consumed, and the following over-all loop stainless steel corrosion
rates (based on the superficial loop area contacted by circulating slurry) vere
obtained. The low corrosion rate was qualitatively confirmed by visual inspec-
tion of the pump impeller and housing following run 5.

Thoria Corrosion Rate (mpy)
Run Concentration Time Chromium Oxygen
Number Lg Th/kg Dn0) (hr) in Slurry Consumed
I 550-800 1500 0.5 0.4
5 450-900 870 0.6 0.7
6 700-1400 700 0.1 0.%

14.3.8 Sampling System

A sampling system designed to remove slurry samples from the loop while
operating in-pile has been fabricated and tested in conjunction with out-of-pile
operation of loop L-2-268. This system consists of a sample tank interconnected
with the loop through valves and capillary tubing. The sampler is capable of
removing 15-ml samples of slurry from the loop main stream. The quantity removed
is replaced with DpO in order to maintain a constant DoO inventory in the loop.

The sampling system has performed quite satisfactorily in removing 21 slurry
samples from loop L-2-26S, and the thoria concentration of these samples has not
deviated more than 10% Trom that calculated from the loop inventory of thoria
and DpO. There has been no incidence of plugging of any of the sampler valves
or lines to date.

14.5.9 In-Pile Slurry-Loop Package

The first slurry loop, 1L-2-27S, scheduled for in-pile operation has been
fabricated and is now undergoing out-of-pile tests. The loop is designed for
operation to 300°C and 2000 psila; it contains an ORNL 5-gpm canned-rotor pump
with aluminum oxide bearings and journal bushings, a type 347 stainless steel
sintered-metal {ilter, a coiled~pipe core section (Fig. 14.7), pressurizer, and
a heater. PFigure 14.8 is a drawing of the loop, which alsc shows the loop-
container Jjackel and beam-hole liner. The sintered-metal {ilter provides a
thoria~free filtrate which is used as a pressurizer feed stream and a pump-
bearing purge.
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The loop contains corrosion test specimens of Zircaloy-2, type 347 stain-
less steel, titenium 45 A, and titanium 110AT in the core and in the pump dis-
charge line. For the pump output of 5.5 gpm, the slurry flow rates in the loop
are: loop piping, 9 fps; core, 5.8 fps; corrosion specimen holders, 8 and 22 fps.

1b.3.10 Catalysis Studies

The study of the activity and stability of palladium catalysts for the
recombination of radiolytic gas in an in-pile slurry loop continued in a series
of tests made with each of three different slurry preparations. Thess were
performed in conjunction with the out-of-pile development runs in the prototype
loop.

The first series of tests, in loop run L-2-268-%, made with a slurry pre~
pared from batch DT-18 thoria - 0.5% urania (12500C-calecined), have been de
cribedi® previously in part. Additional data are presented here in graphlcal
form, together with data from runs involving two additional thoria-urania prep-
arations: bateh DI-18, refired at 1500°C, used in loop run I-2-26-5; and batch
DT-22, used in loop run L-2-26-6, which was prepared in a manner identical to
Dr-18,; fired at 1250°C, but containing highly enriched uranium. Batch DT-22 is
to be used in the actual in-pile test.

The prooedurml] for measuring the catalytic activity consisted of the rapid
injection of a guantity of Dn gas 1nto the pressurizer vapor space while the loop
operated with oxygenated slurry at 280° C, Tollowed by observation of the rate and
wanner of pressure decay.

The gross recombination rate varied with the catalyst loading. To correct
for variations in palladium concentraticn during the course of a run, due to
sampling of the constant-volume system, the behavior of the catalyst waz expressed
as specific catalytic activity. Specific catalytic activity was defined as the
rate of recombination in moles of Do per hour, at 100 psi partial pressure of
Dy, per gram of palladium in the loop. This is a good unit for describing the
effect on in~pile radiolytic-gas equilibrium pressure, since as solids are
removed from the loop, gas generation and recombination will vary in the same
proportion.

The catalyst activity varied with palladium circulation time, Deia for the
various runs are plotted in Fig. 14.9. It may be seen that a general decline
in catalyst activity occurred as cireulation was continued. This was most rapid
in run L-2-268-5 using the 1500°C-calcined thoria. It is perhaps significant
that this run alsc showed rapid degradation in particle size (see Sec. 1h.3.2).
Batch DT-22, to be used in-pile, showed in run L-2-268-6 the highest stability
of all, requiring over 600 hr to lose half its activity. The radiolytic-gas
generation rate for the in-pile experiment was estimatedl? as 0.06 to 0.08 moles
of Do per hour. It has been concluded that sufficient activity may be achieved
and maintained by the palladium catalyst to permit the in-pile experiment to be
operated without requiring unduly frequent supplemental additions of catalyst.
About 1 g of palladium will be loaded initially.
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15. THORIUM OXIDE PREPARATION

0. C. Dean P. A. Haas
C. C. Haws A. T. Kleinsteuber
K. 0. Johunsson J. W. Snider

15.1  PREPARATION OF THORIUM OXIDE PELLELS

For the pebble-bed blanket, thoria spheres 0.20 to 0.25 in. in diameter and
of sufficient strength to resist attrition under reactor conditions are required.
Varicus oxalate powders, binders and lubricants, granulation and pressing tech-
nigques, and firing temperatures were investigated for making small batches of
rounded thoria pellets that would meet the above requirements. Alwninum or tho-
rium nitrate sdditives were developed for strenthening and densifying weak
pellets of low density.

15.1.1 Preparation of Thoria Spheres for the Pebble Blanketl

Five-kilogram batches of pellets are desired for initial feasibility
studies. A tentative spouting-bed test to determine resistance to attrition
has been established (Sec. 14.1). After exposure of ten test pellets in this
test apparatus for 2 to 5 hr, a somewhat uniform hourly weight loss is estab-
lished. 7o be of interest, pellets should uniformly lose less than 1%, and
preferably less than 0.5% off their original weight.

By use of a variety of powders, granmulation procedures, binders, lubricants,
Forming pressures in the Stokes model I automatic press, and final firiung tem-
peratures, abeocut 20 preparations were made from oxalote-precipitated thoria
powders. Oanly three of these batches had sufficiently high resistance to attri-~
tion in the spouting bed to be of interest for further testing: preparations
P-35, P-36 and P-39 (see Table 15.1). The properties of powders used in pellet
preparation are shown in Table 15.2.

The best ceramic powder used was L0O-33 P-1, precipitated under oxalate-
deficient conditions at 70°C, digested 1 hr, and washed three times on the
Tilter with deionized water at 70°C. The oxalate was calcined by increasing
the temperature to 180°C for 1.5 hr, to 330°C for 0.5 hr, and then Lo 300°C for
1 hr. Powder LO-38 P-2 was precipitated and washed by the same procedure but
was fired at 800°C for & hr instead of 1 hr. Pellets formed from this powder
had markedly less green strength and less resistance to abtrition when fired
than those made from [0-33 P-l. A blend of P-1 and P-2 powders was less satis-
factory then the P-1 alone. The blend of well-crystallized powders (%0% DI-3%
and TO% WI-73) was almost as satisTactory as the LO-3%3 P-1 when fired to 1000°C
For 1 hr prior to pellet fabrication. The blend was significantly superior to
eilthier powder alone.

Wide particle-size distribution, which is a function of firing temperature,
appears ©to be necessary for a good ceramic-grade powder. Powders fired below
BOO“C produced pellets that cracked on firing at 1750°C or were brittle, and
those fired above 1000°C (DP-78-1400) produced poorly sintered powder, leading
Lo & porous product.
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Table 15.1.

Fabricetion Conditions and Properties of Some Thoria Spaere Preparations
Formed from Oxalate-Precipitated Thoria Powders in & Stokes Model © Auto

tic Tablet Press

Pellet Additive Final Spouting Bed
Batch . Binder- to Pellet Firing Density {g/ce) Loss (wt %/ar)
No. Powder Lubricant Before Firing Temp. (°C Pressed As Fired Initial Final
P-35 Blend, 30% DI-83, 70% DT-78, % AL stearate® None 1750 5.82 9.64 2.1 0.43
fired 1000°C, 1 hr {3.4% A1)
P-36 L0-38 p-1 % Al stearate None 1750 4,51 9.67 1.2 0.25
(3.4% A1)
P-39 Blend, 80% 10-38 P-1 and Al stearate None 1750 4.80 9.70 2.9 0.60
20% 10-33 P-2 {3.4% A1)
P-k5 Davison, ceramic grade, PVAC in kero- None 1450 -——— 5.05 3C.2 21.5
800°C-Tired sene
P46 Davison, ceramic grade, PVA in kero- None 1750 -——— 6.01 10.6 6.4
800°C~fired sene
P-i8 Davison, ceramic grade, PVA in kero- Diban® 1750 ———— 742 1.2 0.83
80C°C-fired sene
r-Lg Davison, ceramic grade, PVA in kero- Thoria sol® 1200 ——— 5.61 25.5 24,3
800°C~fired sene
P-50 Davison, ceramic grade, PVA in kero- Thoria sol 1750 - 6.74 3.5 1.8
800°C-fired sene
P-51 Devison, ceramic grade, PVA in kero- 2 M Th{l05)4 1200 ———- 5.48 i8 15.7
§00°C-fived sene
P-52 Davison, ceramic grade, PVA in kero- 2 M Th(¥0=)a 1750 —.———— 6.62 6.6 3.5

800°C-fired

sene

83ee Table 15.2 for properties of powder.

b . . . A . - . . R "
Aluminum stearate prepsred by the reaction of aluminum chloride with 100% excess stearic acid

c PESUNETS
Polyvinyl aicohol.

d'Dibasic aluminum niltrate solution, 5 M aluminum NO;/Al ratio = L1l.2.

“Ammonia-neutralized to NHs/Th = 3/1; 1.7 M thorium.

in isopropyl alcohol, followed by water precipitation and washing to remove HCL.
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Table 15.2. Properties of Thorium Oxide Powders Used in
Preparation of Thoxrila Pellets

Size
Firing Surface Crystal- Average Percentage Distri-
Powder Temp. Time Agea lite Size Particle of Particles bution
No. (°c)  (nr) (n°/g) &) size (n) >10 u (o)
8% 650 4 24,9 132 0.9 0.08 1.36
Dr-78-650 650 I 21.5 135 6.3 364 1.28
D -78~1400 1400 I3 0.69 2500 7.9 10 1.31
T0-%3 P-1 800 b 21.2 146 7.0 20 ~0.5
1L0-38 P-2 800 b 16.9 196 7.2 39 ~2.5

Relic weakness appears to be important because it sets the limits of pres-
siog pressures usable. The [0-3%8 P-1 powder had relatively weak relics which
broke down al pressures greater bthan 8000 psi and permitted close packing for
good sintering conditions. It was probably aearly ideal for the production of
cylindrical pellets, where pressing pressures were uniform over the cross
section of the punch faces. When pressing pressures were not uniform, as with
the formation of spherical pellets, or were higher than 1200 psi, planes of
slip developed which led to formation of laminar cracks. The cracks in spheri-
cal pellets invariably appeared at the junction of the hemisphere with the
eylindrical section. When higher-strength powders were pressed (P-35, Table
15,1), greater pressures were required to form strong green pellets. A blend
of strong and weak powders (DT-83 with DI-78-1400) showed minimum cracking in
spherical pellets. An abttempt to reproduce 10-38 P-1 powder by complete oxalate
precipitation resulted in a powder with the characteristics of DI-78. It is
thought that nitrate occluded on L0-38 P-1 powder prior to firing was important
in furnishing its special properties.

Granulation of the powder prior to pressing is essential in developing
the good flow properties necessary to uniform filling of the die and uniform
density of the green pellet., The procedure involves applying uniformly a small
vercentage of binder and/or lubricant to the powder, pressing, light giinding,
and sieving. The conventional binders, polyvinyl alecchol (PVA) and. carbovax,
were used with or without kerosene as a die lubricant. Stearic acid, thorium
stearate, and aluminum stearate were also used. Aluminum stearste gave the
best results with powders having weak relic structures. The presence of alumi-
mun appeared to strengthen and vitrify the fired pellets. It is koown that
alumina and thoria form a liquid at 1750°C, which is a likely reason for the
strengthening effect.

The aluminum stearate was prepared by dissolving aluminum chloride and
100% excess of stearic acid in anhydrous isopropyl alcohol and then adding
water to precipitate it. Water~washing removed chloride, and the vacuum-dried
residue was redissolved in isopropyl alccohol for application to the thorisa
powder. Five weight percent aluminum stearate in suffiecient isopropyl aleohol
to wet the whole powder mass was added to the thoria, and the mixture was
thoroughly stirred. The isopropyl alcohol was evaporated under vacuum at 50-
90°C. The powder was pressed at less than 8000 psi and then screened through
a 20 mesh sieve three times. After being rolled for a few minutes, the powder
was ready to press in the Stokes aubtomatic press. The amount of aluminum in
the aluminun stearate was 3.4 wb %, and application of a 5% solution added
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0.17 wt % aluminum to the thorium. Smaller amounts of aluminum stearate were
tried but with less satisfactory results.

In order to find reasons for the existence of preferred planes of weakness
in spherically pressed thoria pellets which led to cracked fired pellets, the
granulation step was studied briefly. Powders that had poor flow properties
produced weak pellets most likely to contain cracks. Bridging would occur,
preventing uniform filling of the die, and the fired pellets had large voids.
When polyvinyl alcohol, stearic acid, or stearate socap binders were used in
gramlation, powders flowed poorly if 20% of the granules were below 80- to
100-mesh U.S. Sieve size.

In an alternative granulation technique, oxalate powders fired to 650°C
were treated with 2 M thorium nitrate solution or 2 ¥ and 16 M nitric acid to
disperse the relies. The resulting sols were dried at 100 to 165°C and ground
lightly. When fired to temperatures above 470°C, hard granules were produced.
This granulated powder was pressed to strong pellets having high densities
(5.8 to 6.6 gf/cc), which then were fired at 1750°C to strong pellets having
densities of 8.3 to 8.5 g/cc. Quantitative data on attrition resistance are
not yet available, but the pellets resisted breskage and chipping in a bottle
shake test. This method of granulation has the advantage of working equally
well for all oxalate powders fired below 800°C.

15.1.2 Davison Thoria Spheres

Five kilograms of thoria spheres were prepared by the Davison Chemical
Company and delivered for evaluation. The pellets were made from a ceramic-
grade thoria prepared from low-temperature-precipitated thorium oxalate wnich
was then fired to 800°C. The powder was granulated with 1% PVA and lubricated
with 0.5% kerosene. The pellets were formed by extremely light pressing in a
Stokes spherical ball-face die modified by Davison and were then fired to 1450°C.
These pellets were chalky and weak (Table 15.1, P-45). When a sample was fired
to 1750°C, the density and strength were greatly improved, but they were still
too weak to be of use for the pebble blanket. Filling the pores of the pellets
under vacuum with thorium nitrate solution or thoria sol or 5 M dibasic azluminum
nitrate {diban) solution followed by drying and refiring to 1750°C increased
both density and attrition resistance. The diban treastment gave the most sig-
nificant improvement (Table 15.1, P-43). Refiring to only 1200°C did not give
a significant improvement for any treatmeni. When the diban trestment was
applied to cracked pellets from the P-39 preparation, some increase in pellet
strength was also noted.

15.1.3 Pellet-firing Studies

Data were obtained on the effects of firing time and temperature on the
density of ThO, pellets. The firings were made in a 2500-w Globar furnace capa-
ble of producing temperatures up to 1500°C. Approximately 600 pellets with 5%
aluminun stearate binder were made for the tests. The green densities of 32
pellets average 4.62 gfec and ranged from %.55 to 4.70 g/cc. Three firings at
1270, 1400, and 1500°C were made in an argon atmosphere. ‘The maximum density
obtained for the 1270°C firing was 8.34 g/cc after 23 hr of firing (¥Fig. 15.1).
Melting of the platinum crucibles during the 1500°C firing may have resulted in
inaccurate data; as the fired pellets were of poor quality. Pellets taken out
at 1¥70°C while bringing the furnace up to temperature had o density of 9.0
g/cc. In 4% more hours of firing, 2 of which were at 1500°C, the density did
not increase.
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15.2 PREPARATION OF THORIUM OXIDE POWDER

Present emphasis is on the preparation of spherical flame-calcined thoria
particles with a mean diameter of 5 to 3 p. After completion of the thoria-
berylliia run,l the entire calcination system was cleaned and the reflector
replaced to eliminate any possible spread of beryllium contamination. A study
of variables affecting particle size has been undertaken,

Since most of the oxide that has been prepared thus far from the drying
and calclning of the alecohol-soluition droplets has had a mesn particle diameter
of 1.0 u, it was assumed that the torches used were producing liquid droplets
of 5 to 10 4 diameter. This estimate was based on the concentration of the
feed solution and the assumption of droplel. Integrity through the firing pro-
cess,  Increasing the size of droplets fed to the combustion zone from 50 p
(containing salt equivalent to a solid of 12 u dia) to 150 u (containing salt
equivalent to 35 n dia) had no significant effect upon product particle size.
Tt is Thought that explosive subdivision of droplets oeccurs within the flame
and that above some critical size the droplets are mechanically unstable in
the flame. Thus, final particle size may only be related to droplet size up
to some critical value.

A reduction of maximum reflector bemperature from 1600 to 900°C doubled
the particle size, from 1.0 p to 2.0 u. Substitution of water For unethanol as
the feed solvent and nitrogen for propanc-oxygen as the abtomizing gas had no
significant effect on particle size.

REFERENCE
L. P. A, Hasas, C. C. Haws, and K. O. Johnsson, MHRP Quar. Prog. Rep. Jan. 31,

;2§9, CRNL~2920, p 119; Chem, Tech. Div, Unit Operations Jan. 1960 Monthly
Rep., ORNL CF-60~1-49.
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14,1 PHYSTCAT, METALLURGY OF ZTRCALOY-2

Resistance nmeasurements were made on Zircaloy-2 at temperatures ranging from
100 to 1050°C during continuous heating and cocling cycles at nominal rates of 2,
5, and 10°C per minute. Measurements were also made at the maxirmum obtainable
rates of heating and cooling, approximately 70SC per minute, at a temperature of
8009C. The resistance of Zircaloy-2 (and thus the resistivity) was unaffected at
any temperature between 200 and 780°C by heating and ccoling vates of 2, 5, or 10%%
per minute. The alpha/alpha-plus-beta temperature was 827 ! 1°C on heating at 2,
5, or 10°C per minute, and somewvhat greater than 830°C at the maximum rate of
heating. The beta/a]pha—plus-beta temperature was approximately 980°C on heating
at all rates, but the change in resistance with temperature at this temperature
is too gradual to pernit a more accurate determination of the phase boundary at
this time. The beta/alpha-pluS-beta temperature determined on cooling was found
to vary too greatly with prior thermal history end with soaking time at 1050°C to
report at the present time. The alpha/alpha~plus»beta terperature found on cool-
ing was strongly affected by the cooling rate, being 785 * 1°¢ for rates of 2 and
59¢ per minute, 781 T 1°C for 10°C per minute, and 760°C * 3°C For the maximum
cooling rate obtainable, approximately 70°C per minute.

Two deviations of the resistance-temperature curve from that expected were
observed. In the temperature range from 250 te L50°C, the resistance-temperature
curve is abruptly about 2% higher than it should be if the curves above and below
this temperature range are extrapolated to meet. The Lemperature limits of this
deviation are shifted by variations in heating and cocling rates, by heating or
cooling, and somewhat by prior thermal history. Also, a2 "bump” in the resistance-
temperature curve occurs in the region of the two-phase Tield (alpha-plus-beta
phases), varying in magnitude, temperature range, and temperature limits with
heating or cooling cycle, heating and cooling rates, and prior thermal history.
Neither observation can be explained by the present knowledge of the physical
metallurgy of Zircaloy-2. It is definitely known that hydrogen 4id not cause
either of the "bumps" observed, for the specimen was vacuum-annealed to a content
of less than 5 ppm Hy.

Calibration resistivity equipment has been built which will permit the
conversion of the resistance-temperature or resistance-time data to resistivity
data so that different specimens, alloys, or heat treatments can be compared on a
relative basis. The calibration egquipment is now being tested.
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16.2 ZIRCONTUM~-ALLOY DEVELOPMENT

Zirconium-base alloys containing niobium and copper have shown promise in
the development of a more corrosion-resistant alloy to replace Zircaloy-2 as the
core-tank material for aqueous homogeneous reactors. The information necessary
for the development of these alloys is being procured by basic physical meballur-
gical studies and in-pile corrosion tests. Considerable data have been cbtained
and reportedl;2 on the beta-quench and recheat transformations.

Transformation kinetics and morphological studies of the Zr-15Nb-1Cu
system have been in progress during the past guarter. Both beta-quench and
reheat and true isothermal transformations are being studied. 1t has been
established that the transformation szquence occurring on reheating the
guenched beta structures is essentially that of the Zr-15Nb binary alloy, but
the shape of the TIT curve so far determined is not similar. Apparently,
appreciably more omega phase is formed in the ternary alloy during the time
required to heat to the aging temperature, causing much higher hardnesses in the
early stage of the transformation sequence. The behavior of the ternary alloy is
similar to that of the parent binary on isothermal transformations at temperatures
at and above L0O0OC, there being no appreciable hardness inecrease on transformation.
The transformation product appears in the microstrueture as a nodule which grows
grain by grain, each grain added transforming to a certain stage of completion
before a neighboring grain starts to transform.

Transformation kineties and morphological studies of binary alloys of the
Zr-Cu and Zr-Mo systems have been started. Both beta-quench and reheat and
isothermal transformations are being studied. Specimens of both alloy systems
have been aged or transformed for times of 1/4, 1/2, and 1 hr at temperatures of
400, 500, 600, and 700°C. Hardness data have been obtained, but the data are
inconclusive. Further studies at both shorter and longer times are being wade.
The development of sultable metallographic polishes and etchants has been
difficult, but some success for the Zr-Cu specimens has shown a nodular trans-
formation product occurring in the grain boundaries and growing into the grains
for those specimens isothermslly transformed. No transformation product has yet
been delineated for those specimens which have been quenched and age

16.3 ThOp PELLET FABRTICATION

As part of the gensral program to produce sound, abrasion-resistant, ThO
pellets for use as reactor blanket material, an effort was made to study the
variables comnected with fabricating round-ended pellets from D-LO ThO2 powder.

Flat-ended pellets were readily produced with densities of 9.3 g/cm3, by
using powder additions of 0.5 wt % Ca0 and 2 wt % Carbowax. However, when this
powder was used for fabricaling round-ended pellets, stresses were generated by
the upper punch which caused laminations at the transition of the round end aad
the cylindrical section. This lamination condition was improved by changing the
die design and by reducing the forming pressure; however, when the pressure was
reduced sufficiently to eliminate laminations the sintered density was lowered
excessively.

An attempt to eliminate laminations was made by caleining the powder in
order to reduce elastic springback of the pellet material when pressure was
released in the pressing operation. In order to retain as high & sinterability
as possible, the material was ball-milled after caleination. The tendency to
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laminate was greatly reduced when the calcined powders were used; however, it
was necessary to control forming pressures. Even powders calecined as high as
1425°C exhibited laminations when the forming pressure was suffieciently high.

Pellets with a variety of composition and fabrication variables have been
submitted for testing to determine the combination of manufacturing conditions
that will result in maximum abrasion resistance., Both flat-ended and spherical-
ended pellets were made from materials calcined at three different temperatures.
One set of these contained 0.5 wt % Ca0 to check the effect of sintered density,
while another was pure ThO,. Half the above specimens were pretumbled to remove
easily abraded projections; the duplicate gpecimens were submitted without rolling.
Tn all, 24 sets of pellets were produced with varying conditions.

16, UNDERWATER ARC-CUTTING OF REACTOR SCREENS

The underwater constricted-arc cutting process3’u utilizing a special torch
was applied successfully in cutting five diffuser screens into strips for removal
from the HRT core vessel (see Sec. 1.1.4).
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17.1 FLAME-PHOTCMETRIC DETERMINATION OF CALCTUM IN ThOo

In the preparation of high-density ThO; for use in packed and fluidized
beds of thermal-breeder reactors, calcium may be added intentionally or inad-
vertently and must be determined. To provide a simple, yet adequate, method
for this determination, flame-photometric methods were investigated even though
thorium is known to repress the radiant intensity of calclum. As a consequence,
it was established that the extent to which thorium interferes is strongly in-
fluenced by the medium in which the ThOg; is dissolved. In HC104 solutions, the
suppressing effect of thorium can the radiant intensity of calecium at 423 my is
strikingly less than in elther an HNO3 or HCLl solution. When 0.0L N acidic
solutions containing 10 ug of Ca and 10 mg of Th per ml were aspirated, the loss
in radiant intensity of the calcium in HNOs, HCl, and HCLlO4 solutions was 60,
15, and 5%, respectively. For the flame-photometric determination of caleium
in the presence of large amounts of thorium, therefore, HC104 solutions of the
ThOo are utilized, and calibration curves arc established with calcium standards
which contain approximately the same amount of thoriwa as the unknown in an
HC1C4 medium.

17.2 FLAME~-PHOTOMETRIC DETERMINATION OF RARE~FARTH ELEMENTS
IN SCIUTTIONS OF THORIUM SAIIS

Previous studiesl have revealed that flame photometry can be gpplied to
the estimation of a number of rare~earth elements in mixbtures thereof. A
further investigation was made to extend the use of flame photometry to the
determination of rare-earth elements in solutions of thorium simulating those
anticipated upon dissolution of ThOo-U0; slurries or solids, following their
use in thermal-breecder reactors.

To avolid interference, large guantitles of thorium rust be removed prior to
making the radiant-intensity measuremeonts. Although the conventional reagent,
thenoyltrifluoroacetone, is utilized in the extraction of thoriwa, a significant
modification of the extraction procedure has been devised whercby gram guanti-
ties rather than a few nilligrams of thorium can be removed rapidly in a single
extraction. The acidic (nitric, hydrochloric, or perchloric) solution of thori-
un is adjusted to pH 1.5 with an ammonium acetate - acctic acid buffer of pH k,
after vhich the thorium is extracted with thenoyltrifluoroacetone in chloroform.
As the pH decreases, due to the reaction of thoriwm with thenoyltrifluorcace-
tone, additional acetate buffer rather than NHs or NH4OH is added continuously
to restore the pH to 1.5, Completion of the extraction is indicated when no
furthier decrease in pH is noted.
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By this method, two extractions with 40-ml portions of the chelate solu-
tion suffice to remove 2 g of thorium from a2 nitrate solution. Furthermore,
the operation reguires only a few minutes, and no difficulty is eccountered from
precipitate formation. By comparison, about 3 hr was reguired to remove 1 g of
thorium by a continuous extraction method, utilizing Nis gas to neutralize the
acid formed, and precautions were necessary to avoid difficulty due to precipi-
tate formation.*

After removal of the thorium, the ammonium acetate in the agueous phase is
destroyed by heating it with aqua regia. The solution is then adjusted to pH 5,
and the rare-earth elements are extracted with 0.1 M thenoyltrifluorvacetone in
hexone (M~methylw2»pentanonc), after which they are ‘determined flame-photomet-
rically in the organic extract.

17.% DETERMINATION OF U(IV) IN ThOp-UO, BY
DIRECT COUTOMETRIC OXIDATION

In the evaluation of slurries of ThOp which contain oxides of uvaunium for
use in thermal-breeder TP&CbOfS, it is necessary to determine U{IV) and U(VI)
and also changes in the U(IV)/U(VI) ratio under varying test conditions. This
can be geeomplished by the indirect coulometric method previously d.escri‘oed,--L
il the sample does not contain a significant amount of easily reduced impurities.

To ecircumvent difficulties encountered in the application of this indirect
method, especially in the analysis of impure samples, an investigation was made
of a direct coulometric oxidation procedure for titrating the U(IV). As =
consequence of this investigation, it was established that the U(IV) can be
titrated coulometrically by oxidizing it to U(VI), utilizing a platinum anode
at a potential of +1.4 v versus an Ag/AgCl electrode. For samples containing
from 1 to 10 mg of U(IV) in 3 M [IsPO4, the coefficient of variation is 1%. A
correction must be applied for the decomposition of water, which occurs to some
extent at the high potential utilized in this coulometric oxidation. Chromi-
um(TII) does not interfere since it is not oxidized at the notential used, but
Fe(II) must be preoxidized at a potential of +0.4% v to prevent its interference.

17.4 DEIERMINATION OF FRER ACID TN RADIOACTIVE HRP FUELS

Acm@mwmﬁmmxmhmdfm‘w&tﬁmMJmlm.Umeamd1n1mum1wmwl
sulfate solutions’ has been applied to the determination of free Ho304 in radio-
active HRP fuels at the High-Radiation-Level Analytical Facility. The free
acid is titrated conductometrically in a methanol medium by remote control with
NaCH as the titrant. For Ho304 solutions of the order of 0.05 N, the relative
standard deviation is less than 3%.
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