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HRP QUARTERLY PROGRESS REPORT

SUMMARY

PART I. HOMOGENEOUS REACTOR TEST

1. HRT Operations

Following the restoration of the HRT piping to
operating condition, the reactor cell was flooded
with 18 ft of water for remote-maintenance practice.
After successful underwater remote replacement of
the purge and circulating pumps, the cell was
drained, electrical conduits were purged, and
rinsing of the system was begun. The latter half
of August and the first week in September were
devoted to flushing the piping successively with
3% trisodium phosphate solution, water, 5% nitric
acid, and a series of water rinses.

After the phosphate and acid treatments, all
flange bolts were replaced and the circulating-pump
thermal barriers welded in; then the reactor was
hydrostatically tested to 750 and 3000 psi in the
low- and high-pressure systems, respectively. A
1950-psi hydrostatic test of the reactor steam
system completed the preoperational activity, and
the reactor was then charged with condensate for
run No. 9.

Run No. 9, begun on September 18, was con
ducted at 1700 psi and 280°C. It was interrupted
on September 19, to flush water, which was high
in pH and sodium ion concentration, out of the
fuel dump tanks. Operation was resumed on
September 23 and was continued to September 30.
For run 9 the total operating time at 250°C or
above was 155 hr.

After new feed-pump heads were installed, the
reactor was filled for run No. 10. High pH and
sodium content were again observed in the contents
of the fuel dump tanks. Since this phenomenon
had been identified with leaching of the catalyst
pellets in the iodine-removal section of the fuel
recombiner, the recombiner was removed. The run
was resumed, with 5.7 kg of uranium being added
to the reactor on October 7, and a series of con
centration and dilution experiments was conducted
to observe the behavior of the dissolved con
stituents. Another interruption occurred, on
October 10, when a leaking chemical-plant sampler
valve allowed 200 lb of fuel solution to fill the
chemical-plant low-pressure system and discharge

to the off-gas system. The entire amount was re
covered, as verified by an inventory of the fuel
solution. During the final portion of the run,
beginning on October 11, operation was maintained
without incident for 159 hr at 250°C and above.

The reactor piping is presently being leak-tested
with Kr , to obviate the presence of helium in
the system if a need should develop for a more
detailed helium leak-test afterward. Activity-break
through tests were successfully conducted on two
of the four HRT off-gas adsorption beds; the re
maining pair will be similarly tested.

A remedy is being sought for the adverse effect
on blanket pressurizer control which results from
the thermal convection set up in the pressurizer
bypass leg (line 204).

Data from the concentration and dilution tests

conducted during run No. 10 are being examined
for information on the behavior of the ions in

solution and the over-all inventory control of the
reactor. Inventory balances for the first part of
run No. 10 show efficient recovery of the material
charged, but analyses of samples collected during
high-temperature operation indicate a uranium con
centration about 10% lower than expected on the
basis of the quantity added to the system.

2. HRT Design

Bolts and nuts received for the HRT were tested

to determine asymptotic torque-stress relationship
and found to yield results consistent within ±15%
after 12 tightening cycles. The pressure-balancing
valve was removed from the HRT, leaving only
the rupture-disk assembly as protection for the
core vessel. A spray system was designed to
provide water spray inside the reactor shield as
a means of reducing temperature and pressure in
event of a gross failure of the reactor system.
The piping of the spray system will serve also
as a scavenging system for drawing contaminated
water away from flanges being opened for under
water maintenance.

3. HRT Component Development

The long-term run of the Westinghouse 400A-1
pump was terminated after 11,605 hr of trouble-free
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performance; little wear was noted. The pump
has circulated gas-saturated uranyl sulfate solu
tion since that time without difficulty. The 400A-2
shaft seal was improved, achieving a mixing rate
of below 2 cc/hr. The 300A-1 pump has operated
for 3109 hr since it was last repaired.

No diaphragm or check-valve failures occurred
in feed pumps during the quarter. Stellite seats
were selected for HRT fuel check valves, and
17-4 PH stainless steel seats for water check

valves. Ohio State University fatigue tests in
dicate annealed 347 stainless steel is the best

choice to date for uranyl sulfate feed-pump dia
phragms.

The HRT mockup completed a 548-hr run during
the quarter, and a second run, which has continued
for 1017 hr, was begun. During the first run, Calrod
loop heaters gave considerable trouble; this was
corrected by substitution of strip heaters. Solu
tion was boiled at 1700 psi in a titanium pipe
for 450 hr without any major difficulty. Three
stagnant k-in. lines attached to the mockup high-
pressure system have not suffered significant
corrosion. Both silvered-alundum pellets and
silver-plated Yorkmesh have removed iodine satis
factorily from the HRT mockup.

4. HRT Reactor Analysis

The maximum pressure following a zirconium-
water reaction within the HRT core was calculated

as a function of the zirconium mass which reacted.
If 90% of the reaction energy were quickly dis
sipated to the aqueous media, kilogram amounts
of Zircaloy-2 could react without rupturing the
pressure vessel.

HRT critical concentrations were calculated by
means of a multigroup, multiregion model. Based
on 27 fast groups, a thermal group, and four
spacial regions, the "clean" critical concentration
was found to be 7.55 g of U235 per liter (9.03
g per kilogram of D20) at an average temperature
of 280°C.

5. HRT Controls and Instrumentation

Armco 17-4 PH alloy has proved to be superior
to Stellite No. 6 for letdown-valve plugs. The
17-4 PH alloy is much more resistant to rinse
solutions and oxygenated water and has corrosion
resistance equal to that of Stellite No. 6 in the
uranyl sulfate fuel solution.

Five of the approximately 375 thermocouples
in the reactor tank proved unsatisfactory during
the last run and will be replaced. All the armored
waterproof thermocouples designed for use in
thermowells performed satisfactorily.

The reactor nuclear instrumentation was in

stalled and is now undergoing preliminary check
out; check signals have been fed to the pre
amplifiers of the fission-chamber channels for
one month.

6. HRT Processing Plant

The final test of the hydroclone system was
performed in conjunction with the reactor over
a 300-hr operating period. Operation was normal
except for an incident following a sampling
procedure in which both high-pressure sample
valves leaked, permitting fuel solution to pass
to the low-pressure system. The processing plant
was isolated from the reactor, and one leaking
valve was replaced.

Underwater-maintenance procedures were prac
ticed and demonstrated, with the removal and
replacement of four components with the cell
flooded. Other maintenance procedures were
checked for feasibility.

Minor maintenance and construction included

seal-welding the thermal barrier and flanges of
the circulating pump, installation of new bolts
and nuts on high-pressure flanges, installation
of the hydroclone-system sampler, and installation
of the closed-loop cooling-water system.

Tests of the charcoal adsorber beds are in

progress to ascertain whether voids exist which
might short-circuit active gases. Beds C and
D were shown to be adequate; although tests
on the other two beds appeared satisfactory,
they will be repeated to obtain more accurate data.

PART II. REACTOR DESIGN AND ANALYSIS

7. HRE-3 Design

In designing the HRE-3, a system requiring no
continuous letdown from the high-pressure system
and requiring a minimum number of continuously
operating components within the reactor cell will
be assumed. The plant layout will stress acces
sibility rather than shortness of lines or proximity
to other components in placing the reactor vessel,
the pressurizers, circulating pumps, or heat ex
changers. Dry maintenance will be considered,
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and all components inside the biological shield
will be removable. If practicable, following
maximum decontamination, major maintenance
operations will be performed semidirectly within
the biological shield.

8. Reactor Analysis

The prompt-neutron lifetime and the core tem
perature coefficient of reactivity for the HRE-3
reactor were calculated to be 5.3 x 10 sec and

-2.9 x 10~3 Akg/°C, respectively. For a rate
of reactivity addition of 1.5% A&e/sec with the
reactor initially at source power (0.04 w), the
maximum core-pressure rise would be about 400 psi
if the piping between the core and pressurizer
had a 12-in. diameter, a 40-ft length, and if the
vapor volume of the pressurizer were 20 ft .

Heat generation rates in the core tank of HRE-3
type reactors were calculated for various core
and blanket compositions. With a solution-type
core and a D,0 blanket the heat generation rate
would be about 15 w/ml. If the D20 blanket were
replaced by a ThOj-DjO slurry containing 1000 g
of thorium per liter, the corresponding rate would
be about 11 w/ml. If this latter reactor had a
core region containing 200 g of thorium per liter,
the heat generation rate within the core tank would
be about 7 w/ml.

Heat generation rates in the HRE-3 pressure
vessel resulting from neutron-capture gammas
originating in the pressure vessel were calculated
for various conditions. At a reactor power of
60 thermal Mw, the maximum heat generation rate
obtained with a blanket thorium concentration of
1000 g/liter was about 0.015 w/ml, while with
a D,0 blanket the maximum rate was about
1.5 w/ml.

Time-dependent nuclear calculations were per
formed for HRE-3 type reactors with either U233
or U235 as the core fuel and with either 500
or 1000 g of thorium per liter in the blanket region.
With U233 as the fuel and 1000 g of thorium per
liter in the blanket, the breeding ratio was on
the average about 2% higher during the initial
two- to three-year period than for subsequent
times. At a core power of 50 Mw, core processing
(Thorex) was not required until about 800 days
after startup; the corresponding time before the
start of blanket processing was about 400 days.
With U233 as the fuel material the breeding ratio

decreased significantly with time until core pro
cessing was initiated. Although the breeding
ratio was lower on an absolute basis when U

was the fuel material, it varied only slightly
during the period before processing. In all cases
the total concentration of uranium in the core

solution rose very slowly with time and was
significantly less than the equilibrium value even
after a period of 10 years.

The effect of core length and diameter upon
the breeding ratio, wall power density, and
critical concentration of cylindrical, two-region
HRE-3 reactors was studied. Core diameters were

varied from 2k to 3k ft, and core lengths from
3k to 12 ft; the blanket was considered to be
2 ft thick and to contain 1000 g of thorium per
liter.

Oracle codes were written for determining the
economic characteristics of two-region, time-
dependent thorium-breeder reactors, for calculating
the critical concentration in bare, annular cyl
inders, and for calculating the heat generation
due to gamma-ray absorption in the core shell
of two-region, spherical homogeneous reactors.
In the latter code the thermal-flux distribution

and hence the prompt-gamma source distribution
is calculated by using a two-group model; the
decay-gamma source is assumed to be uniformly
distributed within the core region. A two-group,
two-dimensional, three-region reactor code was
converted to comply with present Oracle equipment.
A two-group, two-region, spherical reactor code
was altered so as to provide more information.

PART III. ENGINEERING DEVELOPMENT

9. Development of Fuel-System Components

The high-pressure recombiner loop was rebuilt,
with Inconel material being used in regions where
type 347 stainless steel previously stress-cracked,
and is ready for operation. Syracuse University
has observed little difference between 0.4- and

l.O-in.-dia tubes in H2-0--steam reaction-limit
experiments.

Attempts to keep dilute ThO, slurry in sus
pension in the motor of the 20-cfm blower were
unsuccessful; consequently, its hydrostatic bearings
have not yet been run in slurry service. Investi
gations of shaft-seal mixing and motor heating
on the 4000-gpm Byron Jackson pump are in
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progress. A contract was awarded to Reliance
Electric Co. for the development and fabrication
of a 6000-gpm top-maintenance circulating pump.

After modification by Pressure Products In
dustries, their diaphragm oxygen compressor has
operated satisfactorily. A single-stage Roth
turbine pump and a Stellite piston pump con
taining Haynes alloy 25 piston rings have been
operated in efforts to develop 10-gpm feed pumps.

A titanium—stainless steel flanged joint, with
satisfactory leakage and thermal-cycling char
acteristics, has been developed. Chase Brass
and Copper Co. has been able to extrude a length
of 3^-in. pipe from A-llOAT titanium alloy. A
titanium heat exchanger is being fabricated for
use in the HRT mockup.

Bolting of 19-9 DL, a high-strength austenitic
steel, was shown to be satisfactory for joining
stainless steel ring-joint flanges. Preliminary
data indicate that leak-tight ring joints can be
achieved with ASA dimensional tolerances and

with nonferruled bolts, provided that the bolts
are loaded initially to 45,000-psi stress.

Construction of the thermal-cycle facility is
complete except for instrumentation. No failures
have occurred to date in tube joints cycled in
a water-CI~-0, environment.

Development of HRE-3 gas and steam pres
surizers is proceeding. Some sub-assemblies,
including a high-pressure jet, are being tested
separately.

A 300-gpm slurry loop and a slurry check-valve-
materials test system are in various stages of
construction.

10. Development of Reactor Slurry Systems

From turbulent-flow pressure-drop measurements
it is evident that the substitution of the coefficient

of rigidity for viscosity in the Reynolds number
gives rise to a unique curve in the conventional
Fanning friction-factor plot, lying just below the
Newtonian curve for smooth pipe. Laminar-flow
data branch off from the turbulent-flow curve at

different tube diameters, as they must, according
to the Hedstrom relation.

The capillary sampler-viscometer was completed
and by means of it pseudo-shear diagrams were
obtained at a temperature of about 220°C for the
slurry circulating in run T-93. It appears that
the coefficient of rigidity and the yield stress
are essentially constant over the range of 25
to 220°C.

Heat transfer tests with a slurry containing
685 g of thorium per kilogram of H.O (yield stress
0.075 lb/ft ) showed that the change from laminar
to transition-type heat transfer occurred at a
critical Reynolds number within 10% of that in
dicated by the Hedstrom criterion. For fully
turbulent flows, where the Reynolds number is
at least four times the critical value, the con
ventional heat transfer relations for Newtonian

fluids apply with the substitution of the coefficient
of rigidity for viscosity.

The 100-gpm loops and the 200-gpm loop were
operated for a total of more than 4300 hr during
the quarter. Run 200A-14, started last quarter
with 1600°C-fired oxide, has accumulated over
2100 hr at 300°C and 2000 psig, with no notice
able change in slurry characteristics. Attack
rate based on iron pickup is comparable with
that of previous runs where stainless steel
impellers were used. Circulation of known sphere-
forming oxides at a concentration of 1000 g of
thorium per kilogram of H_0 failed to form spheres
when uranium and molybdenum oxides were added.

A one-sixteenth-scale Lucite model of a pro
posed HRE-3 blanket configuration was fabricated,
and several flow-visualization techniques were
used in initial studies, with injection of bromthymol
blue giving the most satisfactory results. These
studies showed that the average fluid residence
time in the blanket vessel was about 60% greater
than the slug (or displacement) flow time for all
flow rates examined.

Run SM-3 in the HRT slurry blanket test loop,
which had been in progress for 700 hr at the end
of the previous quarter, continued for an additional
248 hr before the circulating pump failed and the
run was terminated. The gamma surveys indicated
relatively uniform thorium distribution at flows
of at least 300 gpm, but not at lower flows. After
repairs and some improvements to the system,
run SM-4 was started as a continuation of run

SM-3 and has continued for 800 hr to date. As

observed in preceding runs, there is a discrepancy
between the calculated thorium charge and the
slurry indicated in the system by sampling and
gamma measurements. It is believed that the
error can be traced to inaccuracies in measuring
the thorium charged to the loop. The accuracy
with which the gamma transmission through the
thorium is measured has been improved to the
point where concentrations calculated therefrom
are believed to be meaningful.
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11. Instrument and Valve Development

A high-differential-range, electric-signal, dif
ferential-pressure transmitter incorporating a
bellows sensing element performed satisfactorily
in calibration checks. Electric-signal differential-
pressure transmitters suitable for homogeneous
reactor environments are now available in ranges
from 50 in. of water to 125 psi.

A survey of pressure and differential-pressure
instrument types suitable for a reactor slurry
system has been made to aid in the planning of
an instrument development program.

A differential transformer for sensing instrument
primary-element motions has withstood temperatures
to 300^ without insulation failure. The trans

former is wound with 30-gage anodized aluminum
wire, and the only electrical insulation on the
wire is that afforded by the oxide film, which
could be expected to be highly temperature and
radiation resistant.

Electropneumatic pilot converters and tran
sistorized servo amplifiers are being tested in
a program to replace unreliable vacuum tubes
with solid-state components.

An industrial television system performed satis
factorily when the camera unit was placed under
water in a protective housing.

Slight set-point changes with temperature and
time have been observed in the pressure switches
used to provide electric alarm and control signals
from 3- to 15-psi pneumatic signals.

A 123-in. pneumatical ly-powered-bellows valve
actuator was tested to 265,000 cycles before
developing a leak in the stem sealing bellows.

Electrohydraul ic valve actuators for possible
application to large control valves in future homo
geneous reactors are being tested.

Zircaloy-2 valve trims proved to be very poor
in tests performed in the valve test loop but
were immune to the ignition reaction experienced
with titanium alloys. The tungsten carbide plate
on a type 347 stainless steel plug survived 400
"dumps" in the valve test loop; no damage was
apparent in a metal lographic examination.

PART IV. REACTOR MATERIALS RESEARCH

12. Solution Corrosion

A fifth test was made on the HRT core-pressure-
vessel flange and transition-joint mockup. No
leakage occurred in 951 hr, for a total of 5069 hr
of successful operation.

Metal lographic examination revealed stress-
corrosion cracks on the outside of a type 347
stainless steel pipe exposed for 20,000 hr to
a tap- and demineralized-water spray while cir
culating solutions at 200 to 300°C. The cracks
did not penetrate more than about one-fourth of
the wall thickness.

In a study of the effect of additives on corrosion
of stainless steel at 250°C in 0.17 m U02S04,
the compounds Ce(SO.)2, H7P(MoO )]2, As20s,
H3Sb04, NaBi03, (RuNO)2(S04)3, NaN03, and
Ag2SO. were found to have no value as inhibitors.

The initial run in the new all-titanium loop,
loop H, gave anomalously low corrosion rates
for stainless steel coupons. This effect, which
is usual in stainless steel loops, may have been
due to small differences in pretreatment given
the coupons rather than to an effect of the loop
itself.

A solution of 0.001 m CuSO. containing 0.003 m
H„SO. was shown to be satisfactory for the
blanket region of the HRT both from a stability
and a corrosion standpoint.

Films formed on stressed type 347 stainless
steel by exposure in boiling and aerated chloride-
free uranyl sulfate solution were found to provide
at least some protection from stress-corrosion
cracking when the alloy was exposed subsequently
in chloride-containing solutions. On the other
hand, films formed by heating stainless steel
in air at 1250°F did not protect the steel from
stress-corrosion cracking in boiling chloride-
containing uranyl sulfate solutions. Stressed type
347 stainless steel did not crack during 2500 hr
in boiling and aerated distilled water (pH 2.8 and
10.5) containing 100 ppm chloride. However,
under similar conditions and with an oxygen
overpressure of 150 psi, cracking was produced
during the initial 300 hr of test.

The presence of magnesium metal (out of contact
with the specimens) or stannous chloride in
boiling 42% MgCL solution was of no consequence
in reducing the susceptibility of type 347 stain
less steel to cracking; however, magnesium metal
in contact with the stainless steel in the environ

ment completely eliminated the susceptibility of
the latter to cracking during a 100-hr test. Chlo
ride-containing marking inks caused cracking of
stressed stainless steel when the specimens were
exposed to oxygen-containing steam at 300°C.

A number of alloys of zirconium were tested
in simulated HRT fuel solution at 300°C. The
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best corrosion resistance was shown by a 20%
Nb—80% Zr cast alloy. Similarly a preoxidized
33% Nb—67%Zr alloy showed excellent resistance.

Several miscellaneous tests were conducted with

material of possible interest to the HRP. Elgiloy,
q spring alloy considered for use in the liquid-
level control for the HRT pressurizer, was found,
in the aged condition, to crack in chloride-free
HRT core solution at 300°C. The corrosion rate

of AISiMag 652 was 8 mpy after 1000 hr at 150°C
in oxygenated 0.17 m UOjSO. solution containing
0.04 m H2S04 and 0.03 m CuS04> A ceramic
electrical-insulation material, Ceramicite C-100,
was completely unsatisfactory in high-temperature
uranyl sulfate service. Similarly, Frogalloys C
and M corroded excessively in boiling HRT core
solution. Nitrided titanium showed excellent cor

rosion resistance to oxygenated HRT fuel solu
tion at 300°C.

13. Slurry Corrosion

Dynamic-corrosion data and operating obser
vations are reported for five thorium oxide slurry
tests in 100A pump loops BS and CS. In two
runs in loop BS, oxygenated slurries of a
composite of two thoria preparations which were
calcined at 1600°C were circulated at 300°C. In

one test, made at an average circulating con
centration of 944 g of thorium per kilogram of
water, an unscheduled shutdown was necessitated
after 236 hr of circulation because of erratic

operation. Abnormally high attack rates were
observed in the test.

A second test made with the same slurry at
an average concentration of 630 g of thorium per
kilogram of water was terminated as scheduled
after 1007 hr of continuous slurry circulation.
Moderate specimen attack rates were observed
at 21 fps; higher-than-usual rates occurred at
42 fps.

Oxygenated slurries of micropulverized thoria
were circulated at 300°C in loop CS in two tests
at respective concentrations of 932 and 641 g
of thorium per kilogram of water. In the test
made at the higher concentration, specimen cor
rosion rates were normal but pump attack was
high. In the second test, an unscheduled shutdown
after 168 hr of operation was required because
of excessive attack in the circulating pump.

In a 300-hr run in loop CS, sulfated slurry which
had been used previously in run SM-2 of the
slurry blanket mockup was circulated at 200°C
at an average concentration of 488 g of thorium
per kilogram of water. Specimen corrosion rates
were moderate, but the pump impeller was badly
eroded.

Corrosion data are reported for in-line coupon
and stress specimens of selected alloys which
were exposed in run SM-3 of the slurry blanket
mockup.

Higher attack rates of type 347 stainless steel,
titanium 75A, and Zircaloy-3A were observed with
hydrogenated slurries than with oxygenated slurries
in toroid tests with slurries of 1600qC-calcined

thoria. Attack of SA-212-B was reduced approxi
mately 30-fold in the hydrogenated runs.

Normal attack rates of type 347 stainless steel,
titanium 75A, and Zircaloy-3A were observed
in toroid tests in which was studied the effect

of the addition of uranyl sulfate to 800°C-calcined
thoria slurries.

In toroid tests made to observe differences in

attack by slurries of unground and micropulverized
thoria, slightly higher attack was observed in
runs with the degraded thoria. Slurry spheroids
were formed in tests employing the unground
thoria.

Generally low attack rates were observed in
toroid tests with slurries of jet-precipitated
thorium oxalate which was calcined at 650,
1200, 1400, and 1600°C.

Low-to-moderate attack rates were obtained in

toroid tests employing slurries prepared from
recalcined, 24-^ thoria spheres. Metal attack
rates increased with increased slurry concentration
and increased circulating velocities.

A standard HB-6-type solution autoclave as
sembly has been modified to obtain radiation-
corrosion data with thorium oxide slurries. An

out-of-pile test of the equipment indicates
mechanical feasibility of in-pile operation with
a thorium oxide slurry containing 500 g of thorium
per kilogram of water.

Operation of an in-pile toroid model at 950 to
1000 rpm demonstrated that vibration could be
reduced to an acceptable magnitude. However,
long-term mechanical reliability has not been
achieved. Tests of various heating and cooling
systems for temperature control during in-pile
operation are continuing.
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14. Radiation Corrosion

The construction of loop L-2-19 was completed,
and the loop is now in operation in LITR beam hole
HB-2. Loop L-2-22 is being constructed. The fab
rication of components for an all-titanium loop,
L-2-23, was completed. Loop L-4-21 was con
structed and is undergoing tests.

In-pile loop experiment L-2-14 has been com
pleted. This was the first loop constructed entirely
of titanium. The solution in this loop was 0.17 m
U02S04, 0.15 mCuS04, and 0.4 m H2S04. The
main-stream temperature was 280°C. The in-pile
run was terminated when the loop pump failed after
663 hr of circulation of enriched solution. The
corrosion rates of Zircaloy-2 core coupons varied
from 3.9 mpy at 5.6 w/ml to 7.5 mpy at 13.3 w/ml.
Previous experiments with this uranium concentra
tion and at 280°C have had only 0.02 to 0.03 m
excess acid and 0.015 m CuS04. The Zircaloy-2
corrosion rates in the previous experiments at
similar power densities were about twice as great
as those in the present experiment. The crystal-
bar-zirconium core coupons in the present experi
ment exhibited corrosion rates in excellent agree
ment with the Zircaloy-2 data. However, the
Zr-15% Nb core coupons exhibited considerably
higher corrosion rates than did the Zircaloy-2
coupons. This is in contrast with data from pre
vious experiments in which Zr-15% Nb core coupons
exhibited rates lower than those of the Zircaloy-2
coupons. The corrosion rates of the titanium 55A
coupons varied from 0.75 mpy at 4.4 w/ml to 1.9 mpy
at 21.3 w/ml. The corrosion rates of the titanium-
6% Al—4% V core coupons were about twice those
of titanium 55A at similar power densities. A
heavily deteriorated coupon, tentatively identified
as stainless steel, was found in the core annulus.
All the other steel coupons had been consumed.

Four autoclave experiments were assembled and
operated in the HB-6 facility of the LITR during
the past quarter. One experiment was operated in
the three-hole HB-5 facility of the LITR. To pre
vent rubbing and wear of the fixed-plug-hole liner,
which was observed in the initial experiment, the
fixed plug holes were equipped with Oilite-bronze
sleeve bearings before additional experiments were
attempted, in addition to the Oilite-bronze bearings
in the fixed plug hole, each experimental rocking-
autoclave assembly will be equipped with a ball
bearing on the nose (reactor) end to further prevent
wear of the fixed-plug-hole liner.

A recent autoclave included a Co-AI slow-neutron

flux monitor. Good agreement between the flux
values from the cobalt monitor and from Zr -Nb

activity in specimens was obtained. Typical open-
hole slow-neutron flux distributions in the HB-5

and HB-6 autoclave facilities at the LITR are

given. Three experiments in which stainless steel
and Zr-15% Nb-1.5% Sn specimens were exposed
in a Zircaloy-2 bomb are discussed briefly. The
stainless steel specimens appeared to be covered
with a scale similar to that found on Zircaloy-2,
indicating that zirconium may be transferred to
steel surfaces under the exposure conditions. An
example of preferential attack on Zircaloy-2,
attributable to flaws in the stock material, is
discussed. One autoclave was used to expose
samples of zirconia and pin specimens of pure
niobium. The zirconia decomposed during exposure.
The niobium specimens were covered with a very
heavy scale containing 26% uranium and 16%
copper. The corrosion rate of the niobium as indi
cated by defilmed weight loss was 2.5 mpy, as
compared with 7.5 mpy for the Zircaloy-2 specimens.

The Zircaloy-2 corrosion rates in a series of
reference autoclave tests (that is, in which the
solutions were 0.17 m U02S04, 0-0.04 mCuS04,
and zero or 0.04 m H2S04) have been found to be
greater than the corrosion rates of Zircaloy-2 in
in-pile loop exposures of similar solutions. It has
also been known for some time that Zircaloy-2
surfaces exposed in an autoclave retain a heavy,
uranium-containing scale, whereas Zircaloy-2 sur
faces exposed in the core section of in-pile loops
retain only a very thin film. It is shown that if the
power density in the series of reference autoclave
tests is corrected by an amount proportional to the
amount of uranium found in the scale, rather good
agreement between loop and autoclave data both at
250 and 280°C is obtained.

The power-density correction has been applied
to autoclave tests, other than the reference series,
and earlier conclusions are reviewed. The data,
as corrected, indicate no D20 effect on Zircaloy-2
corrosion and a decrease in corrosion rate (com
pared with rates in the reference solution) by the
use of 0.45 m excess H2S04. These two indica
tions are in agreement with loop data. It is indi
cated that the corrosion rates of Zircaloy-2 in
0.04 m U02S04 and 0.17 m U02S04 solutions are
similar at similar corrected power densities. This
disagrees with loop observations. Data from an
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experiment containing 0.17 m MgS04 and one con
taining 0.005 m KTc04 in addition to 0.17 m
U02S04 indicate no effect by these additives. An
experiment in which 0.01 m UOjCO, was used
with 0.129 Li2CO, demonstrated a corrosion com
parable to that expected by the reference media.
One experiment of questionable significance indi
cated that the addition of 0.17 m Li2S04 to a
0.17 m UO,S04 solution markedly inhibited Zirca
loy-2 corrosion. A possible slight inhibitory effect
by CrO, is indicated.

A test on the effect of fast electrons from a

Van de Graaff accelerator on the corrosion of

Zircaloy-2 has been carried out. The solution
employed was 0.04 m in U02S04, and the test
temperature was 300°C. The intensity of the beam
was such that the estimated power density in solu
tion at the specimen surface due to absorption of
electron energy is 60 w/ml. The total radiation
time was 60 hr. Weight and thickness measure
ments do not show any significant effect of the
irradiation on the corrosion of the Zircaloy-2.
Similar tests of the effect of electron irradiation

on the corrosion of titanium and of stainless steel

are proceeding.

15. Metallurgy

Transformation data were obtained on Zr—15%

Nb—X ternary alloys with additions of Al, Cu, Th,
Cr, Mo, Ni, Pd, and V for times up to three weeks
at temperatures of 350, 400, and 500°C. All the
ternary additions delayed the hardening transforma
tion, molybdenum additions being the most potent,
while additions of 1% Al and k,% Cu lowered the
maximum temperature for the hardening reaction
quite drastically as well.

X-ray diffraction studies of single-crystal and
polycrystalline wire specimens, wilh various dif
fraction techniques being used, yielded con
siderable information about the transformation

mechanisms occurring in the Zr-Nb binary-alloy
system. A transformation mechanism for the hard
ening reaction is postulated which involves the
formation of two body-centered cubic phases from
the parent retained-beta matrix. The formation of
a transition phase, comparable to the "omega"
phase found in the beta-titanium alloys, as an
intermediate product between the beta matrix and
the two body-centered cubic phases may be occur
ring. This phase is fairly short lived and, as
reported previously, does not seem to be the major
hardening phase. The Widmanstdtten platelet

phase observed in the microstructure has been
tentatively identified as body-centered tetragonal
in structure.

Subsize tensile specimens of zirconium and
titanium alloys were exposed to fissioning uranyl
sulfate in the corrosion loops. At the relatively
low fast-flux doses in these loops, no change in
tensile properties of crystal-bar zirconium or
Zircaloy-3A was found. A very few samples indi
cate that with A-40 and A-110AT titanium an in

crease in strength and a decrease in ductility are
occurring.

Weldments were made in k-in. sheet stock of
titanium alloy A-110AT. Guided bend tests made
on a 2/2 T (/,,-in.) radius indicated satisfactory
ductility in these weldments. Metal lographic ex
amination indicated a second phase present in the
as-received base metal, which possibly could lead
to unsatisfactory welds in heavy sections of this
alloy.

Since titanium and type 347 are used together in
contact with water or uranyl sulfate in some HRP
designs, the need for joining the metals in final
assemblies in the field often arises. Torch-brazing
is the only practicable method. Silver or gold filler
metal would be required because of corrosive
service requirements. A successful method of

silver-brazing titanium has not been found. All
feasible brazing fluxes investigated failed to
function satisfactorily. Thus the possibility of
stainless steel-titanium silver brazements appears
remote.

Manual welds were made in type 347 stainless
steel pipe, simulating the welding sequence which
would be used in making machine welds in the
field. Results indicate that a machine weld equal
to present HRP quality should be obtainable.

With both zirconium and titanium it has been

shown that complete combustion of the specimen
will occur if they are fractured in high-pressure
oxygen. Titanium will ignite and sustain a reaction
if ruptured in 350-psi oxygen at room temperature or
250 psi at 300°C. Ignition does not occur under
oxygenated water and will be quenched by a bath
of water. Reactions of molten zirconium with

water and with uranyl sulfate appear to be com
parable.

In irons and low-alloy irons, such as carbon
steels, in the normalized condition, tensile data
indicate a greater loss in ductility in low-carbon
alloys with a ferritic structure than in alloys with
a pearlitic structure and of higher carbon content.
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The uniform elongation in the tensile test is
proposed to be a more meaningful and sensitive
indication of radiation-induced ductility loss than
the conventional elongation, which is the sum of
the uniform and necking elongations.

PART V. CHEMICAL ENGINEERING

DEVELOPMENT

16. Uranyl Sulfate Fuel Processing

Deposition of Zr02 particles from simulated
homogeneous-reactor fuel circulating in a glass
loop decreased as the Reynolds number of the sys
tem was increased by increasing the fuel flow rate.
Studies on deposition of Zr02 from simulated fuel
in a stainless steel loop indicated an HRT fuel
solids concentration of 50 to 200 mg/liter.

In a mechanically simple system, adsorption of
Zr02 on stainless steel surfaces at room tempera
ture was not affected by variations in amount of
solids or liquid in contact with a given amount of
surface area.

In the HRT mockup, iodine was removed effec
tively by use of a silvered-alundum trap, located in
the low-pressure system. In the laboratory such a
trap was more effective when operated at tempera
tures above 100°C than it was at lower temperatures.

17. Gaseous Fission-Product Disposal

Dynamic studies of the adsorption of fission
gases on HRT charcoal showed that xenon was
adsorbed 16 times more strongly than krypton. In
equilibrium-adsorption studies Linde molecular
sieves 5A had about 25% of the capacity of char
coal for krypton adsorption.

18. Uranyl Sulfate Blanket Processing

Several experiments were carried out in the P-l
loop in which Zr02 or Zr(S04)2 was added to 1.4 m
U02S04 circulating at 250°C under 350 to 400 psi
02. The zirconium was substituted for plutonium,
which will be added in later experiments. When
preformed Zr02 was added, the half-time of Zr02
disappearance from the circulating solution was
2 to 4 hr, either with or without the hydroclone
operating. Only 6 to 16% of the Zr02 was removed
by the hydroclone, and 85 to 90% was removed by
adsorption on loop walls. When Zr02 concentra
tions were 10 to 100 mg/liter, the calculated hydro-
clone efficiency was 10 to 20%. When dissolved
Zr(S04)2 was allowed to hydrolyze in the circu

lating solution, essentially all the zirconium was
adsorbed; only a trace was removed in the hydro-
clone.

The narrow absorption peak at 835 mfi used for
determination of the plutonyl ion in solution was
shown to be a nonsymmetrical doublet with a width
of 40 A at half peak height. Both peaks followed
the ideal absorption laws.

When 770 mg/liter of Pu(IV) in 1.4 m U02S04
was heated to 90°C, it was partially dispropor-
tionated to Pu(lll) and Pu(V). Under these con
ditions, Pu(V) (or PuO ) is apparently stable.

19. Thorium Oxide Blanket Processing

The adsorption of neodymium from dilute neo-
dymium nitrate solution on thorium oxide in aqueous
slurries at 250°C decreased as the ThO, calcina*
tion temperature increased. Thorium oxide calcined
at 650°C adsorbed 7400 ppm Nd from 0.006 m
Nd(N03)3 at 250°C, but that calcined at 1100°C
adsorbed only 500 ppm Nd.

20. Thorium Oxide Slurry Development

Ultrasonic energy dispersed dry Th02 agglom
erates to individual \-\i particles, but none of the
methods tested fed dispersed Th02 satisfactorily
to a calcination flame. Oxide products prepared by
firing thorium hydroxide were gritty, glasslike, and
composed of large agglomerates.

Irradiation of a settled slurry of 800°C-calcined
micropulverized Th02 for 2091 hr at 300°C in the
LITR did not markedly impair its slurry properties.
The U content of the slurry solids after 37 days
of decay was 0.14%. A slurry of 800°C-calcined
Th02—0.5% U prepared from the coprecipitated
oxalates and containing 20,000 ppm Mo03 and
3000 ppm sulfate [Th(S04)2] was irradiated for
343 hr in the LITR without apparent damage.

A slurry of 1600°C-fired oxide irradiated for
336 hr at 300°C in the LITR contained nearly five
times as much iron and nickel corrosion products
as the slurry from an out-of-pile control experiment.
Repeated attempts to find chromium in the irradiated
slurry were unsuccessful.

In irradiated thorium-uranium oxide slurries (250,
500, and 700 g of thorium per kilogram of HjO)
containing equal ratios of enriched uranium to
thorium, gas production and recombination rates,
respectively, were directly dependent on power
density and slurry concentration. The G value for
gas production, assuming a neutron flux of
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5.3 x 10 neutrons/cm «sec and an energy dissi
pation of 170 Mev/fission, was 0.7.

In out-of-pile gas-recombination studies it was
necessary to calcine thorium-uranium oxides for
16 hr or more at 1000°C in order to obtain satis

factory H2-02 reaction rates (>10 moles of H2 per
hour per liter at 280°C, Ph2 =500 psi) with aqueous
slurries prepared from this material and containing
0.05 mMo03. The mixed oxide calcined at 1200°C
for only 4 hr was a satisfactory support for the
catalyst in aqueous suspension.

An initial low reaction rate in mixed 1600°C-
calcined Th02-U03«H20 slurry increased slowly
with catalyst concentration, but at 0.048 m Mo03
the reaction rate in the hydrogen-activated slurry
was 17.3 moles of H2 per hour per liter at 291 °C
and PH_ » 500 psi. The reaction rates in the
slurries of thorium-uranium oxide prepared from
the coprecipitated oxalates and calcined at 1600°C
for 24 hr were low in the absence of the catalyst,
but the addition of 0.012 mMo03 greatly increased
the rate in the slurry as prepared to 32.7 moles of
H2 per hour per liter ofslurry at 280°C and a partial
pressure of 500 psi H,.

Heating D-16-650 oxide and LO-12 800°C-fired
oxide for 1500 hr in water at 300°C did not affect
the crystallite size or specific surface area of
either oxide. The crystallite growth, on retiring
at 900°C, of both oxides was markedly inhibited
by the hydrothermal treatment, the effect becoming
more pronounced with increasing autoclaving time
for the D-16 oxide. The average particle size of
the D-16 oxide was considerably decreased by the
hydrothermal treatment. The results indicate that
the 650°C-fired oxides are more reactive to water

at high temperatures than the oxides fired at higher
temperatures.

Tap density, particle-size data, and abrasion-test
information on thorium-uranium oxides indicate that
the presence of uranium promotes sintering and in
creases the abrasiveness, the effect becoming more
pronounced with increasing uranium content and
increasing firing temperatures.

Viscosity data obtained with an aqueous sus
pension of thorium oxide containing 200, 400, and
700 g of thorium per kilogram of H20 indicates a
linear relation between the logarithm of the relative
viscosity and the reciprocal temperature. The
viscosities of the thorium oxide slurries in the

temperature range 25 to 90°C are related to the
hindered-settling rates by the equation:

•t] = AUQ e 2.85 x 103/T ,
where rj is the slurry viscosity in centipoises,
U. the settling rate in cm/sec, and T the absolute
temperature. The proportionality constant, A, is
characteristic of the oxide used and for the oxides

tested was 0.003.

Gas-adsorption isotherms for carbon dioxide were
obtained for thoria which had been degassed at
450°C. Both enthalpy and entropy appear to play
a part in the adsorption, entropy becoming more
important as the adsorption temperature is in
creased. In a study of adsorption on thoria from
sulfuric acid solutions, isotherms at 4°C showed
an apparent surface saturation of four hydrogen
ions and two sulfate ions per surface site. This
result is tentatively explained as a displacement
of two hydroxyI groups per surface site by hydrogen
sulfate groups.

21. In-Pile Slurry Loop

The PAR in-pile slurry loop design and develop
ment is proceeding on schedule, with slurry test
runs at temperature and pressure in the loop mockup
at Westinghouse already in progress. The design of
facilities at the ORR reactor is on schedule, with
the fabrication of the south facility plug sufficiently
far advanced that its completion is assured prior
to startup of the ORR. Engineering design of the
segmenting facility required for disassembly and
inspection of irradiated loops of this size is pro
ceeding according to schedule.

PART VI. SUPPORTING CHEMICAL RESEARCH

22. Aqueous Systems at Elevated Temperatures

Two-liquid-phase transition temperatures were
determined for the system CuS04-U02S04-H2S04-
H20. These data indicate maximum temperature
and composition limits within which particular
homogeneous reactor fuels can be used in order to
avoid the appearance of a solid or a second liquid
phase. Briefly, in the region of HRT solution com
position of CuS04, U02S04, and H20, an excess
amount of H2S04 is necessary, both to eliminate
formation of basic (as opposed to acidic) uranium
and copper solid compounds and to raise the two-
liquid-phase transition temperature.
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PART VII. ANALYTICAL CHEMISTRY

23. Analytical Chemistry

Improved methods were devised for the determina
tion of microgram quantities of bismuth and ruthe
nium in solutions of uranyl sulfate. A volumetric
titration method was adapted for use in the determi
nation of microgram quantities of bismuth. A
method, more successful than the conventional
oxidation-distillation method, was developed in
which ruthenium as the nitroso salt is decomposed
and separated by pyrolysis in a stream of moist

oxygen; the ruthenium is then determined spectro-
photometrically.

Development work on the analysis of slurries of
thorium oxide of interest in connection with the

HRP resulted in the discovery of an improved
method for separation of fluoride from stabilizing
agents such as clays and related materials. In a
procedure developed for the determination of cobalt,
an anion exchange technique was applied to the
separation of thorium and a number of interfering
substances from cobalt; 0.1 ppm of cobalt can be
determined by this method.
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1.1 REACTOR OPERATIONS

The extensive repairs and modifications to the
HRT, which occupied the previous quarter, were
completed during the first week in August. After
the flanged joints were leak-checked, the reactor
cell was flooded to a depth of 18 ft, and remote
replacement of the purge and circulating pumps was
demonstrated successfully. The water level was
then raised to cover all air lines, air-pressurized
conduit, and insulation jackets in the cell, and the
location of all leaks was mapped for subsequent
repairs. When the cell was drained and after the
electrical conduits were superficially dried by
air-purging, the circulating-pump and pressurizer-
heater wiring was checked and found to be operable.

The period from mid-August to the first week in
September was devoted to flushing the reactor
piping with hot 3% trisodium phosphate solution,
followed by water rinses and a 5% nitric acid
wash. After the acid was rinsed from the system,
operation was suspended while the zinc-plated
flange bolts were replaced with new, unplated
material as proposed earlier. At this time, also,
the thermal barriers in the circulating pumps were
seal-welded. Hydrostatic tests, conducted on
the low-pressure systems at 750 psi, the high-
pressure systems at 3000 psi, and the reactor
steam system at 1950 psi, showed the piping
to be mechanically fit for further operation, and
the fuel and blanket recombiners were reinstalled

to prepare for the high-temperature water and
depleted-uranium runs.

On loan from TV A.

On loan from Puerto Rico Water Resources Authority.

On loan from Pennsylvania Power and Light Co.

4S. E. Beall et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 3.

Test run No. 9 commenced on September 18,
with the reactor operating on condensate at 280°C.
A rapid buildup of sodium ion and excessively
high pH in the water in the fuel dump tanks dictated
a shutdown the following day. The contaminants
were found to have been leached from the silver-

impregnated alumina Raschig rings in the iodine-
removal bed, a chamber in the fuel recombiner.
After extensive flushing of the system, the run
was restarted on September 23 and was continued
until September 30. For run 9 the total operating
time at 250°C or above was 155 hr.

Feed-pump heads of improved design were in
stalled on the fuel and blanket systems, following
test run No. 9, to provide as much on-site test
experience with the new heads as possible before
the critical experiments. Test run No. 10 was
started on October 3, with condensate in the
reactor. A recurrence of the previous leaching
trouble caused the run to be discontinued on

October 4 long enough for the fuel recombiner to
be removed and the fuel-system condensate charge
to be replaced. Operation was resumed the same
evening; when no further contamination was
observed by the following day, the chemical
separations plant was started and joint operation
resumed. On October 7, 5.7 kg of uranium was
injected into the reactor, and a series of concen
tration and dilution experiments was begun, to
study the transient and equilibrium behavior of the
ions in the system. Three days later, a leaking
chemical-plant sampler valve allowed approxi
mately 200 lb of fuel solution to be transferred to
the chemical-plant low-pressure system, which
overflowed through the off-gas line, making it
necessary to suspend the run. The remaining fuel
was removed for inventory, and the discharged
portion was completely recovered. Operation was
resumed after loading the reactor with fresh fuel
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and replacing the chemical-plant valves, and a
continuous run of 159 hr at 250°C and above was

completed. The shutdown at the conclusion of the
run was preceded by pumping condensate into the
core until essentially complete dilution was
achieved; this served both to check out the stand
ard shutdown procedure for critical operation and
to remove virtually all the uranium from the high-
pressure fuel and chemical processing piping, in
preparation for gas leak-testing of the system.

The final leak test of the HRT was originally
conceived as a helium leak test. Since the com

plete system will be tested as a single entity,
however, the presence of helium in the reactor
would necessitate elaborate purging of the piping
if the outcome should indicate the need for a

detailed, line-by-line check of the assembly.
Hence, the over-all proof test will employ Kr85 in
side the piping as the detector gas, with nitrogen
pressurized to 300 psig as the carrier gas. De
tection will be accomplished by extracting gas
samples from the sealed shield volume surrounding
the piping, and passing them through an activated
charcoal adsorption bed cooled to —150°C. The
bed will then be outgassed into a sensitive gas
counter chamber, and any krypton activity recorded.

Activity-breakthrough tests were successfully
conducted on two of the four charcoal beds asso

ciated with the HRT. The predicted breakthrough
time of a measured slug of Kr85, with 1 liter/min
of 02 as a carrier, matched the actual breakthrough
(seven to eight days) within the accuracy of pre
diction in both cases. Previous tests conducted

on the other two beds yielded inconclusive results,
and preparations are currently under way to retest
those beds.

The bypass line in the blanket pressurizer (line
204), intended to permit heavy-water operation in
the blanket without operating the pressurizer purge
pump, has adversely affected blanket-pressurizer
level control. The difficulties appear to result
from temperature differences between line 204 and
the pressurizer legs, and means to eliminate the
trouble are being studied.

1.2 INVENTORY CONTROL AND

CHEMICAL BEHAVIOR

Routine calculations of water inventory were
made once per shift, by using pressurizer-level

and thermocouple readings and weigh-cell indi
cations. All additions and removals of water were

recorded, to provide a "book" inventory figure for
the water in each system. Comparison of suc
cessive calculated inventories from day to day
provided a reliable means of detecting transfer
between the fuel and blanket systems, or leakage
from the reactor. Although changes in inventory
could be determined with satisfactory accuracy,
the absolute values of the calculated inventories

appeared to be somewhat low. The calculated in
ventories of water at the end of run No. 10 are

compared in Table 1.1 with the amounts in the
systems as determined by draining. Shown also for
comparison are the "book" balances, which take
into account all the measured additions and re

movals but not the unmeasured transfers between

the fuel and blanket systems.
Although the material recovered from the systems

agreed very satisfactorily with the amount charged,
the concentrations of uranium, sulfate ion, and
copper observed from samples during run No. 10
were generally about 10% lower than could be
predicted from the inventory of uranium and the
apparent inventory of water in the fuel system.
(A similar discrepancy existed during the first
depleted-uranium run, carried out in the spring of
1957.) During the run, several special experi
ments, involving concentrating and diluting the
fuel solution, were carried out to investigate this
situation. Samples were taken at frequent inter
vals throughout the experiments to provide a
record of the transient concentrations of the ions.

Results of these experiments, together with all
other available data on weigh-cell calibrations,
system-volume determinations, and the chemistry
of the fuel solution as revealed by analysis of the
samples, are presently being studied.

Table 1.1. Water Inventories After Run No. 10

Fuel

System

(lb)

Blanket

System

(lb)

Total

(lb)

Calculated 1710 4000 5710

Drained 1750 4090 5840

"Book" 1500 4350 5850
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2. HRT DESIGN
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2.1 FLANGE DEVELOPMENT PROGRAM

It was reported previously that a relationship
exists between the number of times a bolt-nut

assembly is tightened and the reproducibility of
the torque required, as indicated by a torque
wrench, to produce a given stress in the bolt.
Figure 2.1, in which the torque required is plotted
against the number of repetitions of the tightening-

On loan from Vitro Engineering Co.
9

On loan from Westinghouse Electric Corp.

3W. R. Gall et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 6, esp 10-11.
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Times the Bolt Is Tightened (Experimental Data for

Two 1-in. Bolts and One ^-in. Bolt).

loosening procedure, presents the results of tests
made with the recently acquired HRT bolts. After
several repetitions of the tightening-loosening
procedure, the mating surfaces become so con
ditioned that a minimum torque is required to
produce a given stress in the bolt. Table 2.1
presents the torques required to produce stresses
of 45,000 psi in conditioned HRT bolts. These
torques were determined by tightening each bolt-
nut assembly, with a torque wrench and a load
cell, a sufficient number of times to reach the
horizontal portion of the curves of Fig. 2.1. At
this point the bolt was calibrated for the specific
torque to be applied upon installation in the HRT
flanges. Actual stresses attained when using
torque wrenches to tighten the conditioned nuts
and bolts in the reactor should be within ±15% of

the values specified.
Tests were made to determine the effect of mis

match of flange grooves and ring gaskets in ring-
type closures. In four assemblies the pitch

Table 2.1. Recommended Torque to Produce an

Initial Bolt Stress of 45,000 psi

Bolt

\ - 13UNC

\ - 11 UNC

7^-10 UNC

78 - 9 UNC

1 - 8 UNC

1>8-8N

1\ - 8N

1\ - 8N

Torque (ft-lb)

45

80

115

190

250

400

700

960
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diameters of both sides of each ring were machined
to the flange-groove pitch diameter plus 0.010 in.,
as shown in Fig. 2.2, in effect duplicating the
maximum mismatch permissible under the pro
visions of ASA standard B16.20-1956. In the

remaining four assemblies the pitch diameter of
one side of each ring was machined to the groove
pitch diameter plus 0.010 in., and the other side
of each ring was machined to mate exactly with
the groove, as shown in Fig. 2.3, thus giving the
effect of maximum mismatch of one face only of a
pair of mating flanges. The eight assemblies were
then thermal-cycled repeatedly between 78°F at
atmospheric pressure and 636°F at 2000 psi. No
appreciable change of leak rate, as compared with
the results of previous tests in the thermal-cycling
facility, was observed. There was no noticeable
increase in the degree of galling of the seating
surfaces of either rings or grooves as the result
of the mismatch.

2.2 PRESSURE-BALANCING SYSTEM

A pressure-balancing valve and a rupture disk
had been installed in parallel in lines connecting
the core and blanket pressurizers of the HRT.
Their function was to prevent damage to the
Zircaloy core tank by limiting pressure differences

UNCLASSIFIED
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Fig. 2.2. Maximum Mismatch of Ring Gaskets with

Flange Groove Under ASA B 16.20-1956.

between core and blanket to safe values. Experi
ments with the HRT had shown that the pressure
differences could normally be controlled without
using the balancing valve. Experience and cal
culations had shown that if the rupture disk were
broken, the reactor could still operate for long
periods of time with an open line between the
two pressurizers and without serious transfer of
fluid between core and blanket systems. Because
maintenance of the valve would be difficult and

its installation required a complicated piping
system, it was decided to remove the pressure-
balancing valve, leaving only the rupture disk to
limit the pressure differences.

Because corrosion will reduce the thickness of

the core-vessel walls, the allowable pressure
differential between core and blanket will de

crease with time. Table 2.2 presents the recom
mended rupture-disk burst pressures for the HRT
core vessel for several periods of operation.

H. A. McLain, Possibility of Interconnecting the
HRT Pressurizers with an Open Pipe, ORNL CF-57-7-68
(July 17, 1957).

R. D. Cheverton, Allowable Pressure Differentials
for HRT Core Vessel, ORNL CF-57-9-36 (Sept. 13,
1957).
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Side.
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Table 2.2. Recommended Rupture-Disk Burst Pressures for HRT Core Vessel

Period of
n .. Allowable Working-Pressure „ Allowable Working-Pressure
Operation " Burst Pressure Burst Pressure

. . Differential Differential
(years) (psj) (ps.)

(psi) (psi)

0

1

2

3

4

Core to Blanket

210

190

170

150

130

420

380

340

300

260

2.3 SUPPLEMENTARY RECOMBINATION

The decision to operate the HRT with essen
tially 100% internal recombination in the high-
pressure system necessitated a modification of
the recombiner system. The recombiners were
liberally sized for the design condition of gaseous
letdown from the high-pressure system. With liquid
letdown only, the concentration of radiolytic gas
in the gas-steam mixture entering the recombiner
will be reduced from 8 mole % to about 0.8 mole %,
and the recombiner efficiency will be reduced be
cause of the lower temperatures which result when
the smaller quantities of 02 and D2 are recom-
bined. * Thus small amounts of unrecombined

gases could pass to the charcoal adsorption beds,
providing a possible explosive mixture in the beds
and resulting in a loss of D20 inventory. Supple
mentary recombiners, consisting of a roll of
platinized stainless steel mesh, 5 in. long, in a
1-in. pipe, were installed in the off-gas piping
from the recombiner condensers. These were

wrapped with a steam coil to provide the heat
necessary to initiate the reaction (see Fig. 2.4).
Because the residual gases entering the supple
mentary recombiners will no longer be diluted
with a large volume of steam, the space velocity
will be lower and the temperature higher, thus
increasing the rate of recombination. Tests were
made which indicated that the heat of reaction

will be effectively dissipated without overheating
the units.

R. E. Aven, HRT Recombiner Condenser Design,
ORNL CF-54-11-1 (Nov. 1, 1954).

7H. A. McLain, After Recombiners for the HRT, ORNL
CF-57-8-78 (Aug. 15, 1957).

8I. Spiewak et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 13, esp 17.
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Fig. 2.4. Supplementary Recombiners for HRT.

2.4 CELL-SPRAY AND FLANGE-SCAVENGING

SYSTEM

A system was designed which will serve the dual
functions of reducing cell pressure following a
catastrophic rupture of the high-pressure system
and of scavenging residual fluids from flanged
joints being opened during maintenance operations.
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Fig. 2.5. HRT Cell-Spray and Flange-Scavenging System.



Twelve fog-jet nozzles, supplied with water
from the mains originally intended for flooding the
reactor cell, will produce a water fog in the event
of a system rupture. Although the system will
not be effective in reducing the peak cell pressure
to be expected, it will be effective in reducing
the time required for cell pressure to return to
atmospheric.

The lines leading to the spray nozzles also
contain 24 taps to which suction hoses may be
attached by means of standard fluid-line, quick-
disconnect couplers to convert the system for
scavenging operations. The hoses, in turn, are
attached to a suction device on flanges to be
scavenged, and vacuum is applied by means of
steam-jet eductors exhausting to the waste and
vent system. A schematic diagram of the system
is presented in Fig. 2.5.

2.5 REPLACEMENT STEAM GENERATOR

Figure 2.6 shows the replacement steam generator
for the HRT. Design of this vessel was compli
cated by the necessity of fitting it into an existing
system, with the requirements of fitting existing
supports, piping connections, and space limitations.
Some alteration to existing structural members and
piping will be required on installation, but this
will not be extensive.

The design of the heat exchanger was dictated
by the desire to prevent stress-corrosion cracking

9W. R. Gall et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 19-21.
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and crevice corrosion of the stainless steel tubes

in the secondary side of tube joints. Precautions
were taken against crevice corrosion by eliminating
the conventional tube sheet and water box which

typify the existing exchangers. The tubes in the
new design are terminated in external stainless
steel headers (Fig. 2.7), to which they are joined
by stainless-to-stainless seal welds. The 88
double-U, %-'m- tubes are brought through the
carbon-steel shell of the vessel through thermal
sleeves which eliminate direct welding between
the stainless steel tube and the carbon-steel

shell, and eliminate any crevice between the tube
and surrounding metal which might be subject to
crevice corrosion attack. The only stainless-
steel-to-carbon-steel weld is made at a point well
away from the carbon-steel shell of the vessel.
A detail of the thermal sleeve is shown in Fig. 2.8.
The welding detail noted on the junction box, or
elbow, at the end of the tube in Fig. 2.8 is typical
of the manner in which nozzles are welded to the

heat exchanger; the nozzle is machined and in
stalled as a solid piece. After the weld is com
pleted, the nozzle is drilled out to the prescribed
internal diameter, as indicated in the detail of
Fig. 2.8, thus resulting in a full-penetration weld
with no crevice between the nozzle and the parent
member.

The vessel will be rigidly fixed at the front
support and be free to move with thermal expansion
in other directions. A 1/)6-in.-thick carbon-steel
blast shield will surround the vessel as shown in

Fig. 2.6.

BLAST SHIELD
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Fig. 2.6. HRT Replacement Steam Generator.
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Fig. 2.7. Typical Tube Header for HRT Replacement Steam Generator.
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3. HRT COMPONENT DEVELOPMENT
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3.1 FUEL CIRCULATING EQUIPMENT

3.1.1 400A-1 Pump and Loop

The long-term run of the Westinghouse 400A-1
pump was terminated after 11,605 hr of trouble-free
performance.1 This pump was equipped with a
titanium impeller and a seal-welded stainless steel
thermal barrier which contained a titanium wear-

ring insert. A solution containing 0.04 mU02SG"4,
0.005 mCuSO , and 50 mole %excess H2S04 was
circulated at 250°C. The only measurable wear
that occurred during the run was an increase in
end play, indicating thrust-bearing wear of approxi
mately 0.001 in. per 1000 hr of operation.

The pump was reassembled, and a gas-saturated
run was started to determine whether gas bubbles
in the circulating uranyl sulfate stream will be
harmful to the pump. Experiments completed
earlier indicated that gas bubbles will migrate into
the motor section of the pump and gas-bind the
auxiliary-coolant impeller. During the present
run, which has continued for 650 hr, the gas
pressurizer has been maintained 5°C below the
loop temperature of 250°C. Total pressure is
1100 psi. These operating conditions should
theoretically produce some bubble formation in the
pump suction, although there are no means of
verifying this experimentally. Pump and loop
operation have been normal, and gas has not
collected in the motor. Pump operation was also
normal during several thermal cycles and while
cylinder gas was added slowly to the circulating
stream.

3.1.2 400A-2 Pump and Loop

Shaft-seal mixing tests were continued with the
400A-2 pump. Best results were obtained by using
a shaft sleeve serrated at the top to provide suction
ports for the auxiliary-coolant impeller; the sleeve

J. C. Moyers, Long-Term Run of Westinghouse
400A-1 Pump, ORNL CF-57-9-1 (Sept. 3, 1957).

J. K. Hayes
P. G. Herndon

E. C. Hise

J. C. Moyers
H. R. Payne

Willis

was also securely sealed to the shaft to prevent
flow between shaft and sleeve. Mixing flow of
0.48 liter/hr was observed with zero motor purge,
and the rate was decreased2to below 0.002 liter/hr
with a purge flow of 10 liters/hr.

Improved shaft sleeves were installed in the
HRT pumps.

3.1.3 300A-1 Pump

The300A-l pump has operated in the HRT mockup
since the revised thermal-barrier seal weld was

made for a total of 3109 hr: 142 hr with 0.13 m

U02S04 solution at 260°C, 376 hr with 1.3 m
U02S04 solution at 260°C, and 2591 hr with 0.04 m
U02S04 solution at 280 to 300°C. The pump has
operated satisfactorily, with the condition causing
power irregularities, previously reported,3 ap
parently correcting itself.

3.2 FEED PUMPS

3.2.1 Feed-Pump Test Loops

Endurance testing of feed-pump heads was
continued. No diaphragm or check-valve failures
were experienced during the quarter. However, a
leak developed in the seal weld on the north head
in the HRT mockup. This was an experimental
bolted head, and the crack in the seal weld could
have been caused by improper reassembly following
repair of the cracked nipple reported previously.
Tables 3.1 and 3.2 list the test duration for all
heads and check valves now in operation.

The reciprocating drive unit of the mockup feed
pump was equipped with a variable-speed drive
which provides a continuously variable flow up to
2 gpm. The reciprocating drive has continued to
operate satisfactorily.

^H. A. Rundell, D. H. Roy, and J. C. Moyers, In
vestigation of Effect of Seal Configuration on Mixing
Flow and Radiation Damage in HRT-Type Circulating
Pumps, ORNL CF-57-10-48 (Oct. 10, 1957).

3
I. Spiewak et al., HRP Quar. Prog. Rep. July 31,

1957, ORNL-2379, p 13.
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Table 3.1. Duration of Tests of Feed-Pump Heads Currently Operating

12

Head Location

Feed-pump loop No. 1 (water)

East

West

Feed-pump loop No. 2 (fuel)

South

North

HRT mockup (fuel)

South

North

Valve test loop (fuel)

Diaphragm (Type 347 Stainless Steel)

0.031-in., annealed, liquid-blasted finish

0.019-in., annealed

0.031-in., annealed, mirror finish

0.031 in., \# hard, as-rolled finish

0.022-in., / hard, mechanically polished

0.031-in., annealed, mirror finish

0.031-in., annealed, mirror finish

Test Duration (hr)

2184

7847

4427

4427

6111

713

1074

Table 3.2. Duration of Test of Feed-Pump Check Valves Currently Operating

Location

HRT mockup (fuel)

South

Suction

Discharge

North

Suction

Discharge

Feed pump No. 1 (water)

West

Suction

Discharge

East

Suction

Discharge

Feed pump No. 2 (fuel)

North

Suction

Discharge

South

Suction

Discharge

Valve test loop (fuel)

Suction

Discharge

Material

Ball Seat

Star J Stellite 6

Star J Stellite 6

Star J Stellite 6

Star J Stellite 6

Star J

Star J

Star J

Star J

Star J

Star J

Star J

Star J

Star J

Star J

Stellite 6

Stellite 6

17-4 PH SS

17-4 PH SS

17-4 PH SS

17-4 PH SS

Stellite 6

Stellite 6

Stellite 3

Stellite 3

Test Duration (hr)

8791

4083

8832

3724

7246

7847

1044

613

2027

2027

4427

4427

2191

2191



Over a period of 3500 hr of continuous operation,
feed-pump loop No. 2 experienced a loss of flow of
0.15 gpm and a noticeable increase in check-valve
noise. Replacement of the Scott & Williams slide-
valve unit restored the flow and reduced the noise.

3.2.2 Purge Pumps

Purge-pump loops 1 and 2 have resumed operation
with new heads having 100-mesh screens and
modified closure welds. In loop 1 a 0.019-in.
Allegheny Ludlum AM-350 alloy diaphragm and
type 17-4 PH stainless steel valve seats are being
tested in fuel solution. In loop 2 a full-hard 0.019-
in. type 347 stainless steel diaphragm and Stellite
valve trim are being tested in water. Both loops
are driven by the new Scott & Williams P2 duplex
drive unit. The drive unit failed after about 150 hr

of operation because of fracture of the plunger
return springs. It was returned to. the factory,
where the trouble was corrected, and has since
operated satisfactorily. Total time on these loops
is now 556 hr.

The HRT-mockup purge-pump head, containing
100-mesh screen, a 0.01 9-in. annealed and polished
type 347 stainless steel diaphragm, and Stellite
valve trim, has operated for 1610hr without trouble.

PERIOD ENDING OCTOBER 31, 7957

3.2.3 Check.Valve Material Test

The screening of check-valve materials for the
HRT was completed. Some of the data obtained in
this program are summarized in Table 3.3. The
facility is continuing to operate in long-term
check-valve tests. On the basis of these tests,
17-4 PH seats vs Star J balls were recommended

for water service. For uranyl sulfate service,
Stellite 3 seats vs Star J balls were recommended

on the basis of many years of successful loop
operation.

3.2.4 Corrosion Fatigue Tests

Ohio State University has run additional fatigue
tests on types 347 and 316-L stainless steel and
on Allegheny Ludlum AM-350. Annealed type 347
appears to be the best alloy tested thus far for
uranyl sulfate service because of its superior
resistance to corrosion fatigue and its ductility.
However, some of the other materials may prove
superior in water service. Table 3.4 summarizes
the results obtained to date.

3.2.5 HRT Replacement Feed and Purge Pumps

The rebuilding of replacement pumps is almost
complete. The four feed-pump heads were com
pleted and installed in the reactor, and the purge

Table 3.3. Check-Valve Material Tests

Material

Ball Seat

meaiun

Star J Stellite 6 Water

Fuel

Stellite 1 Water

Fuel

17-4 PH SS Water

Fuel

347 SS Water

Carpenter 20 SS Water

Kennametal K 501 Kennametal K 501 Water

Fuel

Aluminum oxide Aluminum oxide Water

Fuel

Time (hr) Results

132 Failed; seat damage

260 Passed; no leakage

1070 Passed; no leakage

849 Passed; no leakage

1740 Passed; no leakage

2207 Passed; no leakage

279 Passed; no leakage

298 Passed; no leakage

283 Questionable; flow loss but no leak

850 Passing; in progress

817 No leakage but balls lost weight

600 Failed; balls and seats lost weight

13
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Table 3.4. Results of Corrosion Fatigue Tests

Endurance Limit (psi)

Material In 0.04 m UO,SO .
at 60°C

In Water at

60°C
In Air at Room

Temperature

Elongation

(%)

347 SS

Annealed 34,000 36,000 39,000 42

\ hard 30,000 50,000 58,000 14

\ hard 31,000 57,000 67,000 2.5

\ hard 32,000 88,000 2.5

Full hard 43,000 2.5

316L SS

\ hard 32,000 14

\ hard 32,500 10

AM-350 S.B.T.* 39,000 90,000 11

*S.B.T. refers to tempering by refrigeration followed by aging at 650 F.

pumps are now being installed. Three of eight
purge-pump check valves indicated static leaks
across the seats after assembly; this condition was
corrected by one to two days of operation.

3.3 HRT MOCKUP

3.3.1 Operation

During the report period the HRT mockup com
pleted a run of 548 hr circulating 0.042 mU02S04,
0.021 m H2S04, and 0.005 m CuS04 at 1400 psi
and 280°C. This run was terminated because of a

suspected high-pressure solution leak and the
failure of 40% of the Calrod loop heaters.

The generalized corrosion rate observed during
the first 265 hr of this run was 3.9 mpy. This
abnormally high rate was attributed to the presence
of 0.2% HN03 from a previous HN03 rinse. After
replacing the fuel solution, the corrosion rate went
down to 0.8 mpy for the remainder of the run.

The suspicion of a leak was based on the
discoloration of Thermon, a commercial aluminum
silicate heat-transfer compound, used as a medium
for conducting heat from the Calrod heaters to the
pipe walls. The discoloration was traced to
material escaping from burned-out heaters. No
leak from the system was indicated by hydrostatic
and helium leak tests.

The Calrod-Thermon heating system was re
placed by strip heaters placed directly on the

14

loop piping. Another run was started, with 0.042 m
U02S04 solution at 280°C and 1700 psi; it is still
in progress after 1017 hr. The corrosion rate
during this period has averaged 1.1 mpy. The
only major component failure was that of a feed
pump head described in Sec 3.2.1.

3.3.2 Boiling of Mockup Fuel Solution

Mockup fuel solution was boiled for 450 hr during
the present run in a 4-ft-long bypass of k-in.
sched-80, A-40 titanium pipe. Upon removal of the
pipe, the preliminary examination showed that a
thin rusty scale covered the inside of the section
where boiling took place. X-ray analysis showed
the film to be mainly an unidentified aluminum
compound, plus some Ti02 and smaller amounts of
Fe20, and Cr20_. The aluminum probably origi
nated in the pellets used in L removal tests.

The titanium pipe had sagged slightly and had
enlarged about 0.02 in. in outside diameter. The
outside-pipe-wall temperature indication was
430°C; boiling occurred at 325°C. The pipe has
been submitted for metal lographic examination.

3.3.3 Corrosion in Stagnant Lines

No significant attack was noted in three k-in.
sched-80 lines welded to the high-pressure circu
lating system after being exposed to stagnant
solution in the 548-hr run described in Sec 3.3.1.



The lines were reinstalled for the present run,
with added stressed specimens, which may provide
further information.

3.3.4 Iodine Removal Tests

Three runs were made in which iodine was

injected into the high-pressure system and removed
from the vapor phase of the low-pressure system
by a 6-in.-dia by 8-in.-deep bed of silvered-alundum
Raschig rings or silver-plated stainless steel
Yorkmesh installed between the dump tank and
the condenser. Iodine concentration within the

bed was found to decrease exponentially as shown
in Fig. 3.1. Efficiencies estimated from the iodine
distributions are listed in Table 3.5. The ef

fectiveness of the silvered-alundum pellets ap
peared to depend strongly on temperature in the
range 110 to 150°C.

Table 3.5. Efficiency of Iodine Removal Beds

Material

Silvered alundum

Silver-plated Yorkmesh

Temperature Efficiency

(°C) (%)

110 63

120 81

150 98

120 97

*Run madeduring previous quarter; bed was 5 in. deep.

Difficulty with leaching of material from the
silvered-alundum bed installed in the HRT sug
gested development of an alternate material for
iodine removal. Several samples of stainless
steel Yorkmesh wire were silver-plated and tested
by the Chemical Technology Division.

In . the first samples tested, only 2.5% of the
plated silver was available for reaction, as com
pared with 100% of the silver deposited on alundum.
On a volume basis, this gives silvered alundum
seven times the capacity of silver-plated Yorkmesh.

The silver plate did not become brittle after
reaction. Soaking the wire in water after reaction
did not produce any leaching of iodine or base-metal
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Fig. 3.1. Iodine Distribution in Silvered Bed.

corrosion. When contacted with moisture and

concentrated iodine vapor, extensive corrosion
occurred; this is, however, a much more severe
environment than is expected in the HRT.

A sample of the silver-plated Yorkmesh was
tested in the mockup and gave the good results
shown in Fig. 3.1 and Table 3.5. It is concluded
that an absorber containing silvered alundum or
silver-plated Yorkmesh can be designed to remove
iodine from the HRT with an efficiency »99%.
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4. HRT REACTOR ANALYSIS

P. R. Kasten

C. W. Nestor, Jr. B. E. Prince
M. W. Rosenthal

4.1 REACTOR PRESSURE FOLLOWING Zr-H20
REACTION IN HRT

The Aerojet General Corp. report concerning
metal-water reaction experiments was examined for
pertinence to the HRP. The major results per
taining to zirconium-water reactions are sum

marized below:

1. Injection of zirconium or zirconium-alloy
droplets which are 200°C above the melting point
into water resulted in about 20% reaction when the

particles were 1000 fj. (40 mils) in diameter and
about 50% reaction when they were 100 n (4 mils)
in diameter. No significant difference in behavior
of zirconium and its alloys (including Zircaloy-2)
was found. These results are similar to those

obtained earlier by the same investigators using a
different technique.

2. The efficiency of converting the thermal-
energy release into work was determined by per
mitting ejection of water from the test chamber.
The highest efficiency obtained (defined as work
done over energy liberated) was 7.7%.

3. The authors conclude that metal-water reac

tions are not high-order explosions, since they
required milliseconds (~10) rather than micro
seconds to attain peak pressure. In the tests

performed, there was no shattering-type damage.
However, damaging shock waves are thought to
have been produced in earlier experiments in which
the specific surface of the molten metal was
higher.

4. The reaction of Zircaloy-2 with steam was
investigated by using metal-sample temperatures
of 800, 1000, and 1200°C. From these tests the
authors conclude that the reaction of Zircaloy-2
in steam is not self-sustaining, even when con
siderable energy for ignition (electric arc formed
during experiment) is provided.

These results indicate that any appreciable
reaction of Zircaloy-2 and water is unlikely while
the metal is present in massive form. However,

H. M. Higgins and R. D. Schultz, The Reaction of
Metals with Water and Oxidizing Gases at High Temper
atures, IDO-28000 (April 30, 1957).
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the behavior with oxygenated uranyl sulfate is
still uncertain.

Although the reduction of an appreciable fraction
of a core vessel to droplets is extremely unlikely,
the production of a small mass of drops is con
ceivable; for example, consider the following chain
of events: uranium is deposited at a spot on the
core-tank surface, film boiling occurs at that
point, the metal melts and is sprayed into the
liquid by a pressure differential between the core
and blanket regions. Even this scheme would
probably not produce metal drops small enough for
a high percentage of reaction.

The pressures which would occur in the HRT
following reaction of part of the Zircaloy-2 core
vessel have been estimated by using two simple
thermodynamic systems. In all computations the
pressure vessel was assumed to be a rigid sphere,
and no allowance was made for escape of liquid
into the pressurizers. Two models were con
sidered:

1. The reaction occurs adiabatically at constant
volume, the gaseous product, D2, then expanding
isentropically and compressing the liquid in the
pressure vessel.

2. During the reaction, 90% of the energy re
leased is transferred to the liquid. The remaining
energy is transmitted to the reaction products and
the expansion treated by means of model 1. This
reaction was considered to have an efficiency
of 10%.

The results are plotted in Fig. 4.1, where the
pressures shown are for the quasi-equilibrium
condition when the gas and liquid pressures be
come equal. Because of the assumption of adia-
batic reaction and isentropic expansion, plus
considering the liquid to be completely retained in
the pressure vessel, the upper curve gives pres
sures higher than would actually occur in the
absence of shock waves. If the curve for 10%

efficiency is appropriate, kilogram amounts of
Zircaloy could react in the HRT without rupturing
the pressure vessel.

Failure of the Zircaloy-steam reaction to be
self-sustaining suggests that there would be no
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danger to the core vessel from this mechanism if
it were to become hot from deposited fission
products while full of steam, as might occur after
a dump. However, in the experiments performed,
the effects of oxygen and deuterium in the steam
were not investigated.

4.2 HRT CRITICAL CONCENTRATIONS

OBTAINED BY MULTIGROUP MODEL

Critical concentrations for the HRT were calcu

lated by using the Eyewash multigroup multiregion
code.2 Twenty-seven fast groups, one thermal
group, and four space regions were employed. The
space regions consisted of the core, Zircaloy-2
core-tank wall, blanket, and pressure vessel. In
all cases it was assumed that there were no

poisons present. Three fuel loadings at 280°C
were considered: (1) U235 core solution, D20
blanket; (2) U233 core, D20 blanket; and (3) U233
core, Th02-D20 blanket containing 500 g of
thorium per liter. For comparison purposes, the
above cases were also calculated by using a two-
group, two-region code. Results of both calcula
tions are summarized in Table 4.1, where the
multigroup values have been analyzed in terms of
a fast effect, e.

The critical concentrations obtained with the

two-group model were found to be consistently 20
to 30% lower than those obtained with the multi-

group model. The difference arises because the
former method of calculation does not take ade

quate account of fast fissions and fast leakages
for a reactor the size of the HRT. For the case of

the U235-fueled, D20-reflected reactor, an earlier
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Fig. 4.1. Pressure in HRT Following Zirconium-Water

Reaction.

J. H. Alexander and N. D. Given, A Machine Multi-
group Calculation. The Eyewash Program for UNIVAC,
ORNL-1925 (Sept. 15, 1955).

Q

T. B. Fowler, Oracle Code for a General Two-
Region, Two-Group Spherical Homogeneous Reactor
Calculation, ORNL CF-55-9-133 (Sept. 22, 1955).

Table 4.1. Results of HRT Critical Calculations

Core, Blanket (280°C)

U235, D20

U233, D20
,233IT00, 500-g/liter Th02 in D20

Fuel Critical Concentration

Eyewash Two-Group, Two-Region

g/liter g/kg D20 g/liter g/kg D20

7.55 9.03 5.63 6.73 1.133

5.83 6.97 4.75 5.68 1.173

12.35 14.8 10.08 12.1 1.404

*£ = (neutrons produced by all fissions)/(neutrons produced by fissions resulting from thermal-neutron absorption
by fuel); based on multigroup calculations.
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estimate of 8.1 g of U per liter (9.7 g per using a harmonics method, compares favorably
kilogram of D20) calculated by Ediund and Wood with the multigroup result.

The multigroup value of the breeding ratio for

4M. C. Ediund and P. M. Wood, ORNL-1780 (Aug. 27. the case of 500 9 of thorium Per liter of slurrV in
1954) (classified). the blanket was 0.85.
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Fig. 5.2. Waterproof Thermocouple for HRT Thermowells.

5.1.3 Nuclear Instrumentation

The HRT nuclear instrumentation system in
cludes the gamma monitors for personnel protec
tion in the control areas; the beta-gamma monitors
for sampling air in the control areas; the remote-
area gamma-sensitive monitors, which will alarm if
radiation leaks into auxiliary process lines such
as cooling water, steam, off-gas to the stack,
etc.; high-level-gamma radiation monitors inside
the reactor cell to indicate ambient radiation

levels near equipment; and the neutron-detecting
fission chambers and gamma-detecting compen
sated ion chamber inside the nuclear instrument

tube. The last two elements are used to monitor

the fission process in the core vessel.

The nuclear instrumentation is now installed

and undergoing preliminary tests at the reactor
site. The neutron-detecting channels have been
operated for one month, with dummy check signals
from a pulse generator being fed into the pre
amplifier. The ORNL-fabricated gamma-ray-de
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tecting compensated ion chamber and the Westing
house neutron-detecting fission chambers will next
be installed in the nuclear instrument tube to

check operation in the water which fills the tube
and serves as shielding while permitting easy
movement of the chambers for sensitivity ad
justment.

The junction box which provides the means of
sealing the electrical signal leads from the high-
level-gamma ionization chambers at the shield-
tank wall is shown in Fig. 5.3. The base of the
box is welded to the shield tank, and the leads
are brought to the terminal strips through Kovar
glass-to-metal seals. The box and conduit can be
pressurized with air to prevent water from leaking
into the conduit during periods when the reactor
tank is flooded for equipment maintenance. The
box is test-checked at 20 psig to demonstrate leak-
tightness. Rear access to the Kovar seals is had
by lifting the dust cover, unbolting the hinged
plate upon which the seals are mounted, and allow
ing the plate to rotate down on the bottom hinge.
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6. HRT PROCESSING PLANT

W. D. Burch

R. E. Adams

W. L. Albrecht

W. E. Browning
L. H. Chase

P. A. Haas

R. W. Horton

C. S. Lisser

F. C. McCullough
A. M. Rom

W. E. Unger

H. 0. Weeren

R. H. Winget
E. L. Youngblood

Effort during this period was expended on (1) an
underwater-maintenance practice, (2) minor con
struction and maintenance in preparation for op
eration with radioactive solutions, (3) operation
with the reactor during the final over-all tests of
the systems, and (4) tests of the charcoal beds.

6.1 UNDERWATER-MAINTENANCE PRACTICE

Maintenance philosophy for the processing plant
is similar to that for the reactor system. After
flooding the cell with water for shielding, equip
ment is removed and replaced from on top of the
cell with special tools. Several specific main
tenance procedures were practiced with the cell
flooded, and all other equipment designed to be
replaceable was checked to ascertain that the
proposed procedures are feasible.

6.1.1 Tests Prior to Flooding

All maintenance procedures were given pre
liminary checks prior to flooding the cell. Several
minor changes were found necessary, mainly
modifications to equipment supports to permit
proper tool alignment and removal of equipment
without interference from connecting piping.
Conduits and canned insulation were leak-checked,
repaired where necessary, and pressurized with
air to prevent inleakage of water when the cell
was flooded later. The high-pressure-system cir
culating pump, heater, and filter; the dissolver;
and two valves were replaced without flooding to
verify the removal procedures.

6.1.2 Underwater Tests

Maintenance practice with the cell flooded was
carried out over a period of 10 days. The water,
upon standing, gradually became cloudy, making
visibility very poor after five to six days and
necessitating replacement of the water.

Five of the more complex and inaccessible com
ponents were scheduled for replacement during
this period. All except the high-pressure filter
were removed and replaced. The latter could not
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be removed without risking damage to flange sur
faces because of insufficient flexibility in ad
joining piping. This piping has since been modi
fied.

Except for a slightly decreased visibility,
replacement of equipment was not complicated by
the presence of shield water. This practice
period adequately demonstrated this type of main
tenance for the processing plant.

The components removed were:
Dissolver. —With seven connecting flanges and

extremely limited working space at the bottom of
the cell, the dissolver is the most difficult item
to replace. No unforeseen difficulties arose, and
the vessel was removed and replaced in 12 working
hours.

Circulating pump. — Prior to breaking flanges,
adjoining lines were frozen with semipermanent
freeze coils which, in actual operation, would
prevent contamination of heavy water with shield
water. The plugs were tested by applying 40-psi
pressure from outside the cell. While some dif
ficulties were encountered in relocating the pump
on the mounting dowel pins, the maintenance op
eration was satisfactory.

High-pressure-system heater. — Numerous elec
trical leads made handling of the 6-ft-long heater
assembly awkward, but removal and replacement
proved to be routine.

One low-pressure valve. — Removal of one low-
pressure valve demonstrated the procedure as
typical of maintenance of all low-pressure valves.

6.2 CONSTRUCTION AND MAINTENANCE

Numerous minor maintenance and construction

jobs were completed in preparation for further
operation. These included:

1. replacement of cadmium-plated nuts and bolts
in the high-pressure system with higher quality
nonplated nuts and bolts;

2. seal-welding of the thermal barrier and main
flanges of the circulating pump;



3. fitting and installation of cell roof plugs and
seal sheets; final welding will be delayed until
after final leak-testing of process piping;

4. completion and installation of the hydroclone
system sampler, including instrumentation and
the control panel;

5. installation of the closed-loop cooling-water
system, including a 300-gal surge tank, a
50-gpm 150-ft-head circulating pump, and a
heat exchanger; the system was cleaned,
checked, and placed in operation with dis
tilled water containing 1000 ppm K2Cr04 as a
corrosion inhibitor.

6.3 FINAL OPERATION OF THE

HIGH-PRESSURE SYSTEM

The processing-plant hydroclone loop was op
erated throughout the final 300-hr nonradioactive
run of the reactor in October. Operation was, in
general, satisfactory, but serious leakage through
the two high-pressure sampler valves following a
normal sampling procedure resulted in loss of fuel
solution to the chemical-plant low-pressure sys
tem through the sampler vent valve. When the
leakage was noted, the system was immediately
isolated from the reactor, and subsequently the
air-operated sample letdown valve was replaced.
Leakage rate through the inlet hand valve in the
sampler itself is still very high, and this valve
will also be replaced. Some difficulties were also
experienced with obtaining a normal 5-ml volume
during the initial tests of this sampler.

A sizable zero shift of the differential-pressure
cell, measuring pressure drop across the hydro-
clone, occurred during the tie-in with the reactor,
but the instrument can be re-zeroed from outside

the cell.

6.4 HOLDUP TESTS ON HRT CHARCOAL

ADSORBER BEDS

Experimental data from small laboratory charcoal
beds indicated that the presence of a horizontal
void space in a charcoal bed will reduce the
efficiency of the bed significantly. Holdup tests
of the HRT charcoal beds are in progress under
simulated operating conditions to determine their
efficiency before reactor startup. A radioactive-
tracer technique developed for use in the labora
tory adsorption study is being used. A pulse of
Kr85 is injected at the entrance of each bed and
swept through the bed by a stream of oxygen.

PERIOD ENDING OCTOBER 31, 7957

Gases leaving the charcoal bed are monitored by a
G-M tube, and the activity is measured by a linear
count-rate meter.

Results of holdup tests on charcoal beds 10-A
and -B during the month of August are not con
sidered valid because of inaccuracies in sweep-
gas flow measurements and temperature-induced
changes in the field-mounted counting circuits.
Holdup tests on these beds are to be rerun at a
later date.

Tests on charcoal beds 10-C and -D were started

in the latter part of September and completed early
in October. The electronic equipment was moved
into an air-conditioned building, which eliminated
the effect of temperature fluctuation on the com
ponents in the counter circuit. Wet-test meters
were installed downstream from the counter to

measure total gas flow leaving the beds.
A graph of activity in the effluent gas versus

time after injection of the pulse of Kr is given
in Fig. 6.1. Activity broke through bed 10-C,

100

UNCLASSIFIED

ORNL-LR-DWG 25687

90
/|

80

70
>-
1-

>

y go
<

U

3 50
li-
U_
LU

AVERAGE OXYGEN FLOW J!
10-C: 1.022 liters/min
10-D: 0.947 liters/min

1 1 1 F
D 10-C

= 370

•

i

•

A ,
LU

> 40

_i
UJ

a:

30

/]
BED 10

7
/

•

20 / \ 1
f \

10 / v \
/ k V

0 / /N\, V,
100 125 150 175 200

TIME (hr)

225 250 275

Fig. 6.1. Activity in Effluent Gas vs Time After In
ge

jection of Pulse of Kr in Charcoal Beds 10-C and -D.

23



containing 520 lb of charcoal, after 186 hr and
reached a maximum Um ) after 211 hr. The
average gas flow through this bed was 1.022
liters/min. Activity broke through bed 10-D,
containing 360 lb of charcoal, after 140 hr and
reached a <max after 170 hr. Average gas flow
through the bed was 0.947 liter/min. These gas
flows are approximately four times the design flow
rate of 0.25 liter/min. Calculated values for

t , based on laboratory data from small charcoal
max' '

traps, are 300 hr for HRT charcoal beds 10-A, -B,
and -C at a gas flow of 0.25 liter/min. It should
be noted that holdup times are inversely propor
tional to flow rates, and the efficiency of the
charcoal bed, as determined by these holdup
tests, is higher than anticipated.

Calculated values for N (the number of theo
retical chambers in the bed calculated from the

pulse width, not from breakthrough times) were
lower than expected. This indicates a possibility

}Chem. Tech. Monthly Prog. Rep. Sept. 1957, ORNL-
2416, sec 13 (in press) (classified).
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of void spaces in the charcoal beds. It should be
noted also that the bed temperature was 16 to
19°C during the test and that under reactor condi
tions the inlet end of the charcoal bed will be

heated by decay of fission gases. This will tend
to reduce the over-all holdup time of the charcoal
bed. However, on the basis of the holdup tests,
beds 10-C and -D should be adequate for use under
reactor operating conditions.

6.5 CARPENTER-20 PUMP TEST

A Chempump using aluminum oxide bearings and
Carpenter-20 stainless steel for all wetted parts
is being tested with 4 Al H2SO. dissolver solution
at 100°F for possible use in sampling the HRT-CP
dissolver-product solution or for transferring stored
dissolver solution from cell C. The pump has a
capacity of 1 gpm at a 43-ft head, which exceeds
the design requirements. No appreciable bearing
wear or corrosion of the Carpenter-20 parts was
noted after 108 hr of running time.
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7. HRE-3 DESIGN

W. R. Gall M. I. Lundin

J. C. Bolger
R. H. Chapman
R. D. Cheverton

E. H. Gift

R. 0. Maak'
E. A. Mason

H. A. McLain

R. C. Robertson

J. M. Trummel

E. H. Volk2
D. W. Vroom

7.1 THORIUM BREEDER REACTOR (HRE-3)

In designing HRE-3, it was decided to assume a
system requiring no continuous letdown from the
high-pressure system and requiring a minimum
number of continuously operating components
within the reactor cell. The plant layout will
stress accessibility rather than shortness of lines
or proximity to other components in placing the
reactor vessel, the pressurizers, circulating pumps,
or heat exchangers. Dry maintenance will be
considered and all components inside the biological
shield will be removable. If practicable, following
maximum decontamination, major maintenance
operations will be performed semidirectly within
the biological shield, by using supplementary
shields or coffins. An investigation will be made,
supplementing the PAR welding studies, to de
termine the feasibility of welding instead of using
flanges in the large lines.

A major objective of HRE-3 is the demonstration
of breeding. The criteria for the design of the
system are presented in Table 7.1.

The most recent flowsheets and the design data
for HRE-3 are presented in Figs. 7.1 and 7.2 and
in Table 7.2, respectively. The high-pressure-
system flowsheet, Fig. 7.1, was modified to show
an iodine removal system, and a jet eductor was
substituted for the blower to recirculate gases
through the blanket-pressurizer system.3'4 The
design data of Table 7.2 incorporate a Newtonian
like slurry which has a yield stress of 0.1 lb/ft2
and a coefficient of rigidity of 2.42 Ib/hr-ft. This
change in slurry properties5 is reflected primarily
in the slurry pumping-power requirements, reducing
the shaft horsepower from 400 to 237. Other
changes in the data include reduction of the core

On loan from Foster Wheeler Corp.
2

On loan from Combustion Engineering, Inc.

3W. R. Gall et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 32, Fig. 7.1.

4W. R. Gall and M. I. Lundin, Monthly Report - De
sign Section - Sept. 1957, ORNL CF-57-10-79.

5W. R. Gall et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 31, esp 33-36.

circulating-loop piping to 12 in., schedule 150,
and reduction of the blanket circulating-loop
piping to 10 in., schedule 150.

Oxygen pressurization of the high-pressure
system is shown in Fig. 7.1. This appears the
most promising method of pressurization.6 Fig
ure 7.1 also shows a four-plate stripping column
in the high-pressure condensate stream for the
removal of iodine from the high-pressure system,
which may prove feasible. Calculations indicate
that the breeding-ratio loss due to Xe135 poisoning
can be reduced from about 0.055 to 0.017 through
iodine removal.

6W. R. Gall and M. I. Lundin, Monthly Report - De
sign Section - Aug. 1957, ORNL CF-57-9-37.

Table 7.1. HRE-3 Design Criteria

Minimum Maximum Design

Core power (thermal). 50 50

Mw

Core outlet tempera 300 280

ture, °C

Core inlet tempera 240 250

ture, C

Core AT, °C 0 30

Flow velocity, fuel. 20

fps

Pressure, psi

Operating 2000 1500

Mechanical design 2500, code

Steam pressure, psia 450

Blanket power 10 10

Conversion ratio 1.05 1.15 1.10

(with U233)

Core-tank life, years 3

Number of pumps and 2 1

heat exchangers

Capacity of heat ex 50 50

changer, Mw
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Table 7.2. Preliminary HRE-3 Design Data

I. GENERAL REACTOR DATA

A. Type

B. Gross Power

1. Core power (thermal)

2. Blanket power (thermal)

3. Total power (thermal)

(electrical)

C. Power Densities and Corrosion Rate (at 60 Mw)

1. Average power density

Core

Blanket

2. Power density at Zircaloy-2 wall

In fuel adjacent to wall

Within Zircaloy-2 wall

3. Estimated corrosion rate of Zircaloy-2

D. Breeding Ratio (estimated)0

Minimum

Design

II. CORE-SYSTEM DATA

A. General

1. Solution properties

Composition

Critical concentration in core at t = 280°C

Initial loading (clean)

Equilibrium

Analysis at equilibrium

Total uranium

Copper

Excess acid

Two-region; breeding, Th-U ; internal

recombination; oxygen pressurized; fuel

solution, U02S04 in D20; blanket slurry,
Th02 in D20

Maximum 50 Mw

Design 50 Mw

Maximum 10 Mw

Design 10 Mw

Design 60 Mw

Design ~19 Mw

52.6 kw/liter

1.04 kw/liter

23.0 kw/liter

10.6 kw/liter

27 mpy

1.05

1.09

U02S04 + CuS04 + D2S04 in DjO

4.6 gU233/kg D20
4.8 g U233/kg DO + 0.45 g U235/kg DO

10.5 g U/kg D20

2.3 g cu/kg DjO

40% (0.027 M)

Assumes equilibrium of higher isotopes, 7% total fission-product poisoning, and an average of 2.25 fast neutrons
emitted per thermal-neutron capture in U^ .
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PERIOD ENDING OCTOBER 31, 19S7

Table 7.2 (continued)

Density

At70°F 70.4 lb/ft3
At 482°F 56.6 lb/ft3
At 536°F 53.3 lb/ft3

Thermal conductivity

At70°F 0.35 Btu/hr-ft-°F

At 536° F 0.32 Btu/hr-ft-°F

Viscosity

At70°F 3.06 lb/hr-ft

At 482° F 0.27 lb/hr-ft

At 536°F 0.24 lb/hr-ft

Heat capacity

At70°F 0.99 Btu/lb-°F

Av from 482 to 536° F 1.24 Btu/lb-°F

2* Solution decomposition and recombination data

Decomposition rate of DjO 1.67 molecules D-/100 ev

Rate of formation of D, without internal catalyst 5.13 X 10 moles D./sec-mole solution

Rate of formation of 0. without internal catalyst 2.56 X 10~5 moles 0- /sec-mole solution

Catalyst (CuSO.) concentration for 100% 0.03 g mole/liter
recombination, design

Recombination rate constant with CuSO catalystc

D2 + 02 at482°F K = 0.885 liter/sec-g-mole Cu
at 536°F K = 3.15 liter/sec-g-mole Cu

Concentration and partial pressure of dissolved

gases at core outlet, at 536°F and 1500 psia
total pressure

D-0 vapor pressure 940 psia

D_ partial pressure 230 psia (0.0427 g-mole/liter)

0„ partial pressure 330 psia (0.0562 g-mole/liter)

3. Operating temperatures at design power of 50 Mw

Maximum Minimum Design

Core inlet 464° F (240°C) 482° F (250°C)
Core outlet 572°F(300°C) 536°F (280°C)
Core average 572°F (300°C) 536°F(280°C)
Core AT 54°F (30°C)

Excess copper is desired to reduce D_ partial pressure in pressurizer; this excess results in about 1% poisoning
due to copper.

Rates for D, have been assumed as about one-half-those for H-.
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Table 7.2 (continued)

4. Operating pressure

Normal

Design (at 600° F)

5. Circulation rate

At 482° F

At 536°F

6. Total pressure loss due to flow, high-pressure

core system (includes 14 ft for gas separator)

7. Estimated liquid volume of high-pressure core system

B. Core Vessel

1. Dimensions

2. Material

3. Wall thickness

4. Flow pattern

5. Core volume

6* Pressure loss due to flow through core

C. Main Heat Exchanger

1. Quantity

2. Type

3. Solution temperatures at 50 Mw of core power

Inlet to heat exchanger

Exit from heat exchanger

4. Saturated-steam conditions at heat exchanger exit

At 50-Mw core power

At 5-Mw core power

5. Feed-water temperature

6. Duty, at 50 Mw

7. Steam generation rate

At 50-Mw core power

At 25-Mw core power

At 5-Mw core power

8* Design pressure

Tube side

Shell side

9. Design temperature

10. Log mean temperature difference at 50-Mw core

power

1500 psia

2500 psia

2.547 x 106 Ib/hr

5700 gpm

6000 gpm (at pump)

37.3 psi (100 ft fluid at 536°F)

4000 liters

4-ft-dia sphere or 3-ft-dia X 6-ft cylinder

Zircaloy-2

0.5 in.

Concentric inlet and outlet at top

950 liters

15 ft fluid

One (design)

U-tube, horizontal, shell and tube (fuel

solution in tubes)

536° F
482° F

450 psia at 456 F

865 psia at 527°F

360° F

170.7 x 106 Btu/hr

195.7 x 10 3 Ib/hr
98.1 x 103 Ib/hr

19.7x 103 Ib/hr

2500 psia

1250 psia

600° F

47° F



Table 7.2 (continued)

11. Tubes

Material

Size

OD

Wall thickness

Velocity in tube

12. Shell material

13* Hold-up volumes, tube side, total

14. Total pressure loss in heat exchanger (tube side)

D. Circulating Pump

1. Quantity (design)

2. Type

3. Capacity at 100-ft head

4. Estimated shaft-horsepower input, at 100-ft head,

based on 74% impeller efficiency

5. Purge-water requirements, estimated, design

6. Electrical characteristics

E. Piping (core circulating loop)

1. Design temperature

2. Design pressure

3. Design allowable working stress

4. Pipe material

5. Pipe size

6. Flow rates at 536°F

7. Velocities at 536°F

8. Friction losses

At 536°F

At 482° F

9. Estimated total friction loss in piping and fittings

III. BLANKET-SYSTEM DATA

A. General

1. Slurry properties

Composition

Slurry concentration

Uranium concentration at 10 Mw

Catalyst concentration, Mo0_

PERIOD ENDING OCTOBER 31, 19S7

Type 347 stainless steel

0.5 in.

0.065 in. (No. 16 BWG)

12 fps

Carbon steel

1200 liters

20 psi (51 ft fluid)

One

Canned rotor

6000 gpm (at 536°F)

176 hp

0.5 gpm

440-v, 60-cycle three-phase

600° F

2500 psia

14,900 psi

Type 347 seamless stainless steel

12 in., sched 150

6000 gpm

21.8 fps

6.7 ft fluid/100 ft

6.1 ft fluid/100 ft

20 ft fluid

Th02 + U02 + Mo03 in DjO

1,000 g ThAg D20

3 g U233/liter

0.05 M
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Table 7.2 (continued)

Density

At68°F

At 536° F

Thermal conductivity at 536°F

Yield stress, T
y

Maximum

Minimum

Design

Coefficient of rigidity

Maximum

Average, design

Heat capacity, average (518°F to 536°F)

2* Slurry decomposition and recombination rates

Decomposition rate

Rate formation of Dj without internal catalyst
(at 10 Mw)

Rate formation of 0„ without internal catalyst
(at 10 Mw)

Recombination rate constant with 0.05 Al MoO,
j

as catalyst

At 536°F

At 518°F

Concentration and partial pressure of dissolved

gases at blanket outlet, at 536°F and 1500 psia
total pressure

D.O vapor pressure

D_ partial pressure

0. partial pressure

3. Operating temperature at design power of 10 Mw

Maximum

Blanket inlet

Blanket outlet

Blanket average

Blanket AT

4. Operating pressure

Normal

Design (at 600*F)

5. Circulation rate

At pump (536°F)

572°F (300°C)
563°F (295° C)

120.7 lb/ft3
102.3 lb/ft3

0.370 Btu/ft-hr-°F

0.1 lb/ft2
0 lb/ft2
0.1 lb/ft2

2.42 lb/hr-ft

2.42 lb/hr-ft

0.626 Btu/lb-°F

1.0 molecule D-/100 ev

2.05 X 10~° g-mole Dj per mole of slurry
per second

1.02 X 10 g-mole per mole of slurry per

second

-1

-1

129.5 hr

123.5 hr

940 psia

25 psia (0.00412 g-mole)

535 psia (0.0808 g-mole/liter)

Minimum

464° F (240° C)

1500 psia

2500 psia

3.69 XlO6 Ib/hr

3940 gpm

Design

518°F (270°C)
535° F (280°C)
527°F (275° C)
18°F (10°C)

dK = = 1.67 X 103 e-5067/RT (slurry is 1600#C-fired and activated).
p dt
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Table 7.2 (continued)

6. Total pressure loss due to flow, high-pressure

blanket system

7. Estimated liquid volume of high-pressure blanket

system

B. Pressure Vessel

1. Dimensions

2. Material

3. Wall thickness

4. Flow pattern

5* Pressure-vessel volume

6. Pressure loss due to flow through vessel

C. Main Heat Exchanger

1. Quantity

2. Type

3. Slurry temperatures at 10-Mw blanket power

Inlet to heat exchanger

Outlet of heat exchanger

4. Saturated steam conditions at heat exchanger exit

At 10-Mw blanket power

At 5-Mw blanket power

At 1-Mw blanket power

5. Feed-water temperature

6. Duty, at 10 Mw

7. Steam generation rate

At 10-Mw blanket power

At 5-Mw blanket power

At 1-Mw blanket power

8. Design pressure

Tube side

Shell side

9. Design temperature

10. Log mean temperature difference at 10-Mw

blanket power

11. Apparent over-all heat transfer coefficient, based

on tube OD (fouling factors are included)

PERIOD ENDING OCTOBER 31, 7957

60 psia, 75 ft fluid at 280°C

12,000 liters

9-ft-ID sphere with 60-deg-included-angle

conical bottom

Type-347-stainless-steel-clad carbon

steel

4 to 6 in.

Concentric inlet and outlet at bottom;

baffle, or shroud, for two-pass flow

9600 liters

15 ft fluid

One (design)

U-tube, vertical, shell and tube (slurry in

tubes)

536° F

450 psia at 456 F

665 psia at 497°F
865 psia at 527°F

360° F

34.1 X 106 Btu/hr

39.1 x 103 Ib/hr

19.6 X 103 Ib/hr

3.9 X 103 b/hr

2500 psia

1250 psia

600° F

69.2° F

442 Btu/hr-ft2-°F
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Table 7.2 (continued)

12. Heat transfer surface, based on tubing OD

13. Tubes

Material

Size, outside diameter

wall thickness

Velocity in tube

14. Shell material

15* Holdup volumes

Tube side, total

16. Total pressure loss due to flow, tube side

D. Circulating Pump

1. Quantity (design)

2. Type

3. Capacity at 75-ft head

4. Estimated shaft-horsepower input, at 75-ft head,

based on 74% impeller efficiency

5. Purge-water requirements, design

6. Electrical characteristics

E. Piping (pressure-vessel circulating loop)

1. Design temperature

2. Design pressure

3. Design allowable working stress

4. Pipe material

5. Pipe size

6. Flow rate

At 518°F

At 536°F

7. Velocities

At 518°F

At 536°F

8. Friction losses (at 536°F)

9. Estimated total friction loss in piping and in

fittings

IV. AUXILIARY-SYSTEM DATA

A. Turbine-Generator System

It Turbine-generator size

36

1120 ft2

Type 347 stainless steel

0.625 in.

0.065 in. (No. 16 BWG)

14 fps

Carbon steel

270 liters

25 psi (31.4 ft fluid)

One

Canned rotor

4000 gpm (at 536°F)

190 hp

1 gpm

440-v, 60-cycle, three phase

600° F

2500 psia

14,900 psi

Type 347 seamless stainless steel

10-in., sched-150

3915 gpm

3950 gpm

21.6 fps

21.8 fps

14.4 ft fluid/100 ft

29 ft fluid

20,000 kw



Table 7.2 (continued)

2. Type

3. Estimated gross electrical power generated at

60-Mw reactor power

4. Assumed turbine-element efficiencies

High-pressure

Low-pressure

Combined electrical and mechanical efficiencies

Exhaust loss

5. Steam to throttle at 60-Mw reactor power

6. Exhaust pressure

7. Condensing water, assumed in at 70°F and out at
80° F

B. Cooling-Water System

1. Potable water, estimated requirements

Building sanitary

Cooling tower make-up

Demineralized-system make-up

Miscellaneous

Size of main

2. Process water, estimated requirements

Turbine condenser

Demineralized-water heat exchanger

Cell space coolers

Miscellaneous

Size of main

C. Steam Service System

1. Estimated size of main from X-10 area

D. Electrical Distribution

1. Transmission lines

2. Transformers

PERIOD ENDING OCTOBER 31, 1957

Condensing, direct-connected, hydrogen-

cooled, extracting, 1800 rpm, with

moisture separation (internal or external)

19,250 kw

84.8%

87.2%

96.5%

20 Btu/lb

450 psia dry and saturated, 234.7 X 103
Ib/hr

1.5 in. Hg abs

31,300 gpm

100 gpm

300 gpm

50 gpm

100 gpm

550 gpm

Minimum 8 in.

32,000 gpm

4,000 gpm

1,000 gpm

3,000 gpm

40,000 gpm

Approximately 4-ft dia

8-in. dia

13.8 kv, three-phase, 60-cycle

480/13,800 v
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8. REACTOR ANALYSIS

P. R. Kasten

H. C. Claiborne

T. B. Fowler

M. P. Lietzke

C. W. Nestor, Jr.
M. W. Rosenthal

M. Tobias

8.1 KINETIC CALCULATIONS FOR HRE-3

The safety of HRE-3 was investigated as a
function of the vapor volume in the pressurizer
and of the length and inside diameter of the
piping between the core and pressurizer. Cal
culations were performed by assuming that re
activity was added either as a step function or
as a linear rate addition. The parameter values
considered are given in Table 8.1. For nearly all
cases, a rate of reactivity addition of 0.015
Ak /sec was assumed, with the reactor initially
at a power level of 0.04 w (source power). This
corresponds to an equivalent instantaneous re
activity addition of 0.02 Akg.

The mathematical model assumed was that used

for the HRT. The primary variable is the maximum
pressure rise within the core region following the
reactivity addition. This is plotted in Figs. 8.1
and 8.2 as a function of the parameter values
considered. The results indicate that a 2% re

activity addition will not cause a core-pressure
rise greater than 400 psi if the vapor volume
of the pressurizer is 20 cu ft, the piping between
the core and pressurizer is 12 in. in inside
diameter and no longer than 40 ft, and if initially
there is zero gas volume within the reactor.

P. R. Kasten, Operational Safety of the Homogeneous
Reactor Test, ORNL-2088, p 4-8 (July 19, 1956).

Table 8.1. Parameter Values* Used in HRE-3 Kinetic Calculations

Parameter

Length of piping between core and pressurizer, L, ft

Vapor volume of pressurizer, V , ft

ID of piping between core and pressurizer, in.

Instantaneous reactivity addition, Ak
e

Rate of reactivity addition, Ak /sec
' e

Initial reactor power, Pn, kw

Fraction of fission neutrons which are delayed, J3

Mean lifetime of prompt neutrons, /, sec

Temperature coefficient of reactivity, dk /dT, Ak / C
•a

Initial density of core fluid, p., lb/ft

Temperature coefficient of density,(1/p.) dp/dT, °C

Core volume, ft

Initial core pressure, psia

Core volume heat capacity, kw-sec/ C

Velocity heads lost due to friction and turbulence in piping, n
n

Square of velocity of sound in fuel fluid, (ft/sec)

or-— 1

/

Vak

10, 15, 20, 30, 40

5, 8, 16

10, 12, 14

0, 0.02, 0.03

0, 0.01, 0.015

4x 10 ~5, 1000

0.0015

5.3 x 10-4

-2.9 x 10~3

52.5

-2.1 x 10~3

40

2000

3800

6

5x 106

*Based on a 4-ft-dia core, 9-ft-dia pressure vessel, 1000 g of thorium per liter in the blanket, and an operating
temperature of 280°C.
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Typical plots of reactor power vs time and core
pressure vs time are given in Figs. 8.3 to 8.5.
For all cases the power-time curves were similar
to the curve given in Fig. 8.3. The variation of
pressure with time, however, was significantly
dependent upon the parameter values considered;
this can be illustrated by comparing Fig. 8.4
with 8.5. As shown, increasing the piping length
from 30 to 40 ft resulted in a higher maximum
pressure, a lower minimum pressure, and a pressure
oscillation with a smaller degree of damping and
a lower frequency.

8.2 HEAT GENERATION RATES IN

HRE-3 CORE TANK

Heat generation rates in the HRE-3 core tank
were calculated for a number of possible op
erating conditions. The results and the specific
conditions considered are given in Table 8.2.
Cases 1 through 12 are for a solution core, and
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the remainder are for a slurry core (200 g of
thorium per liter plus the required UO_). The
main cause for the variation in the heat generation
rates for a particular blanket-thorium concentration
is the change in blanket power. If all cases were
adjusted to the same total reactor power, the dif
ference in results obtained for a specified blanket-

thorium concentration would be only a few tenths
of a watt per milliliter. However, a decrease in
thorium concentration causes an increase in the

heat generation rate, the maximum value occurring
with a heavy-water blanket.

Cases 13 through 17 are included in Table 8.2
to indicate the reduction in heat generation that
occurs if a mixed ThO.-UO, slurry were to replace
the U02S04-D20 fuel solution. When the two
core types are compared on an equal total-power
basis (cases 5 and 14), a 34% reduction in heat
generation results from use of a slurry core. If
the reactor power level were increased to 500
thermal Mw and the core diameter were 6 ft, the
core-tank heat generation rate would be about
30 w/ml for a solution core; this value would
be reduced to about 20 w/ml if a slurry core were
used.
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In the above calculations the experimental re
sults for gamma energy release on fission of
U were used. Corresponding information for
U is not presently available. The calculational
method used was previously applied, with good
results, in estimating the heat generation rates
in parts of the Bulk Shielding Facility.

8.3 HEAT GENERATION RATES IN HRE-3

PRESSURE VESSEL

Heat generation rates in the HRE-3 pressure
vessel due to the absorption of gamma rays were
estimated for various conditions. Only those
gamma rays resulting from neutron capture in
the pressure vessel were considered. This energy
source appears to be the major contributor to
heating the vessel, and therefore the values
obtained are an indication of the total heat-release

rate. Computations were performed for the various
blanket compositions given in Table 8.3.

H. C. Claiborne et al., Nucleonics 15(10), 114
(1957).

R. H. Chapman, Analysis of Spherical Pressure
Vessel Having an Energy Source Within the Wall,
ORNL-1987 (Oct. 26, 1954).
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Table 8.2. Heat Generation Rates Within the Core Tank of HRE-3 Type Reactors4

Blanket Blanket Heat

Core Fuel Core Power Blanket Power Thorium Uranium Fraction Poisons Generation

Type (Mw) (Mw) Concentration

(g/liter)

Concentration

(g/liter)

(core, blanket) Rate

(w/ml)

1 Solution 50 0 1000 0 0, 0 10.0

2 Solution 50 11.6 1000 3 0,0 10.8

3 Solution 50 20.2 1000 5 0, 0 11.4

4 Solution 50 0 1000 0 6, 0 9.8

5 Solution 50 10.9 1000 3 6,2 10.6

6 Solution 50 0 500 0 0, 0 10.8

7 Solution 50 12.6 500 3 0, 0 11.7

8 Solution 50 22.7 500 5 0, 0 12.5

9 Solution 50 0 500 0 6, 2 10.5

10 Solution 50 11.9 500 3 6, 2 11.4

11 Solution 50 0 0 0 0, 0 14.8

12 Solution 50 0 0 0 6, 0 14.4

13 Slurry** 50 11.7 1000 3 6,2 6.3

14 Slurry** 55.6 5.3 1000 3 6,2 7.0

15 Slurry** 50 8.1 1000 5 6,2 6.5

16 Slurry** 50 14.3 500 3 6, 2 6.9

17 Slurry** 50 0 0 0 0, 0 9.2

*Core diameter, 4 ft; ID of pressure vessel, 9 ft; core-tank thickness, /^-in. Zircaloy-2; moderator, DjO; ten
perature, 280°C.

**200 g of thorium per liter.

Table 8.3. Neutron Currents into HRE-3

Pressure Vessel*

Net Neutron Current into

RI„„L.» iii Pressure VesselBlanket B|ank„t ,j233 2
ti_ . (neutrons/cm -sec)
Thorium , , , —,•. ' 1 '

(g per kg of Th)
(g/liter) Thermal Total

0

500

500

1000

1000

Current Current

8.46 x 10 12 8.48 x 1012

1.97x 1011 2.67 x 1011

1.42 xlO11 1.62 xlO11

3.33 xlO10 8.31 xlO10

2.30 xlO10 4.47 xlO10

*Based on spherical geometry; 4-ft-ID core; 9-ft-ID
pressure vessel; 280°C; and total power of 60 thermal
Mw.

The method developed by Enlund was employed,
with function values obtained from the expanded
plot prepared by Chapman. The pressure vessel
was assumed to be type 347 stainless steel. How
ever, the results would not differ appreciably if
the vessel were of mild steel clad with stainless

steel, since most of the neutrons are absorbed
within a short distance from the inner surface.

For the same reason the thickness of the wall

is not included as a parameter, and in this analysis
the vessel was assumed to extend from the inner

boundary to infinity.
Net neutron currents into the pressure vessel

were obtained by using a two-group multiregion
code, with each of the physical sections of the

H. L. F. Enlund, Energy Absorption of Capture
Gammas, ORNL CF-52-6-99 and Supplement (June 11
and Oct. 16, 1952).

C. W. Nestor, Jr., Two-Group Analysis of Thermal,
One-Dimensional, Multi-Region Spherical Reactors,
ORNL CF-57-5-14 (May 1, 1957); Two-Group Analysis
of Multi-Region Reactors. Part 11: Construction and
Use of Oracle Code, ORNL CF-57-5-49 (May 14, 1957).
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reactor (core, core tank/ blanket, pressure vessel)
considered as-a region. The fast-neutron current
was added to the thermal current and the total

treated as being thermal. Seven gamma-energy
groups were used, and allowance for buildup was
made by dividing the absorption coefficients by
1.2. The compositions considered and the neutron
currents obtained are given in Table 8.3. The
corresponding heat generation rates are shown in
Fig. 8.6.

Also shown in Fig. 8.6 are the results obtained
for capture-gamma heating by Chapman using
one gamma-energy group, normalized to a neutron
current of 1012. Because of the different group
treatment used here, it is not surprising that
the results are different; however, the agreement
between the two methods is good.

UNCLASSIFIED
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Fig. 8.6. Estimated Heat Generation Rate in HRE-3
Pressure Vessel Due to Capture Gammas Originating

in Pressure Vessel.
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8.4 TIME-DEPENDENT STUDIES OF HRE-3

TYPE REACTORS

Computations were performed for several spherical
HRE-3 type reactors by using an Oracle code
for two-region, time-dependent thorium breeder
systems. The variation with time of the breeding
ratio and the concentrations of U233, U234, U235,
U , Pa , and fission-product poisons were
obtained. Calculations were confined to solution-

core reactors initially containing either U or
U . Core and blanket Thorex processing was
considered only when the initial fuel was U .
The use of centrifugal separation (hydroclones)
for core-solution processing was assumed in all
cases. The time dependence of the concentrations
of xenon, the samarium group of poisons, and the
poisons removable by hydroclone processing was
neglected, since the time required for these poisons
to reach near-equilibrium conditions is relatively
short. Account was taken of their presence by
the use of fixed posion fractions. The effect of
copper added for internal gas recombination was
also included in this way. Table 8.4 presents
the conditions specified for the cases studied.

A simplified flowsheet of the reactor system
is shown in Fig. 8.7; it is assumed that processing
of the core and blanket regions has started. As
indicated, core solution is processed both by
hydroclones and by Thorex; the blanket material,
a slurry of thorium oxide in heavy water, is pro
cessed by Thorex only; fuel produced in the
blanket is drawn off from the Thorex plant and
returned to the core at a rate sufficient to main

tain criticality.

The system was assumed to start "clean,"
except for the poisons mentioned, with either
U or U in the core. Make-up fuel (same
as initial fuel) was fed as needed while the con
centration of fuel in the blanket increased. When

the blanket fuel concentration reached a pre
determined level, blanket processing was initiated
at the rate which would be required if the reactor
were at equilibrium; however, for the U -fueled
reactors, calculations were performed only up to
the time at which processing would start. At the
start of processing, the fuel feed for the core
was assumed to come from the processed blanket
stream. When the core poison level built up to

°P. R. Kasten et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, P 37, esp 44-45.



a predetermined point (8% for the U233 reactors),
processing of the core solution was started. The
processed core-fuel stream was considered mixed
with the processed blanket stream; part of the
mixture was used as core feed, while the remainder
was drawn off as excess fuel. The calculations

were continued until most of the concentrations

PERIOD ENDING OCTOBER 31, 7957

approached equilibrium values. Time lags due
to chemical processing holdups were neglected.
The chemical processing rates employed were
those calculated earlier for equilibrium reactors.

M. W. Rosenthal and T. B. Fowler, Nuclear Com
putations for HRE-3 Design; Equilibrium Results,
ORNL CF-57-7-23 (July 10, 1957).

Table 8.4. Specified Conditions for Cases Studied*

Blanket Thorium

Case Core Diameter Pressure-Vessel Initial Core Concentration

No. (ft) Diameter (ft) Fuel (g/liter)

1 4 9 u233 1000

2 4 9 u233 500

3 4 9 u235 500

4 4 9 u235 1000

5 4 8 u235 1000

6 4 8 u233 1000

7 5 9 u233 1000

*Core power = 50 Mw; temperature = 280°C; fixed core poisons (per cent of core fission cross section) were as
sumed as follows: samarium group, 0.8%; xenon, 1%; copper, 0.8%; poisons removable by hydroclones, 1%. Fixed
blanket poisons (per cent of blanket fission cross section) were assumed as follows: samarium group, 0.8%; xenon,
1%.

BLANKET,

<y • '

*S HYDROCLONE

SEPARATION

FUEL FEED

UNCLASSIFIED

ORNL-LR-DWG 25696

EXCESS

FUEL

Fig. 8.7. Flowsheet for Reactor System After Fuel Processing Has Been Initiated.
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A more complete analysis of this study is reported
elsewhere.

The accompanying figures show results for a
representative U -fueled reactor, namely, case 1
of Table 8.4. As shown in Fig. 8.8, the breeding
ratio falls steadily for about 900 days until core
processing starts. Although blanket processing,

1.14

m n 1.13

1.12

1.01
g o
t-
<

m £ 0.99

UNCLASSIFIED
ORNL-LR-DWG 25697

1

I 1 1 1
I--CORE PROCESSING STARTS

1 1 1

"3 0 400 800 1200 1600 2000 2400 2800
TIME(doys)

233
Fig. 8.8. Breeding Ratio vs Time for a U -Fueled

235
Reactor and a U -Fueled Reactor. (Core dia = 4 ft;

pressure-vessel dia = 9 ft; blanket Th cone = 1000 g

of Th per liter; 280^.)

begun at 490 days, arrests the growth of pro
tactinium and U in the blanket rather suddenly,
as shown in Fig. 8.9, the slope of the breeding-
ratio curve does not change markedly because
the buildup of core poisons is controlling the
breeding ratio. When core processing interrupts
the growth of core poisons, the breeding ratio
levels off sharply. The variation of relative leak
age and poison losses with time is given in Fig.
8.10.

In all cases the time required to reach the 8%
core poison level is of the order of two years.
The average breeding ratio during this period is
about 0.02 higher than the equilibrium value.
The effect of poisoning due to buildup of corrosion
products is not included in this estimate.

o

M. Tobias, T. B. Fowler, and M. W. Rosenthal,
Time-Dependent Studies of HRE-3 Type Reactors,
ORNL CF-57-12-1 (to be published).
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pressure-vessel dia = 9 ft; blanket Th cone = 1000 g
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Fig. 8.10. Neutron Leakage and Poison Fraction vs
233

Time for a U -Fueled Reactor. (Core dia = 4 ft;

pressure-vessel dia = 9 ft; blanket Th cone = 500 g

of Th per liter; 280t.)

While the above statements concerning breeding
ratio are characteristic of U -fueled reactors,
U reactors show quite a different variation of
breeding ratio with time, due to changes in the
effective -q for the system with time. As indicated
in Fig. 8.8, U -fueled reactors have appreciably
lower breeding ratios than do U -fueled systems.
This is primarily due to the relatively low value
of T]75 compared with r/23 (r/23 = 2.25 while
r,25 = 2.08). As U233 builds up in the blanket
of a U -fueled reactor, the average value of
r) for the reactor as a whole increases. This helps
compensate for the increase in core poison fraction



and accounts for the strikingly different time be
havior of breeding ratio shown in Fig. 8.8 for
the two systems considered.

Three types of isotope growth were obtained
in this study. First, as illustrated in Fig. 8.11,
the concentration of the main fuel isotope, U
or U , remained relatively constant despite
sizable changes in other concentrations. Second,
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z 1.0
o
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Fig. 8.11. Core Fuel Concentrations vs Time for a
U233-Fueled Reactor (Case 4, Table 8.4).

the protactinium concentration was found to reach
a steady value even before processing started,
as shown in Fig. 8.9. This behavior was due to
the radioactive decay rate being several times
larger than the chemical processing rates employed.
Third, the concentration of the heavier isotopes
of uranium built up slowly with time; even after
10 years of operation their concentrations were
much less than the equilibrium values. The total
core concentration of uranium was thus signifi
cantly less than the equilibrium value. The isotope
concentrations after various operating times are
shown in Table 8.5, along with equilibrium values.

While chemical processing sharply discontinues
the growth of U233 in the blanket, the power level
in the blanket may markedly overshoot the equilib
rium level, as shown in Fig. 8.12. An overshoot
is obtained when the blanket U concentration

reaches its maximum value before core processing
starts. Table 8.6 shows the peak values of blanket
power computed for the reactors studied, along
with the equilibrium values.
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Table 8.5. Core Concentration of Uranium Isotopes
233

as a Function of Time for a U -Fueled Reactor
235(Case 1) and for a U -Fueled Reactor (Case 4)

233Time (days) U ,234 U235 U236 U Total

Concentrations of Isotopes for Case 1 (g/liter)

0

200

500

920

2000

3000

Equilibrium

Concentrations of Isotopes for Case 4 (g/liter)

0 4.21 4.21

200 4.19 0.57 4.76

500 4.12 1.43 5.55

900 4.03 2.54 6.57

3.75 3.75

3.77 0.33 0.02 4.12

3.74 0.74 0.07 0.01 4.56

3.91 1.29 0.14 0.04 5.38

3.98 2.06 0.26 0.18 6.48

4.02 2.40 0.31 0.34 7.07

4.02 2.74 0.37 1.57 8.70
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Fig. 8.12. Blanket Power vs Time for a U233-Fueled
Reactor (Case 2, Table 8.4).
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Table 8.6. Peak and Equilibrium Values of Blanket
233Power Computed for U -Fueled Reactors

Blanket P ower (Mw)
Time at Which

Case

No.
Equilibrium

Value
Peak Val ue

Peak Value

Occurs (days)

1 9.6 10.8 520

2 10.4 12.5 350

6 9.3 10.8 380

7 10.0 11.5 490

8.5 CYLINDRICAL HRE-3 REACTOR STUDIES

Results were obtained supplementing those re
ported earlier, concerning some of the nuclear
characteristics of two-region, cylindrical, thorium
breeder reactors. As before, the reactors were
assumed to be at 280*^ with 7% core poisons,
3 g of U233 per liter and 1000 g of Th per liter
(as ThO,) in heavy water in the blanket, and
operated at a total power of 60 Mw. A cylindrical
core was assumed to be positioned within a cylin
drical pressure vessel such that a 2-ft blanket
thickness surrounds the core. A two-group, two-
region model was used in calculating the critical
concentration, breeding ratio, and power density
at the core wall. In these calculations the core

9P. R. Kasten et al., HRP Quar. Prog. Rep. July 31.
1957, ORNL-2379, p 37, esp 43-44.

diameter was considered to be 2/2, 3, or 3/2 ft,
and the reactor length was varied from ZL to 12 ft.

Table 8.7 summarizes the results obtained for

breeding ratio and critical concentration. It is
apparent that increasing the reactor length had
very slight effect on breeding ratio; also, although
the critical concentration declined with increasing
length, the corresponding total fuel inventory in
creased. While not shown, the ratio of blanket
power to core power did not vary significantly
with length. Figure 8.13 shows the variation of
the maximum power density at the core wall as
a function of length. Also shown are lines of
constant volume corresponding to various core
diameters and heights. Increasing the core volume
caused a pronounced decrease in core-wall power
density and an increase in fuel inventory. Thus,
for a 3-ft-dia core, increasing the core length
from 4.8 to 8 ft decreased the power density by
36%. However, the core fuel inventory increased
by about 40%; the blanket inventory would show
an even larger increase.

8.6 ORACLE PROGRAMMING

An Oracle code was completed for calculating
the fuel costs in two-region, time-dependent
thorium breeder reactors, considering the buildup
of U233, U234, U235, U236, Pa233, and fission-
product poisons with respect to time. The input
parameters include reactor diameter (core and
pressure vessel), thorium concentration (core and
blanket), operating power (core or total), unit
fuel value, and nuclear constants.

.233Table 8.7. Breeding Ratios and Critical U Concentrations for Cylindrical Reactors of Various Lengths

Core Diameter (ft)

Length of Core

(ft)

21/L/2 3 A

U233

(g/liter)

Breeding

Ratio

U233
(g/liter)

Breeding

Ratio

U233
(g/liter)

Breeding

Ratio

3.5 4.1 1.10

4.8 4.6 1.12

6.0 4.2 1.12 3.0 1.12

6.8 6.5 1.13

8 6.2 1.13 3.9 1.13 2.7 1.12

10 6.0 1.13 3.7 1.13 2.6 1.12

12 5.8 1.13 3.6 1.13 2.5 1.12
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A code for calculating the heat generation due
to gamma-ray absorption in the core shell of
two-region, spherical homogeneous reactors was
written for the Oracle. The prompt-gamma source
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Fig. 8.13. Maximum Power Density at Core Wall for

HRE-3 Type Cylindrical Reactors. (Dashed lines repre

sent constant core volume.)
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distribution is based on the thermal-flux distri

bution, while the decay-gamma source is assumed
uniformly distributed within the reactor region.

The standard two-region, two-group reactor code
was altered to accept additional input parameters,
including reactor power, and to compute additional
output answers. Additions and changes to the
output now permit critical concentration to be
given in units of grams per liter for all isotope
components in the core and blanket; other values
obtained are breeding ratio, average thermal and
fast flux in the core and blanket, core and blanket
power, power densities (core maximum, core mean,
core wall, blanket wall, and blanket mean), neutron
absorptions and leakages normalized to 100 ab
sorptions in fuel, and the flux plot associated
with the assumed power level. By use of the new
Oracle alphameric output, the output format was
changed to a more convenient form.

The two-group, two-dimensional, three-region re
actor code written by Bradshaw was converted
to comply with present Oracle equipment.

An Oracle code was written for calculating the
critical concentration within a bare reactor having
annular-cylindrical geometry. A two-group model
was assumed.

C. L. Bradshaw, A Three-Region, Two-Group, Two-
Dimensional Reactor Code for the Oracle, ORNL-2047
(March 27, 1956).
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9. DEVELOPMENT OF FUEL-SYSTEM COMPONENTS

J. M. Baker

R. Blumberg
J. S. Culver
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9.1 RECOMBINER DEVELOPMENT

9.1.1 High-Pressure Recombiner

The high-pressure recombiner loop was dis
mantled and a new loop built, with Inconel material
being used where possible in an effort to eliminate
stress-cracking, which occurred in the old type
347 stainless steel loop. In addition, flanged
sections of type 430 modified stainless steel pipe
will replace some existing sections of type 347
stainless in order to determine its suitability for
the recombiner environment. A welding procedure
for this material is being developed.

Specimens of titanium and zirconium alloys and
type 430 modified stainless steel have been placed
in the loop; later, they will be examined metal
lurgical ly and analyzed for hydrogen. Two sets of
thermocouple wells, each set consisting of a
titanium-jacketed well and a reference well, were
also installed to determine whether the phase
change noted in previous titanium specimens was
due to a chemical reaction resulting in a rise in
metal temperature above loop temperature.

Initial runs will be made with KOH electrolyte
containing less than 1 ppm Cl~.

9.1.2 Syracuse Contract

Syracuse University is continuing to explore the
effects of geometry, temperature, and source of
ignition on the reaction, explosion, and detonation
limits of steam-H2-02 mixtures. There appears to
be little difference in the limits observed in 1- and

0.4-in. tubes. Also, varying temperature between
100 and 200°C has little effect. The lower detona

tion limit appears to be about 50% stoichiometric
gas. Between 45 and 50% gas, unstable or partial
detonations occur. Some reactions have been ob

served at as low as 20% gas at 100°C and 15% at
200°C; these are very weak reactions, causing
pressure surges of only a few pounds per square
inch.

Calculated explosion pressures for complete and
partial reactions will be compared with experi
mental data.

The University has submitted a final report on
the detonation loading of thin-walled cylinders.
The primary conclusion reached is that pressures
required for failure are considerably greater than
those required during static loading.

9.2 CENTRIFUGAL PUMPS

9.2.1 20-cfm Canned-Motor Blower

In order to get information on the behavior of
its hydrostatic bearings in slurry, the 20-cfm ,
canned-motor blower was operated for 53 hr with
sufficient ThO, in the bearing-fluid system to
provide 30-g/liter slurry. Additional Th02 was
then added to provide a slurry concentration of
60 g/liter. In both cases, efforts to keep the
slurry evenly dispersed were unsuccessful. A
method of externally recirculating the bearing fluid
to promote better mixing action is to be provided
for future runs.

9.2.2 4000-gpm Loop

Following stator-can repair, the Byron Jackson
4000-gpm pump ran for 114 hr before it was shut
down owing to short-circuiting of two of the elec
trical terminals. The failure was probably caused
by the combination of cracked insulating bushings
and moisture in the junction box. The pump was
repaired with new terminals and insulators, which
were sealed to prevent the entry of moisture, and
has since operated for 500 hr without difficulty.
Data on mixing across the motor shaft seal and
on heat removal from the stator are now being ob
tained.

S. A. Mosier and J. A. Luker, Transient Loading of
Thin-Walled Cylinders, SURI-ChE-273-578T (Aug. 2,
1957).
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9.2.3 Reliance 6000-gpm Pump

A contract was awarded to Reliance Electric Co.

for the development and fabrication of a 6000-gpm
top-maintenance pump, which will serve as a
prototype for the HRE-3 fuel circulator. It is
desired that the same motor be usable for circu

lating slurry in the HRE-3. A preliminary design
study is being made to define the useful range of
head-flow characteristics obtainable in solution

and slurry service with the proposed motor.
Reliance Electric is fabricating three small

canned stators which will be irradiated in the HRT

to evaluate the potential life of the insulation.
The life of the HRT pump motors will be predicted
from the same experiment.

9.3 OXYGEN COMPRESSORS

The diaphragm compressor was modified by the
manufacturer, Pressure Products Industries, and
was returned to service on the HRT mockup on
September 3. It has been in satisfactory operation
since that time. Because its capacity exceeds
the demand, it operates only about a minute every
half hour; it has logged about 60 running hours
and 3000 starts. The compressor delivers 0.9 scfm
at its present operating conditions of 500 psi
suction and 2200 psi delivery.

The floating-piston cylinders for the compressor
manufactured by Harwood Corp. are still in the
possession of the manufacturer for modification.

A preliminary inquiry has been issued for a
reactor-grade compressor capable of delivering 1
to 2 scfm of contaminated oxygen from atmospheric
suction to 2500 psi discharge.

9.4 10-gpm FUEL FEED PUMPS

The multipump test facility has been completed
and will be used for solution-pump development
work.

A single-stage Roth turbine pump has been re
ceived and placed in operation delivering 15 gpm
against a 300-psi head. As soon as the preliminary
run on water has been completed, fuel solution
will be placed in the loop for an endurance test.

The Stellite-piston pump was fitted with four
rings of Haynes alloy 25. It is pumping 1 gpm of
fuel solution against a 500-psi head (the mechanical

I. Spiewak et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 61.
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limit of the drive), with a leak rate of approxi
mately 20 cc/min. Prior to the installation of the
rings the leak rate under similar conditions
initially was 360 cc/min and after 130 hr of
operation was 960 cc/min.

The Koppers Co., in conjunction with Argonne
National Laboratory, has developed a carbon cir
cumferential seal for control-rod drives. They
state that the seal is suitable for plunger pumps
and has an extremely low leak rate. They have
proposed a design incorporating two seals plus a
high-pressure barrier fluid which will permit no
out-leakage of the pumped fluid and an estimated
leakage of 1 liter/hr of the barrier fluid. A
purchase inquiry was issued to have John Bean
Co. build a liquid end utilizing the Koppers seal
in conjunction with the triplex power end.

A sintered filter material, Poroloy, is being
investigated for use as the screening material in
diaphragm feed pumps. Samples of both 20- and
40-ji pore size have been made into screen tubes
and placed in heads. These heads will be as
sembled and operated to determine the hydraulic
and plugging behavior of the assembly. Bench
tests made on screen tubes 0.75 in. in inside

diameter by 11 in. long by 0.032 in. thick gave
the following results:

Flow rate, gpm of water 1 8 10

Pressure drop, in. H-0

20-fi pore 4.2 9 13.5

40-/x pore 0.6 0.9 3.3 7.2 9.0

9.5 TITANIUM PROGRAM

A titanium—stainless steel flanged joint, shown
in Fig. 9.1, has been tested in the multiple-flange
testing facility and shown to have a leak rate
equal to or slightly less than that of the standard
HRT type 347 stainless steel flanged joint. It
was subjected four times to the standard series of
nine thermal cycles between 200 and 635°F. The
joint was dismantled and inspected between series.
Each time the 17-4 PH ring was removed from the
flange groove easily by hand.

Crane Co. has been delayed in completing its
3/2- and 20-in. titanium-lined carbon-steel pipe
because of an inadvertent substitution of material

by one of its suppliers. The blind flanges and
0-rings needed to thermal-cycle these pipes at
ORNL are on order.
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Fig. 9.1. Titanium—Stainless Steel Joint.

Chase Brass and Copper Co. has extruded an
8-ft length of 4-in.-0D x 0.300-in.-wall tubing of
high-strength A-llOAT titanium alloy. Unfortu
nately, the wall thickness is not sufficient for
the intended application, a boiling uranyl sulfate
loop pressurizer. Chase will supply the first piece
for ORNL examination and will then extrude a

second pipe to specifications.
A replacement letdown heat exchanger for the

HRT mockup is being constructed from A-55
titanium pipe and tubing. The design is essen
tially the same as that of the presently installed
unit. The titanium—stainless steel joint described
above will be used to install the exchanger in

the mockup.

9.6 FLANGE TEST PROGRAM

From experience gained in the flange test
program, it became apparent that the torque to
produce a given stress in flange bolts decreases
as the bolt is tightened and loosened several
times. To provide a closer relationship between
torque applied and bolt stress, the new bolts for
the HRT flanges were all "run in" by being
tightened with a torque wrench until the desired
stress was achieved as measured by a load cell.
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This process was repeated from three to seven
times, until the torque for a given stress was
constant on successive tightenings.

A test of 19-9 DL bolts was run to evaluate this

material as a possible bolting material for type 347
stainless steel flanges. This material is a high-
strength austenitic stainless steel with the fol
lowing nominal composition (wt %):

Cr, 18-20

Ni, 8-11

Mo, 1.00-1.75

W, 1.00-1.75

Nb and Ta, 0.25-0.60

Ti, 0.10-0.35

Cu, 0.50 max

Mn, 0.75-1.50

C, 0.28-0.35

Si, 0.30-0.80

Samples of one of the studs tested gave the fol
lowing physical properties:

Ultimate tensile strength 126,980 psi

Yield strength (2% offset) 93,660 psi

Elongation (1 in.) 41.5%

Reduction in area 56.1%

Bolts tested displayed a yielding characteristic
somewhat different from that observed with carbon-

steel bolts. All yielding occurred in the first
cycle with these bolts, whereas the carbon-steel
bolts yield slowly over three or four cycles. The
residual room-temperature stress was somewhat
higher after thermal cycling of the 19-9 DL bolts
than it was with the carbon-steel bolts.

Thermal cycling of HRT flanges, from /j-in.
1500-lb to 3/2-in. 2500-1b rating, containing rings
mismatched with grooves by 0.010-in. (ASA toler
ance), gave leak rates similar to those observed
previously with zero to 0.002-in. mismatch (HRP
tolerance). Furthermore, J^-in. 1500-lb and 1-in.
2500-lb flanges were sealed just as effectively
with standard bolts as with ferruled bolts. While

these results are preliminary, they indicate that
the most important parameters in sealing a stain
less ring-joint flange are (1) the initial bolt loading
of 45,000-psi stress and (2) freedom from gross
defects in the ring and groove.

9.7 THERMAL-CYCLE FACILITY

All major construction on the thermal-cycle
facility is complete except for instrumentation.
Testing of the feed-water pumps and flushing of
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the low-pressure steam system are proceeding. It
is planned to start the high-pressure Besler boiler
early in December.

9.8 HEAT EXCHANGER TUBE-JOINT TEST

Since no tube-joint stress-corrosion cracking
was observed in previous runs of 500- to 1000-hr
duration, five tube bundles are being thermal-
cycled with 250-psi steam until failure occurs.
The shell-side environment is boiler water con

taining 50 ppm 02 and 100 ppm CI". The units
have now operated for about 750 hr.

9.9 HRE-3 PRESSURIZER DEVELOPMENT

Two basic types of pressurizers are being de
veloped for HRE-3. The first type, a gas pres
surizer, is illustrated in Fig. 9.2. The second
type is a steam pressurizer wherein uranyl sulfate
(or Th02 slurry) is boiled. Titanium or noble-
metal material is required to provide adequate
corrosion resistance to boiling uranyl sulfate at
the required temperature. Prior to operating the
two schemes in loops, some subassembly develop
ment is being conducted as described below.
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Fig. 9.2. 300A Pump Loop.

A small titanium system has been fabricated
from /j-in. sched-80 pipe and will be used to
investigate any undesirable long-term effects from
boiling uranyl sulfate at 1700 to 2000 psi.

A small stainless steel system has been fabri
cated and will be used to obtain heat transfer and

corrosion information on the heating and cooling
of high-pressure steam-oxygen mixtures. The
effect of undesirable fission-product vapors such
as iodine can be investigated in this system.

9.9.1 High-Pressure Jet Test

A high-pressure ejector is proposed for HRE-3
gas-pressurizers. A commercial water jet ejector,
with 1-in. sched-40 connections, was tested at
pressures up to 1500 psi to determine its operating
characteristics. The motive fluid was water from

the discharge of a 5-gpm ORNL pump; the driven
fluid was nitrogen gas.

Figure 9.3 describes the variation of efficiency
as a function of nitrogen flow rates (absolute
volume units) at a single water flow rate. Jet
efficiency increased with system pressure to a
maximum of about 26% at 1000 to 1500 psi. Had
the optimum water flow rate been reached, the
maximum efficiency would have been somewhat
higher.

The test indicates that efficiencies are suffi

ciently high to make ejectors practical for use in
the HRE-3 pressurizer.

9.10 DEVELOPMENT OF SLURRY COMPONENTS

9.10.1 300-gpm Slurry Loop

The 230A loop is being modified into a 300-gpm
slurry loop, in accordance with Fig. 9.2; the loop
will be used primarily in the development of slurry
pumps, but it will also provide a facility for
testing various schemes for pressurization. The
loop should be ready for operation by about
December 15, 1957.

9.10.2 Slurry Check-Valve Material Test

A facility to evaluate check-valve and letdown-
valve materials has been built and is currently
undergoing shakedown runs on water. The system
contains a capillary letdown device of variable
length, demountable check valves, and a dump
tank which is agitated by a high-velocity return
stream. A 1-LB Scott &Williams pump will permit
circulation of about 0.5 gpm of 1000-g/liter ThO,
slurry at a head of 2000 psi.
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Fig. 9.3. Jet Efficiency as a Function of Gas Flow Rate.
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10. DEVELOPMENT OF REACTOR SLURRY SYSTEMS
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10.1 RHEOLOGY OF THORIUM OXIDE SLURRIES

10.1.1 Turbulent-Flow Pressure-Drop
Measurements

Pressure-drop flow measurements were made at
room temperature with tubes having inside diam
eters from 0.124 to 1.030 in. and with a slurry
having a yield stress of 0.075 lb/ft and a coeffi
cient of rigidity of 2.9 centipoises at a concen
tration of 685 g of thorium per kilogram of H20.
A portion of this slurry was made Newtonian by
the addition of sodium silicate, and its flow
properties were measured in the 0.124-in.-ID tube.
The data are shown plotted on a conventional
Fanning friction-factor plot in Fig. 10.1. All the
non-Newtonian turbulent-flow data lie below the

"smooth tube" line except at the highest Reynolds

'On loan from TVA.
On loan from Union Carbide Nuclear Co., New York

Office.
Q

Attending Oak Ridge School of Reactor Technology.
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numbers. The substitution of the coefficient of

rigidity for viscosity in the Reynolds number
evidently gives a unique curve in the turbulent
range for the different tube diameters studied.
The laminar-flow data branch off from the turbulent-

flow curve at the different tube diameters (as
they must if the identity implicit in the Hedstrom
relation is correct), with no apparent transition
region except for the Newtonian silicated slurry.
The data are also plotted by using an apparent
viscosity, as defined by the simplified form of the
Buckingham equation, in Fig. 10.2. This

4B. 0. A. Hedstrom, Ind. Eng. Chem. 44, 651-656
(1952).

E. C. Bingham, Fluidity and Plasticity, 1st ed.,
McGraw-Hill, New York, 1922.

6H. E. Babbitt and D. H. Caldwell, Univ. III. Eng.
Exp. Sta. Bull. 323 (1940).

R. V. Bailey, Forced Convection Heat Transfer to
Slurries in Tubes, ORNL CF-52-11-189 (Nov. 24, 1952).

R. J. Atkins, B. Hoffman, and G. R. Taylor, "Some
Rheological and Engineering Aspects of Non-Newtonian
Slurries," Paper 14-6, 3rd Annual American Nuclear
Society Meeting, Pittsburgh, Pa., June 10—12, 1957.
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at a critical Reynolds number within 10% of that
given by the Hedstrom criterion for both sets of
data. The data from Fig. 10.5 for Reynolds
numbers greater than four times the critical
Reynolds number are shown in Fig. 10.6, super
imposed on the /-factor curve for Newtonian
fluids. (The Newtonian-fluid heat-transfer
transition region extends to Reynolds numbers from
four to five times the critical Reynolds number.)
The data cluster around the Newtonian-fluid curve,
indicating that the coefficient of rigidity, rj, is
the proper viscosity term to use in conventional
correlations for fully developed turbulent flow. In
an attempt to superimpose the slurry data for the
two different tube diameters on the Newtonian

curve for the transition and fully developed turbu
lent region, the data were recalculated, by using
the apparent viscosity previously defined, and
plotted in Fig. 10.7. As with the pressure-drop

G. G. Brown et al., Unit Operations, p 443, Wiley,
New York, 1950.

Table 10.1. Rheological Properties of T-93 Slurry
at Elevated Temperatures

Temperature

<°C)

20

80

220 ± 20

220 ± 20

Slurry Coefficient Yield

Den s ity of Rigi dity Stress

(g/cc) (centipo ises) (lb/ft2)

1.69 4 0.35

1.60 2 0.25

1.70 3 0.36

1.63 2 0.35
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Table 10.2. Operating Conditions in Slurry Heat Transfer Tests

Tube Heated-Sect on
Velocity Range Reynolds No. Range,

Critical

Diameter Length-to-Dia meter

Ratio

(fps) DVp/rj Reynolds

(in.) Minimum Maximum Minimum Maximum No.

0.318 378 2.08 44.4 3.0 X 103 6.7 x 104 6 X 103

252 0.25 47.0 3.9 x 102 6.7 x 104 6X 103

126 0.64 45.7 9.0 x 102 6.47 x 104 6x 103

1.030 175 0.26 30.9 1.0 x 103 1.58 x 105 1.3 x 104

87 0.71 28.9 2.66 x 103 1.29 x 105 1.3 x 104
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data, the critical Reynolds number for the onset of
turbulence is shifted to about 2100; however, the
fully developed turbulent data are on different lines
for different tube diameters. Future tests will be

made at higher velocities and with slurries having
higher yield stresses.

10.3 CIRCULATING-SLURRY BEHAVIOR

Slurry and water were circulated in S, T, and
200A loops for over 4300 hr during the quarter.
These runs are summarized in Table 10.3.

Run 200A-14, begun last quarter as a study of
the degradation characteristics of 1600°C-fired
oxide, has continued for more than 2100 hr at
300°C and 2000 psig, with no difficulties attrib
utable to the slurry. However, some troubles have
been encountered with leaks through valves and
tubing fittings and with instrument failures. The
oxide used in this run is batch LO-22 which was

fired originally at 800°C and then refired at
1600°C for 2 hr, passed through the micropulverizer
four times, and dry-screened through a 170-mesh
screen.

All samples withdrawn during the first 1500 hr
had a mean particle diameter of 2.5 \i, indicating
no degradation of the oxide. A few spheroidal
particles of 15 [i have been observed. These do
not appear to be growing. Photomicrographs of
the slurry before loading and after 1500 hr of circu
lation show some rounding of the sharp points, as
seen in Figs. 10.8 and 10.9. The room-temperature

PERIOD ENDING OCTOBER 37, 7957

hindered-settling rate of the slurry containing 600 g
of thorium per kilogram of H~0 has remained un
changed at 0.065 cm/sec for 2000 hr.

During the run the average circulating concen
tration has been 600 g of thorium per kilogram of
HjO. Samples withdrawn from the top and bottom
of a horizontal run of the loop indicate a concen
tration gradient across the flowing stream. How
ever, gamma surveying methods show a symmetrical
distribution, suggesting inaccurate sampling pro
cedures because of the high settling rate. An
improved sampling system has been designed for
installation before another run is started.

The iron-to-thorium ratio has increased linearly
with time during the first 2000 hr according to the
equation: Fe/Th = 0.0024/ + 0.1, where t is the
time in hours, Fe/Th is grams of iron per kilogram
of thorium, and the constant represents iron con
tamination in the oxide as charged. This rate is
comparable with rates in previous runs where
stainless steel impellers were used. All the
chromium removed from the equipment is not
associated with the slurry; some remains in solu
tion and accumulates in the pressurizer. The
venturi reading, with density determined by the
pump power demand, indicates a decrease in the
flow rate from 203 to 198 gpm in 2000 hr.

Two runs were made in the 100A loops to de
termine the effect on caking and sphere formation
of molybdenum and uranium additives to sulfated
slurry containing 1000 g of thorium per kilogram of
H-0. One batch of oxide had been fired at 550°C

(run S-102), and the other at 800°C (run T-93).
After 600 hr of circulation no sphere formation was
observed in either run. No cake was found at the

end of S-102; T-93 is still in progress.
Two unsuccessful attempts were made in the

100A loops to circulate "standard spheres" which
had been refired at 1400°C. Pump failure terminated
both runs.

Three service runs were made for the Chemical

Technology Division to determine the rate of dis
appearance of solids from dilute slurries into
dead areas in the 100A loops. At concentrations
of a few grams of thorium per kilogram of H,0, the
initial concentration decreased to one-half in 4 to

6 hr. A slower rate occurred at concentrations

severalfold higher.
Tests were made to determine the effect of slurry

concentration on the caking and sphere-forming
tendencies of a known sphere-forming oxide. Batch
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200 A-14

Test dates

Running time, hr

Objective

7/18 to I*

Determine degradation

characteristics of

1600°C-fired ThO,

Charge

Th02, kg 30 (LO-22)

Water, kg 71

Additives 75 liters 0,

Temperature, C 300

Pressure, psig 2000

Average circulating concen- I

tration, g Th/kg H,0

Reason for termination I

Maximum sphere diameter, fl 15

Cake location I

Total Fe in slurry, g I

Total Ni in slurry, g I

Total Cr in slurry, g I

Impeller weight loss, g I

Orifice-plate weight loss, g I

incomplete (still running).

Table 10.3. High-Temperature Slurry Circulation — Run Summary

S-102

7/9 to 8/3

606

Determine handling

characteristics of

sulfated slurry con

taining uranium and

molybdenum oxide

14.4(LO-17)

S-103

8/15

5.4

Determine handling

characteristics of

1400°C-fired

"standard oxide"

(spheres ~15 y.
in diameter)

4.9 (LO-12)

S-104

8/26

8.8

Same as S-103

11 12

80 g Th(S04)2
87 g Mo03
184 g UOj-HjO
25 liters 02

25 liters 0

290 290

1600 1600

1090 175

4.3 (LO-12)

12

25 liters 0o

290

1600

130

Valve stem backed

out of valve body

No spheres

No cake

46.0

7.4

4.6

27

2.7883

Pump out of balance Pump out of

balance

Light deposit in e ye No c

and vanes of im-

peller

92.4 27.0

13.5 5.9

13.0 3.8

66 0

0.004 0

Run No.

S-105

9/16 to 9/20

89.9

To determine rate

of disappearance

of solids from

dilute slurries

Incremental

amounts of

LO-7

12.5

25 liters 0,

250

1600

Crack in purge-

water condenser

No observations

Not detectable

Not detectable

Not detectable

Not weighed

Not weighed

S-106

9/26 to 9/30

96.2

Same as S-105

S-107

10/2 to I

I

Same as S-105

T-92

7/17 to 7/18

5.6

To determine the effect

of concentration on

cake and sphere for

mation

Incremental

amounts of

LO-7

12.5

25 liters O,

Incremental amounts 16.1 (LO-23)

of LO-7

12.5

25 liters 0o

250 250

1600 1600

Leak in a

tubing fitting

No observations I

Not detectable

Not detectable

Not detectable

Not weighed

Not weighed

Not detectable

Not detectable

Not detectable

I

14.4

25 liters O,

200

1600

Pump out of balance

Present but not

measured

Impeller eye, vanes,

and balance holes;

loop piping

Not detectable

Not detectable

Not detectable

2

0.0106

•T-93

9/10 to I

To determine the handling

characteristics of sul

fated slurry containing

uranium and molybdenum

15.4 (LO-23)

14.5

86 g Th(S04)2
197 g U03-H20
97 g Mo03
25 liters 02

290

1600

No spheres
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LO-23 oxide at a concentration of 500 g of thorium
per kilogram of H-0 formed 20-pt spheres in 13 hr,
together with some cake on the impeller (run T-91).
At a 1000-g/kg concentration this batch of oxide
was circulated for only 5.6 hr before the pump
failed. Spheres had started forming, and heavy
cake was found in the eye, the vanes, and the
balancing holes of the impeller and on the loop
piping. This same oxide failed to form spheres at
a concentration of 1000 g per kilogram of H20
when sulfate, molybdenum, and uranium were added
in run T-93.

10.4 BLANKET FLUID MECHANICS

A one-sixteenth-scale Lucite model of a proposed
HRE-3 blanket configuration was fabricated (Fig.
10.10). The vessel is 6 in. in inside diameter,
with a 2k-in. core and a /g-in. 9aP between the
core and baffle.

Several flow-visualization techniques were used
in the initial studies, with the injection of brom-
thymol blue giving the best results. These studies
showed that the average fluid holdup was about
60% greater than the slug flow time for all flow
rates studied. (Fluid holdup time was determined
by injecting dye into the inlet for 2 sec, starting
at times as the flow of dye was stopped and
stopping the times when the model was clear of
dye. Slug flow time is the volumetric flow rate
divided by the model volume.) During these tests
a jet of fluid was observed flowing over the lip of
the inner baffle and down the wall of the vessel.

The velocity of this jet was about one-half the
velocity in the inner annulus over a range factor of
5 in velocities. Data taken on the model indicate

that the pressure drop from inlet to outlet is ap
proximately proportional to the square of the flow
rate and that the flow patterns are symmetrical for
all flows examined. The general flow pattern ob
served is shown in Fig. 10.11.

10.5 HRT BLANKET SYSTEM DEVELOPMENT

Run SM-3, which had been in progress for 700 hr
at the end of the previous quarter, was terminated
after an additional 248 hr, when the circulating
pump froze; the loop was then dumped to permit
disassembly and repair of the pump. During the
final 248 hr of the run, the charge was increased
to 720 kg of thorium, and sampling and gamma
surveys were carried out at that charge level. The
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gamma surveys continued to give a pattern which
was interpreted qualitatively as indicating rela
tively uniform slurry distribution. The results of
blanket samplings taken during circulation at 170
and 200°C are in Table 10.4. The table shows

that the observed concentration was approximately
30% below the concentration calculated from the
estimated charge.

Samples taken from the circulating loop indicated
a concentration of 440 g of thorium per kilogram of
H,0 at this time, which corresponds to a charge of
616 kg of thorium. The thorium inventory calcu
lated from measurements of the settled-bed volume

and the bed concentration was 610 kg, which checks
quite well with the loop sample results, suggesting
some bias in the blanket sampling procedure.

The possibility of obtaining quantitative meas
urements of the thorium distribution from the gamma
surveys was investigated near the end of the run.
It was found that the thorium contribution to the

total radiation received by the counting head was
relatively large and that surveys with the source
removed would be required to obtain meaningful
results. The run had been terminated by the time
this determination was made.

On the last day of the run the pump was operated
on a variable-frequency power supply for 4 hr at
50 cycles and then for 2 hr at 40 cycles, corre
sponding to a reduction in flow from 350 gpm to
300 and about 230 gpm, respectively. At 50 cycles,
the gamma surveys indicated no significant dif
ference from those taken at 60 cycles. At 40 cycles
a difference in the gamma trace was observed, and
spot samples were taken. These samples showed
that a concentration gradient extending from about
200 to 450 g of thorium per kilogram of H-0 existed
from the top to the bottom of the blanket.

The loop was returned to constant-frequency
power after the 40-cycle measurements had been
completed. Almost 30 min later the pump stopped.
After blown fuses were replaced, attempts to re
start the pump indicated that the rotor was frozen.
The loop was partially dumped 45 min later, and
drainage was completed the following morning
after removal of water from the dump tanks by
decantation.

The slurry residue left in the blanket after this
dump was similar to that found after run SM-2.
Figure 10.12 is a photograph of the settled bed
taken through an upper porthole. The bed, which
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Fig. 10.11. General Flow Pattern Observed in One-

Sixteenth-Scale Blanket Model.

is partly obscured by the core vessel, was approxi
mately 12k in. deep and had a concentration of
1950 g of thorium per kilogram of H_0. Thus the
settled bed contained 350 kg of thorium, or more
than half of that which previously had been circu
lating in the system. Although the bed had the
appearance of a cake, it could be dispersed easily
in water. There was a thin slurry layer on the
upper surface of the core, but otherwise the top
part of the system had drained clean. It now
seems evident that some means of maintaining a
dispersed suspension during dumps is needed with
this blanket design, and steam-sparger connections
have been installed for this purpose.
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Table 10.4. Results of Sampling Slurry

Blanket - Run SM-3

35 deg below top

30 deg above center line

30 deg below center line

35 deg above bottom

Over-all average

Calculated concentration from charge,

500 g of Th per kg of HjO

Slurry Con :entration

(g of Th per kg of H20)

170°C 200°C

324 361

349 359

337 341

398 402

352 366

After waiting 24 hr for the loop to cool off, the
pump was removed and disassembled. The lower
journal had cracked along its entire length. Figure
10.13 shows the bearing assembly with the journal
in it. When the journal was later removed from the
bearing, some 12 additional longitudinal cracks
were found on the outside surface. The stainless

steel impeller (Fig. 10.14) was found to be badly
attacked in a similar way to the impeller used in
run SM-2; it had lost 102 out of 1747 g.

During the shutdown the pump was thoroughly
overhauled. The rotor shaft, which was found to
be slightly warped, was straightened. New upper
and lower journals and bearings were installed;
the thrust bearing was rebuilt; and a 5-in.-dia
titanium impeller was installed. Other changes
made to the system included installation of steam
spargers in the blanket, replacement of the ^-in.
16-gage sample tubes projecting into the blanket
with k-in. sched-80 pipe (several of the tubes had
broken off), installation of a small control valve
(C 0.025) for venting of the pressurizer and
condensate tank, and minor revisions to the piping
at the pump to facilitate disassembly and reinstal
lation.

Run SM-4 was started as a continuation of run

SM-3 on September 10; it has continued for 800 hr.
Operation for the first 160 hr was on water while
some reference data for gamma-survey work were
obtained. Over the next 240 hr, 670 kg of thorium
were charged into the loop, and the remaining
400 hr have been spent in studying the system
behavior at this charge level.
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As observed in preceding runs, there is a con
siderable discrepancy between the calculated
charge and the slurry found in the system. In con
trast to the calculated charge of 670 kg, an in
ventory of 560 kg is estimated from the volume of
the settled bed in the blanket when the pump was
stopped, 520 kg estimated from samples taken from
the piping, and 440 kg from sampling the blanket.
The discrepancy exceeds, by an appreciable
margin, the amount of thorium which might have
been lost from the circulating stream by settling
into various stagnant areas; it is believed that
no more than 50 kg of thorium could reasonably be
expected to be held up in such locations. The
discrepancy can perhaps be accounted for by
errors in measuring the thorium charged into the
loop.

After completing the sampling of the blanket, the
loop was changed from constant-frequency power
to variable-frequency power and was run at 50

cycles for 24 hr and then at 44.5 cycles for 24 hr.
At 50 cycles the slurry distribution pattern was
the same as at 60 cycles. At 44.5 cycles, a
markedly different pattern became evident approxi
mately 8 hr after the frequency was reduced. A
region of high slurry concentration developed ap
proximately 45 deg above the girth flange. After
24 hr at 44.5 cycles, the frequency was raised
stepwise, at 2-hr intervals, to 49 cycles. No
apparent change occurred until approximately 16 hr
after the shift to 49 cycles, when the slurry dis
tribution found at higher frequencies reappeared.

Figure 10.15 shows some typical gamma surveys
taken during the present run. In order to estimate
the slurry concentration, four curves are necessary:
measurements with the source at the center of the

vessel with both water and slurry and measurements
with the source removed to its lead shield below

the blanket with both water and slurry. The net
transmission from the source through slurry is
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determined by subtracting the reading with the
source out from that with the source in. The water

survey with the source in its shield is required to
correct the slurry measurement taken with the
source in its shield for radiation leakage picked
up directly by the scintillation head when located
on the lower hemisphere. The slurry concentration
is then calculated from the ratio of the net trans

mission through slurry to the transmission through
water. While this calculation involves a number

of uncertainties, it probably gives a fair approxi
mation of the actual concentration and a good
estimate of the concentration distribution along
the survey track. Figure 10.16 shows the distri
bution patterns obtained at 44.5 and 60 cycles.

Following the above tests, the loop was shut
down for 4 hr to obtain data on slurry settling and
resuspension. The settling and resuspension
behavior was in conformity with previous ex
perience. Initial settling occurred 1 min after the
pump was shut down; the slurry interface dropped
fairly rapidly during the first hour and at a negli
gible rate thereafter. The final settled bed volume
was 480 liters. The loop was restarted on 60-cycle
power, and resuspension occurred within 30 sec.

Microscope slides made from samples taken
during the run show a gradual growth of spheroidal

PERIOD ENDING OCTOBER 31, 7957

particles of 16- to 18-/H diameter in the slurry. The
number of such particles appears to have increased
about tenfold over the last 400 hr of operation.

Corrosion data accumulated so far indicate an

iron pickup rate from carbon steel of 81 g per 100
hr, equivalent to approximately 5 mpy on the inner
surface of the pressure vessel. The stainless
steel pickup rate is 12.5 g per 100 hr, equivalent
to 0.35 mpy on the exposed surface.
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11. INSTRUMENT AND VALVE DEVELOPMENT

D. S. Toomb

R. L. MooreA. M. Billings
E. H. Bell

11.1 INSTRUMENT DEVELOPMENT

11.1.1 Differential-Pressure Transmitters

An electric-signal differential-pressure trans
mitter with a high differential range has been
received for test and evaluation. The transmitter,
which is shown in Fig. 11.1, is available with
ranges of 0—50 psi to 0—125 psi and has a static
pressure rating of 4000 psi. This unit complements
the lower range (50 in. H20 to 50 psi) transmitter
described in an earlier report. A unit of similar
design but without the weld-sealing feature of the
transmitter illustrated in Fig. 11.1 has been
checked, calibrated, and installed in a test loop
for a long-term stability test. Electric-signal
transmitters are being evaluated, as they eliminate
the need for block valves in instrument air-signal
lines at the containment-tank wall in reactor

applications.

11.1.2 Pressure and Differential-Pressure

Transmitters for Slurry Systems

A survey of pressure and differential-pressure
instrument types suitable for a reactor slurry system
has been made to aid in the planning of an in
strument development program. Commercial in
struments presently available require connecting
lines which are subject to plugging, incorporate
fluid fills not compatible with the reactor fluids or
piping, or lack a secondary seal behind thin
members. It is desired that an instrument system
be developed which does not require an auxiliary
source of purge water. It is hoped that a trans
mitter of the type shown conceptually in Fig. 11.2
can be developed or that a suitable fill fluid for
the system shown in Fig. 11.3 can be found.
Liquid metals are considered a possibility for this
fluid as they would not evolve gas or gum under
radiation.

'd. S. Toomb, E. H. Bell, and A. M. Billings, HRP
Quar. Prog. Rep. April 30, 1957, ORNL-2331, p 79.

2
H. D. Wills, Survey of Pressure and Differential

Pressure Instrument Types for Possible Application to
HRE-3 Slurry System, ORNL CF-57-10-88 (to be
published).
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H.D.Wills

11.1.3 High-Temperature Radiation-Resistant
Differential Transformers

The development of more-radiation-resistant
linear variable differential transformers suitable

for sensing instrument primary-element motions in
a homogeneous reactor environment is continuing.
Another unit, similar in design to the ORNL-
developed transformer mentioned in an earlier
report but wound with 30-gage anodized aluminum
wire supplied by The Sigmund Cohn Co., has with
stood temperatures to 300°C without insulation
failure. The only electrical insulation on the wire
is that afforded by the oxide film on the aluminum,
which could be expected to be highly temperature
and radiation resistant. Measurements of null

voltage and zero shift on the ORNL transformer
from 24 to 238°C indicated a null-voltage in
crease from 0.47 to 5.10 v ac (1000 cps) and a
zero shift from 0 to +2%. No decrease in primary-
to-secondary resistance was noted over the above
temperature range.

11.1.4 Solid-State-Component Instrument Systems

In continuation of the program for the evaluation
of instrument systems using solid-state com
ponents to replace vacuum tubes, which are sub
ject to sudden failure, frequency-response perform
ance tests have been performed on three commercially
available electropneumatic pilot converters.
These pilot converters convert a d-c milliampere
signal to a proportional pneumatic signal, which is
necessary for the presently used bellows valve
actuators. Also, a transistorized servo amplifier5
incorporating a 4500-cycle oscillator, three-stage
carrier amplifier, phase-sensitive demodulator, and
a d-c power amplifier has been tested for per
formance. This amplifier requires a 24-v d-c power
supply, which can easily be provided by storage

JD. S. Toomb et al., HRP Quar. Prog. Rep. July 31,
1957. ORNL-2379, P 21.

Taylor Instrument Companies, Swartwout Co., and
Manning, Maxwell and Moore, Inc.

Crescent Engineering and Research Co. model T595.
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HEAT EXHANGER-

- LOW-DISPLACEMENT DIFFERENTIAL
PRESSURE TRANSMITTER

Fig. 11.3. Differential-Pressure Measurement by

Sealed Fluid-Filled System.

batteries. This feature would permit instrument
operation without an emergency a-c supply in a
nuclear power station. The amplifier has now
been incorporated into a control-valve positioning
system being investigated to eliminate hysteresis
effects introduced by valve packing-gland friction.

11.1.5 Underwater Television

The Oage Television Division industrial tele
vision camera was tested under water and performed
satisfactorily. A protective housing was made with
3-in. pipe and a gasketed Plexiglas end window.
The camera was air-purged for cooling, and the
electrical leads were brought above the water line
in a Tygon plastic tube. The camera was also
tested with high-intensity mercury lamps (G-E
H250-A5) being used as a source of illumination;
the results were slightly better than those obtained
with conventional incandescent lamps.

The HRT Operations Section has expressed an
interest in the LaSalle Co. Mini TV for possible
use in inspecting the HRT core vessel after
shutdown. This camera unit is \\ in. in diameter
and about 5 in. long. As the unit incorporates
transistors, a literature review was made on the
effects of radiation on the transistors and other

components in the camera head. Information
available indicates that it is very doubtful that
the camera could operate for long in the expected
200,000-r/hr radiation field. However, as a rela
tively short camera life could perhaps be tolerated,
the investigation may be pursued further.

PERIOD ENDING OCTOBER 31, 1957

11.1.6 Pressure-Switch Evaluation

Pressure switches of the type used to provide
electric alarm and control signals from 3- to 15-psi
pneumatic signals are being evaluated as tostability
of the set point with regard to temperature and time.
Preliminary results are as follows:

Switch Type

Set-Point Change

Over Four-Month

Period with

Steady Pressure

Signal Applied

(psi)

0.12Minneapolis

Honeywell

LR404HS7

Barksdale

Meletron

model 424E-10L

0.32

Set-Point Change

with Ambient

Temperatures

from 78 to 120°F

(psi)

0.08

0.30

11.2 VALVE DEVELOPMENT

11.2.1 Pneumatic Actuators

The 123-in. pneumatically-powered-bellows
valve actuator described earlier6 was cycled four
times per minute at a stroke of A6 in. and a
pressure of 80 psig for 265,000 cycles before
developinga small leak in the stem sealing bellows.
Testing was discontinued at this time although the
small leak did not impair the operation of the
actuator.

11.2.2 Hydraulic Actuators

Because the maximum thrust of sealed air

actuators is limited by the existing metal-bellows
technology, electrohydraulic valve actuators are
being investigated for possible application to the
large valves which may be required in future homo
geneous reactors. A hydraulic actuator (Fig. 11.4)
which utilizes oil as the operating fluid has per
formed satisfactorily in continuous operation for
two months to date. The actuator is incorporated
in a package unit 18 in. high and 15 in. in diameter
(including side-mounted motor). The signal and
motor electrical power leads and the valve-stem
mechanical link are the only connections required.

eD. S. Toomb, A. M. Billings, and E. H. Bell, HRP
Quar. Prog. Rep. July 31, 1957, ORNL-2379, p 64.
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12. SOLUTION CORROSION1

J. C. Griess H. C. Savage

S. E. Bolt D. W. Hubbard

S. R. Buxton D. N. Hess

J. L. English P. D. Neumann
R. S. Greeley W. C. Ulrich

12.1 DYNAMIC CORROSION STUDIES

12.1.1 Fifth Test of the HRT
Core-Pressure-Vessel Flange

and Transition-Joint Mockup

A fifth test of the mockup of the Zircaloy-2—
stainless steel transition and expansion joint as
used in the HRT reactor vessel has been made in

100A dynamic loop F. The first four tests were
described previously.^~5

This test lasted 951 hr, 23 hr on water and 928 hr
on fuel solution (0.04 m U02S04, 0.02 m H2S04,
0.005 m CuS04). The test was conducted iso-
thermally at 300°C, and the expansion joint was
mechanically deflected 5L in. every 4 hr for a total
of 226 deflections. At the conclusion of the run

and prior to disassembly, no leakage was detected
through the lO-in.-IPS, 1500-lb test-vessel oval-
ring joint when tested with 200 psig of helium.
Neither leakage of fuel solution into the oval-ring-
joint gasket grooves nor leakage of fuel solution
through the bellows or across the transition joint
was observed during the run. Also, after dis
assembly the bellows and transition joint were
leak-tight to 50 psi of helium.

The pitting attack on the bellows at the edge of
the reinforcing rings,6 which stopped during the
previous test in the absence of mechanical de
flections, started again. The average depth of the
pits increased about 0.003 in. during the fifth test,
with three pits now measuring 0.022 to 0.024 in.

Reported in greater detail by J. C. Griess et al.,
Quarterly Report of the Solution Corrosion Group for
the Period Ending Oct. 31, 1957, ORNL CF-57-10-80
(to be published).

2J. C. Griess et al., HRP Quar. Prog. Rep. July 31,
1957. ORNL-2379, p 69.

3J. C. Griess et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 83.

4J. C. Griess et al., HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 77-79.

SH. C. Savage et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 75-76.

6J. C. Griess et al., HRP Quar. Prog. Rep. Jan. 31,
1957. ORNL-2272, p 75, esp 78.

deep. The recurrence of the pitting attack def
initely indicates that the mechanical deflections
are the primary cause of the pitting.

The solution remained stable throughout the
test. The increase in nickel ion concentration

corresponded to a generalized corrosion rate of
about 0.1 mpy, the same rate as observed in the
previous test. This shows that in this case
thermal cycling had little effect on the generalized
corrosion rate. However, the stainless steel pins
exposed in the loop gained small amounts of
weight or lost insignificant amounts of weight at
flow rates below 50 fps, in contrast to the pre
vious run with thermal cycling in which weight
losses of 1 to 2 mg/cm2 occurred.

The total exposure of the mockup has been
5069 hr, including'4545 hr on fuel solution, 168
thermal cycles, and 374 mechanical deflections.

12.1.2 Metallographic Examinations
from Previous Experiments

Metallographic results from several previous
experiments have become available. In general,
these corroborate other data previously reported.

A section of 1̂ -in.-OD sched-80 type 347
stainless steel pipe from loop H was found to
have stress-corrosion cracks about 0.025 to

0.050 in. deep starting from the outside of the
pipe. This section of pipe had been exposed for
about 20,000 hr to a demineralized-water spray,
with frequent periods of tap-water spray, on the
outside for cooling purposes. During this time,
various solutions were circulated inside the loop
at 200 to 300°C. The inside of the pipe was
corroded fairly uniformly and had no cracks.
Evidently the cracks propagated from the outside,
owing to chloride in the water spray, until the
surface stresses in the metal were relieved, and
then the rate of cracking slowed or stopped. This
behavior is in contrast to a previous failure

'E. C. Miller, W. 0. Harms, and T. W. Fulton, HRP
Quar. Prog. Rep. April 30, 1954, ORNL-1753, p 117-119
(classified).
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compounds containing or forming hexavalent
chromium, which is unstable under radiation. All
the tests were conducted for 200 hr at 250°C

with 0.17 m U02S04 containing the compound to
be tested and about 1000 ppm of oxygen. Table
12.1 lists the compounds tested and the stability
of the solutions of which they were constituents.

None of the additives gave a significant im
provement in the corrosion resistance of stainless
steel except the ruthenium nitrososulfate. Weight
losses of type 347 stainless steel coupons up to
the critical velocity of 30 to 35 fps were 5 to 10
times lower in the presence of 100 ppm ruthenium
as the nitroso complex than in uranyl sulfate
alone. However, the ruthenium was lost from
solution rapidly; less than 3 ppm remained after
24 hr. It appeared that the inhibition of corrosion
was caused by the ruthenium catalyzing the
oxidation of chromium from the steel or oxide

scale to the hexavalent state. The chromium(VI)
concentration increased rapidly during the run,
reaching 820 ppm in 200 hr, and very likely was
the effective agent in causing the inhibition.
Therefore it does not appear that any of the
compounds tested would be of value as corrosion
inhibitors.

PERIOD ENDING OCTOBER 31, 1957

12.1.4 Initial Runs in an All-Titanium Loop

It has been found that loop history, in partic
ular whether a loop is new or used, can affect the
corrosion results obtained in stainless steel

loops. In order to investigate further the effect
of loop history on corrosion of stainless steel, the
initial runs in loop H, a new all-titanium loop,10
were made to determine whether new titanium

surfaces would have as great an effect on corrosion
of stainless steel coupons as new stainless steel
surfaces. In the first run, type 347 stainless
steel coupons in the titanium loop were exposed
to the "standard" pretreatment of 4 hr with 3%
trisodium phosphate at 100°C, 12 hr with 5% nitric
acid at 100°C, and 24 hr with oxygenated water
at 250°C. The loop was then charged with 0.17 to
U02S04 containing 0.04mH2SO4 and 0.03mCuSO4,
and the solution was circulated at 250°C for 200 hr.

Corrosion rates were very low —0.3 to 0.6 mpy —
and no velocity effect was observed on the coupons
even at the maximum flow rate of 43 fps.

J. C. Griess et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 83, esp 89.

10J. C. Griess et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 69.

Table 12.1. Possible Inhibitors Added to 0.17 m UO.SO. at 250°C;
All Runs Were for 200 hr and Contained 1000 ppm 0,

Concentrat on

m ppm

Ce(S04)2 0.0008 110 Ce Stable solution

H7P(Mo04)
12

0.001 100 Mo Phosphomolybdic acid decomposed and

uranyl phosphate precipitated

As205 0.0005 70 As Arsenic lost from solution

H3Sb04 0.0008 100 Sb Less than 1 ppm Sb soluble at 250 C

NaBi03 0.0005 100 Bi Bi-O, precipitated

(RuN0)2(S04)3 0.001 100 Ru Ru metal and RuOj precipitated

NaN03 0.01

0.1

Stable solution

Stable solution

Ag2S04 0.005 Stable solution
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The second run was identical to the first. In
this case, however, a sharp velocity effect was
observed, and the type 347 stainless steel coupons
at 32 to 43 fps corroded at 40 to 50 mpy. The
corrosion was a pitting type of attack similar to
that observed previously11 and indicated the
breakdown of the pretreatment film. Therefore,
even in the case of a titanium system, the initial
run was for some reason anomalous in giving low
corrosion and no velocity effect. It is believed that
the effect might have been due to a small difference
in pretreatment in the first and second runs rather
than to an effect of the loop itself.

In the third run the pretreatments were omitted and
the type 347 stainless steel coupons were exposed
directly to0.17 mU02S04 containing 0.04 m H2S04
and 0.03 to CuS04 for 200 hr at 250°C. Corrosion
rates were high - 100 to 500 mpy - and a sharp
velocity effect was observed. The "standard"
pretreatment used in the first and second runs was
of value in decreasing the corrosion. However,
as the second run showed, pretreatments cannot
be depended upon to increase the critical velocity
under all conditions.

12.1.5 Chemical Stabil ity and Corrosiveness
of Dilute Copper Sulfate—Sulfuric Acid

Solution for the HRT Blanket

There exists the likelihood that a small amount

of copper sulfate will have to be added to the
D20 blanket of the HRT in order to recombine
radiolytic gases. It has been calculated that
about 0.001 to copper (60 ppm) would be sufficient.
A previous run12 showed that a 0.0005 to copper
sulfate solution containing 0.002 to H2S04 was
stable at 300°C. Therefore 0.002 to H2S04 was
added to the solution containing 0.001 m CuS04
in the first run and 0.003 m H2S04 was added in
the second run in order to determine the acid

concentration necessary to prevent hydrolytic
precipitation of 60 ppm of copper. Both runs were
made at 300°C.

About 15 ppm of copper was lost from solution
within 32 hr in the first run, although the solution
was stable for 168 hr with 45 ppm of copper. The
solution in the second run was entirely stable for

11 J. C. Griess and R. E. Wacker, HRP Quar. Prog.
April 30, 1954. ORNL-1753, p 61, esp 76 (classified).

12J. C. Griess et al., HRP Quar. Prog. Rep. April 30,
1956, ORNL-2096, p 81, esp 84.
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343 hr. In both runs corrosion of stainless steel

specimens was less than 2 mpy up to 70 fps.
Therefore it appears that a 0.001 to CuS04 solution
containing 0.003 m H2S04 would be satisfactory
from a stability and corrosion standpoint.

12.2 LABORATORY CORROSION STUDIES

12.2.1 Stress-Corrosion Cracking

(a) Stress-Corrosion Cracking in Uranyl Sulfate
Solutions. — A test program was initiated to ex
amine the effect of preformed films on the stress-
corrosion cracking behavior of type 347 stainless
steel in boiling chloride-containing 0.04 to U02S04
solution with 0.02 to H2S04 and 0.005 to CuS04
present. The chloride content of the solution was
50 ppm as KCI. Previous experience indicated that
stressed specimens pre-exposed in boiling chloride-
free uranyl sulfate solution were highly resistant
to cracking when later placed in a similar solution
containing chloride ions.13 Stressed specimens
free of preformed films were not resistant to
cracking.

In the present study, preformed films on speci
mens were produced by two methods: (1) exposing
for 500 hr in boiling and aerated chloride-free
0.04 to U02S04 solution containing 0.02 to H2S04
and 0.005 m CuS04 and (2) heating for 1 hr in air
at 677°C (1250°F). The stress specimens were of
a U-bend type, cold-formed from 0.019-in.-thick
type 347 stainless steel strip. The specimens
were placed under elastic stress by means of a
type 347 stainless steel tie-bolt through the ends
of the U. Pickled and electropolished specimens
were used for the films produced in chloride-free
uranyl sulfate solution; pickled specimens only
were used for the 677°C air-formed films.

In order to determine whether film rupture would
accelerate the time required for cracking in
chloride-containing uranyl sulfate solution, the
stress specimens for the preformed-film study in
chloride-free solution were prepared in two ways.
In one case, duplicate pickled and duplicate
electropolished unstressed specimens were exposed
for500 hr in the boiling chloride-free uranyl sulfate
solution and elastically stressed after completion
of the pre-exposure. In the second case, pickled

13J. L. English and J. C. Griess, Quarterly Report
of the Solution Corrosion Group for the Period Ending
Jan. 31, 1956. ORNL CF-56-1-167, p 38.



and electropolished specimens (two each) were
elastically stressed before the start of the 500-hr
pre-exposure.

All specimens were placed in the boiling and
aerated uranyl sulfate solution containing 50 ppm
chloride. After 400 hr the specimens elastically
deformed after pre-film-formation have exhibited no
tendency toward cracking. Similarly, the speci
mens elastically stressed before pre-film-formation
have run for 500 hr without showing signs of
cracks. Control specimens with no preformed film
have been found to crack in the chloride-containing
environment in periods of 400 hr and less, generally
after 25 to 50 hr from the start of the exposure.
The tests will be continued.

The second type of preformed film was prepared
by heating elastically stressed specimens for 1 hr
in air at 677°C (1250°F). Without removing the
air-formed film, the specimens were then placed in
the chloride-containing uranyl sulfate environment.
During the exposure period between 150 and 205 hr,
both specimens developed cracks in areas of near-
maximum stress. Although additional work is
planned to study the effect of films formed at
elevated temperature, indications were that films
formed at 677°C were not sufficiently protective
to resist chloride-induced stress-corrosion cracking
in boiling uranyl sulfate solution.

(b) Stress-Corrosion Cracking in Chloride-
Containing Water. - Stressed specimens of type
347 stainless steel were exposed in distilled
water containing 100 ppm of chloride at temper
atures ranging between 100 and 300°C. As reported
previously, cracks were produced at 300°C in
periods from 200 to 400 hr.14 At 250°C, the
time required for cracking of four specimens varied
between 100 and 300 hr, while at 200°C the same
number of specimens cracked in less than 100 hr.
Present work has been concerned with the sus

ceptibility to cracking in pH 2.8 and 10.5 distilled
water at 100°C. Sixteen stressed specimens have
been exposed in boiling (~100°C) distilled water
containing 100 ppm of chloride for 2500 hr without
any indications of cracking. The tests were run
with air bubbling through the solution. On the
other hand, when the same solution at 100°C was

14J. C. Griess et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 69, esp 78-79.
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pressurized with 150 psi of oxygen in an auto
clave, two out of six stress specimens were
cracked during the initial 300 hr of exposure. The
remaining four specimens are continuing in test.
Although the results are not complete, it does
appear that at 100°C the concentration of oxygen
in solution is important. This has not been the
case at higher temperatures.

(c) Stress-Corrosion Cracking in 42% MgCL
Solution. - Continuation of tests with stressed

type 347 stainless steel in boiling (154°C) 42%
MgCL solution has shown that reducing the applied
stress to a level of 10,000 psi did not appreciably
affect the time required for crack initiation. How
ever, the rate of crack propagation appeared to
decrease.

It was also found that the reported immunity 5
to stress-corrosion cracking of austenitic stainless
steels in boiling 42% MgCL solution by (1) placing
magnesium metal in the solution and not in con
tact with the test specimen or by (2) the addition
of stannous chloride (SnCL) to the solution was
not achieved in laboratory tests. In all cases, the
time required for crack initiation was no different
from that observed in tests with 42% MgCL solution
containing neither metallic magnesium nor stannous
chloride. However, coupling of magnesium metal
with a stressed type 347 stainless steel specimen
was found to render the latter immune from cracking
during a 100-hr test.

(d) Stress-Corrosion Cracking Tests with Marking
Inks. —A number of marking inks used to identify
stainless steels and other constructional materials

were submitted for chloride analyses. The chloride
contents were found to range from 3,000 to
19,000 ppm. In order to determine whether such
chloride-containing inks were capable of inducing
stress-corrosion cracking in type 347 stainless
steel, tests were conducted in which stressed
specimens were painted with the different inks and
exposed in oxygen-rich saturated steam at 300°C.
All specimens cracked after periods of 300 hr and
less. Presently, similar tests are being run with
different inks containing from 20 to 1100 ppm of
chloride.

15K. W. Leu and J. N. Helle, "On the Mechanism of
Stress Corrosion of Austenitic Stainless Steels in Hot
Aqueous Chloride Solutions," paper presented at the
13th Annual Conference of National Association of
Corrosion Engineers, St. Louis, March 11—15, 1957.
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12.2.2 Corrosion Tests with Zirconium Alloys

The corrosion test program for the evaluation of
zirconium-base alloys was completed during the
past quarter. The program, a conjoint effort with
the HRP Metallurgy Group, was undertaken for
two reasons: (1) to determine the general corrosion
behavior of a number of zirconium-base alloys in
high-temperature uranyl sulfate solution and (2) to
provide suitable specimens for film-structure
studies by the HRP Metallurgy Group. Corrosion
data for other zirconium alloys tested in the
program have been reported.16 8

The present tests were concerned with the
behavior of rolled and oxidized zirconium-base

alloys; a number of tests were also run with non-
oxidized as-cast alloys. The oxidizing treatment
consisted of heating the specimens for 3 to 5 min
at a temperature of 1000°C. The treatment pro
duced films that were found to be highly resistant
to acid pickling solutions.

All specimens were exposed for 1000 hr at
300°C in oxygenated 0.04 ra U02S04 solution
containing 0.02 to H2S04 and 0.005 to CuS04. The
results are included in Table 12.2. No attempt
was made to defilm the specimens upon completion
of the tests.

Of the three as-cast alloys, the 20% Nb-80% Zr
composition exhibited a corrosion rate, <0.1 mpy,
comparable with that for Zircaloy-2 under similar
conditions of exposure. The other two as-cast
alloys, 1% Fe-15% Nb-84% Zr and 2% Y-2%
Sn-8% Nb-88% Zr, exhibited weight gains ranging
from 1.8 to 4.9 mg/cm2 and films that were appre
ciably bulkier than the highly lustrous, dark blue-
black thin film formed on the 20% Nb-80% Zr

alloy.
The preoxidized casting alloy of 33% Nb-67% Zr

composition possessed excellent corrosion re
sistance; no measurable attack occurred during the
1000 hr in high-temperature uranyl sulfate solution.
Several of the cast and rolled preoxidized alloys
exhibited promising corrosion behavior, with
corrosion rates of 0.7 mpy and less for the 1000-hr
exposure. These alloys were the 7% Mo—20%

16J. C. Griess et al, HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 77, esp 86-88.

17J. C. Griess et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 83, esp 93.

18J. C. Griess et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 69, esp 79.
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Nb-73% Zr, 2% Sn-2% Mo-15% Nb-81% Zr, and
1% Ni—20% Nb-79% Zr compositions. The re
maining preoxidized alloys were corroded at rates
ranging between 1.8 and 27.8 mpy. The highest
corrosion rate, 27.8 mpy, was for the 10% Mo-90%
Zr alloy.

12.2.3 Miscellaneous Corrosion Tests

A number of materials of possible interest to the
Homogeneous Reactor Project were subjected to
corrosion tests in specific environments. Some of
the materials had been tested previously in certain
environments, and others were tested for the first
time.

Elgiloy, an alloy possessing good spring prop
erties at high temperatures, had been shown
previously to be susceptible to stress-corrosion
cracking in uranyl sulfate solutions. In recent
tests Elgiloy was subjected to aging treatments
after which specimens were either electropolished
or pickled. Subsequent corrosion tests in 0.04 ra
U02S04 containing 0.02 to H2S04 and 0.005 to
CuS04 at 300°C showed that the aging treatment
had little or no effect in reducing the tendency of
the alloy to stress-corrosion cracking. Both
stressed specimens and those to which no stress
was applied developed manycracks during exposure.
Although the general corrosion behavior of the
alloy was acceptable, its susceptibility to cracking
precludes its use for reactor applications involving
contact by high-temperature uranyl sulfate solution.

Sintered aluminum oxide, specifically AISiMag
652, produced by the American Lava Corp. had
been tested previously in highly concentrated
uranyl sulfate solution and shown to have corrosion
resistance comparable to that of sintered aluminum
oxide produced by the Kearfott Company. Recent
tests have been concerned with the corrosion

resistance of AISiMag 652 in a solution containing
0.17 to U02S04, 0.04 to H2S04, and 0.03 mCuS04,
a solution composition similar to that used in
several in-pile loops. The test was conducted at
150°C with a partial pressure of 150-psi oxygen.
The corrosion rate of AISiMag 652 decreased with
time; the rate was 19 mpy after 50 hr and 8 mpy

19J. L. English et al.. Quarterly Report of the So
lution Corrosion Group for the Period Ending Jan. 31,
1957. ORNL CF-57-1-144, p 41.

20J. L. English et al., Quarterly Report of the So
lution Corrosion Group for the Period Ending April 30,
1957, ORNL CF-57-4-55, p 44.
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Table 12.2. Corrosion of Preoxidized" Zirconium-Base Alloys During 1000 hr at 300°C
in0.04mUO2SO4-0.02 m H2SO4-0.005 mCuS04 Solution

Laboratory Material Alloy Composition Specimen Corrosion Rate

No. Identity (wt %) No. (mpy)

W-83 Zr-18 10 Mo-90 Zr 27.8

T-95 Zr-22 20 Nb-80 Ztb

2

0

<0.1

W-81 Zr-42 33 Nb-67 Zrc Negligible

T-82 Zr-20 1 Fe-15 Nb-84 Zrrf

2

(+1.8 mg/cm2)

(+1.9 mg/cm2)

W-80 Zr-17 5 Mo-15 Nb-80 Zr 4.8

W-78 Zr-12 5 Mo-10 Nb-85 Zr 4.8

X-3 Zr-47 7 Mo-20 Nb-73 Zr 0.3

W-79 Zr-14 5 Mo-5 Ta-10 Nb-80 Zr 2.9

W-85 Zr-28 1 Pd-15 Nb-84 Zr 1.8

W-84 Zr-27 2 Pd-15 Nb-83 Zr 12.5

X-6 Zr-80 2 Sn-2 Mo-15 Nb-81 Zr (+0.4 mg/cm2)

X-6 Zr-80 2 Sn-2 Mo-15 Nb-81 Zre 0.4

W-82 Zr-67 3 Sn-15 Nb-82 Zr 2.7

X-4 Zr-48 1 Ni-20 Nb-79 Zr 1.0

0.3

X-5 Zr-68 3 V-15 Nb-82 Zr 8.8

T-97 Zr-77 2 Y-2 Sn-8 Nb-88 Z ,! (+4.5 mg/cm2)

(+1.9 mg/cm2)

Preoxidizing treatment: 3 to 5 min in air at 1100 C.
L

Alloy prepared from Bureau of Mines sponge zirconium; all other alloys prepared from high-purity crystal-bar zir
conium. Specimens cast and mechanically abraded; no oxidizing treatment.

Cast specimen; oxidized.

Cast specimens homogeneized for 3 hr in air at 1000 C; oxide film removed by mechanical abrasion prior to test.

Specimen chemically polished before oxidizing.

'Cast specimens; no oxidizing treatment.

(cumulative) at the completion of the 1000 hr test.
All the aluminum lost from the specimens was
found in solution.

A ceramic electrical-insulation material, Ceram-
icite C-100, produced by the Consolidated Electro
dynamics Corp., was tested in a high-temperature
uranyl sulfate solution. The material reportedly
has superior electrical characteristics and high-
pressure integrity at temperatures as high as
438°C (820°F) and has the ability to form a

molecular bond with the 400 series stainless

steels. Several beads of Ceramicite C-100 were

bonded to platinum or type 347 stainless steel by
gradual heating at 621 to 649°C. The resulting
specimens were exposed to 0.04 ra U0_S04 con
taining 0.02 mH2S04 and 0.005 ra CuS04 at 300°C.
The corrosion rates of the ceramic material varied

between 930 and 970 mpy.
Preliminary tests were performed on nitrided

titanium and Frogalloy, materials of interest to
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the HRP injection-pump development program. The
nitrided titanium was prepared by Horizons, Inc.
During a 1000-hr exposure to 0.04 ra U02S04 con
taining 0.02 ra H2S04 and 0.005 to CuS04, the
specimen showed a small weight gain and darkened
slightly. There was no evidence of corrosion
attack.

Frogalloy is an alloy produced by the McKay Co.
Frogalloy C, with a nominal composition of 0.4 to
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0.6% C, 4% Mn min, 18 to 21% Cr, 9 to 10.5% Ni,
0.5% Mo, and balance iron, and Frogalloy M, which
has a similar composition except for the presence
of molybdenum, were tested in boiling 5% HN03
and in boiling HRT fuel solution. In the 5% HN03
solution both alloys corroded at rates between
43 and 49 mpy during a 500-hr exposure; in boiling
HRT fuel solution corrosion rates of 500 to 580 mpy
were observed during a 100-hr exposure.
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13. SLURRY CORROSION
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13.1 PUMP LOOPS

13.1.1 Loop Engineering

During the operation of loop BS at 300°C in
runs BS-15, -16, and -17, leakage from the pres
surizer vapor space of the loop was indicated.
Repeated pressure checks at room temperature
failed to reveal the leak. It was assumed, there
fore, that this leak resulted from distortion of the
4-in. 1500-lb ring-joint flange at the top of the
pressurizer at the operating temperature of 300°C.
The flange was removed and a straight pipe
section welded in its place. This repair apparently
remedied the leak, as evidenced by run BS-18,
a 1007-hr run at 300°C and ~ 1500 psig, during
which no leakage was noted.

13.1.2 100A Pump Loop Tests: Introduction

Tests in the 100A pump loops this quarter con
tinued to be concerned with the evaluation of the

suitability of various thoria preparations for use
as circulating aqueous slurries under reactor
blanket conditions. The relationship between
corrosion-erosion properties and degradation of the
thoria particles with continued pumping was of
particular interest.

During the report period five dynamic slurry
corrosion tests were made in pump loops BS and
CS, with three different batches of thoria. These
included thoria calcined at 800°C and subsequently
micropulverized, sulfated 800°C thoria which had
been pumped in the slurry blanket mockup, and
a mixture of 1600°C-calcined thoria batches.

Four of the runs were made with oxygen pres-
surization at 300°C, and one run, on the sulfated
mockup slurry, with steam pressurization (oxygen
ated) at 200°C.

A run duration of 1007 hr was achieved in loop
BS with the 1600°C-calcined mixed thoria slurry,
after modifications corrected leaks which had

'E. L. Compere et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 84, esp 92-93.

caused the early termination of several previous
runs (one this quarter). This run permitted an
examination of the relationship between the de
gradation and the corrosion-erosion properties
of the high-fired thoria preparation.

The use of micropulverized 800°C thoria was
of interest, since previous loop runs on unground
thoria had indicated that much of the loop cor
rosion occurred during the period when the thoria
particles underwent their greatest size degradation.
Size reduction before loop use would thus be
expected to result in less slurry corrosion. Two
runs with micropulverized thoria were made this
quarter, the second employing the same slurry
that was pumped in previous runs, to permit
further observation of its degradation behavior
on continued pumping.

The run with sulfated 800°C-calcined thoria

slurry previously circulated in the slurry blanket
mockup was carried out at 200°C, simulating the
operating conditions of the slurry blanket mockup.

13.1.3 Circulation of 1600°C-Calcined

Thoria Slurry

Very favorable handling properties and moderate
attack rates of pin corrosion specimens were ob
served in two previously reported loop tests in
which oxygenated slurries of 1600°C-calcined
thoria were circulated at 300°C at average cir
culating concentrations of ~400 g of thorium per
kilogram of water. However, those tests were of
short duration under unsteady operating conditions,
resulting from difficulties due to leakage of water
from the system during the runs.

Slurry circulated in those tests was prepared
from a special pilot lot, batch TO-10-1000, of
thorium oxide produced by calcining thorium
oxalate which was made by precipitating thorium
nitrate with oxalic acid at 10°C. This lot was

recalcined at 1600°C. The mean particle size
of the oxide was 1.3 /x.
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It was desirable in the evaluation of high-fired
thoria slurries to observe the effects of extended

circulation, under reactor blanket conditions, on
the properties and behavior of such slurries.
Runs BS-17 and BS-18, described below, were
for this purpose. Because of the limited quantity
of the ldWOrecalcined batch TO-10-1000 thoria

preparation, loop tests at concentrations above
500 g of thorium per kilogram of water were not
possible. Therefore supplementary material was
prepared by degrading batch LO-17 (70qC-pre-
cipitated, 550°C-calcined) thoria for 4 hr in a
Waring Blendorand subsequently refiring at 1600°C.
Prior to loop circulation tests, the recalcined
product was slurried in water and again blended
for 1 hr in a Waring Blendor.

The charge to run BS-17 consisted of a composite
of 8.1 kg of batch TO-10-1000 which had been
recalcined at 1600°C and circulated for a total

of 350 hr in runs BS-15 and BS-16 and 9.2 kg
of degraded and recalcined batch LO-17 thoria,
resulting in a load concentration of 1088 g of
thorium per kilogram of water. The mean particle
size of the mixed batches was 1.3 fi.

Two sets of pin corrosion specimens were placed
in series in the main circulating stream of the
loop, which had a bulk flow, measured on water
at room temperature, of 27 gpm. The pump suction
line contained only a venturi to monitor flow
during the test.

After 127 hr of slurry circulation at 300°C (with
oxygen added), the loop temperature controller,
which provides both heating and cooling control
for the system, failed to operate properly. The
system temperature dropped to 245°C and the
system pressure fell to ~900 psi. The pump be
came gas-bound. The controller was readjusted,
but proper operation was not obtained after that
time. Temperature and pressure levels in the
system were re-established only for a short period,
and pump noise increased markedly. The trend
in operational difficulties suggested leakage of
liquid from the system as had been experienced
in several previous tests. Therefore the system
was shut down.

A check of the liquid level in the loop showed
that 2 liters of liquid had been lost from the
system. After 2 liters of water was added to
the loop, an attempt was made to resume the
test. The slurry was readily resuspended, but
the circulating pump was badly out of balance;
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so the run was terminated. Total slurry circulation
time was 236.4 hr.

The system was drained, rinsed with water, and
disassembled for routine inspection. No deposits
were found in the loop or pump.

The concentration of the flowing stream, cal
culated from chemical analysis of samples with
drawn from the system, varied from 1215 to 758 g
of thorium per kilogram of water. The average
concentration for the run was 944 g of thorium
per kilogram of water. Particle-size distribution
data gave no evidence of particle degradation
during circulation.

When the pump was disassembled, the forward
ring in the front set of titanium seal rings was
not in place. The ring, which was in three pieces,
was found wedged in the downstream specimen
holder in the pump discharge line. The ring was
not excessively eroded, which indicated it was
probably dislodged because of improper instal
lation rather than by attack of slurry. The other
front rings were enlarged 55 mils. The rear seal
rings, of type 347 stainless steel, were worn
115 mils. The front Graphitar bearing was en
larged 0.0028 in. The dimensions of the rear
Graphitar bearing had not changed.

The type 347 stainless steel impeller lost 18 g
during the test.

Incremental system corrosion rates, calculated
from corrosion products detected in slurry samples
and from circulating slurry inventory, indicated
a pronounced increase in attack during the latter
period of the test when pump performance was
poorest. Incremental rates showed a gradual
downward trend from 43 to 1.4 mpy until pump
trouble began, after which time it rose to 11 mpy.
The over-all system attack rate for the run was
7 mpy.

Specimen attack rates, shown in Table 13.1,
were higher than had been anticipated. Compared
with attack data obtained in runs BS-15and BS-16,
using only 1600°C -calcined TO-10-1000 slurry,
the rates were about twofold higher than would
be estimated from the increased concentration.

Rates for gold and platinum were increased more.
It is not known whether the increased attack was

caused by the addition of batch LO-17 thoria
to the TO-10-1000 preparation or whether it was
due to the erratic flow conditions in the system
resulting from water loss.
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Table 13.1. Corrosion by Circulating Thorium Oxide Slurries in Loop Tests

CS-38" CS-39 CS-40

Run Number

CS-414

236

300

1088

944

1600

BS-17 BS-18

1007

300

730

630

1600

Mockup slurry TO-10-1000 and LO-17 From BS-17
recalcined at 1600°C

(see text)

Hours 300 300 168 300

Temperature, °C 300 300 300 200

Concentration, g ThAg HUO

Load 590 850 638 734c

Average 591 932 641 488

Calcination temperature, °C 800 micro 800 micro 800 micro 800

pulverized pulverized pulverized

Thoria batch No. LO-27 LO-27 LO-27 from

CS-38, -39
Mockup

Additives None None None H2SO/
Atmosphere 02 + A 02 + A °2 °2
Average particle size, /i

Prerun 1.0 1.0 0.8 0.9

Po strun 0.5 0.8 0.8 0.7

Impeller weight loss, g 31 (hub pits) 49 24 20 (pits

Loop corrosion rate, mpy 4.5 7.3 4.8 2.9

Range of pin attack rates,
mpy, at given flow velocity

Velocity, fps

19, coupons 1-3

21-26 1-2 2-5

39-45 3-11 11-19

46-73, coupons 11-58

23-26

40-42

19, coupons

21-26

29-42

19, coupons

21-26

39-45

13-16

13-18

0 (coupon)

19, coupons

21-26 0.7

39-45 3

3-4

7-15

10-13

<1

0.0

2-3

5-6

19, coupons

21-26 0.3-0.4 1-2

39-45 1-2 1-6

"Previously reported, ORNL-2379.

Steam pressurized.

cBased on estimated circulating volume.

H-SO. added prior to slurry blanket mockup test.

None

1.3

1.3

18

7.0

Austenitic Stainless Stee Is

<1 <1

1-2 <1 8-10

3-8 2-5 40-58

1-32 5-27

Ferritic Stainless Steels

2-7

5-18

Carbon Steels

24-27 9

30-59 100-241

26-38 248-560

Titanium Alloys

<1 <1

1 <1 7-9

4 1

Zirconium Alloys

47-54

0.0 <1

1 <1 8-9

2 1

Gold and Platinum

67

<1 <1 10-31

1-5 <1 100-270

None

°2

1.3

1.3

21.5

1.9

1-2

16-23

1

9-13

<1

10

1-4

13-30
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With the exception of the gold and platinum
pins, all specimens were covered with thin,
adherent corrosion films. Very small localized
areas of bare metal were visible on several speci
mens of the austenitic stainless steel pins ex
posed at a velocity of 42 fps. These areas were
located principally on the upstream surfaces of
the specimens.

The unusually increased attack noted at the
higher velocity in this run may be regarded as
being due primarily to erosion, as evidenced by
strong attack on such materials as gold, platinum,
and Zircaloy-2. It may serve as an indication
of the interacting tendency of the variables in
slurry corrosion. Thus the high calcination tem
perature of the thoria resulted in slurry particles
which did not undergo degradation to smaller
particle sizes. Although the attack rate by such
particles was not excessive at moderate velocities,
above certain velocities the particles are estimated
to be able to break through flow streamlines to
impinge directly on the metal with resultant
erosion. The velocity at which this would be
predicted to occur would depend on many factors,
including particle size, metal specimen size,
and flow and fluid characteristics. '

Thus the handling properties of 1600°C-calcined
thoria slurries still appear to be satisfactory,
while the corrosion-erosion behavior indicates a

requirement for careful control of particle size
and flow characteristics to permit the achievement
of circulation without undue corrosion.

13.1.4 Attack by Micropulverized Thoria Slurry

The degradation of thoria particles by circulation
of aqueous slurries in pump loops has been ob
served ' to result in smaller particles and reduced
corrosion rates, in the case of thoria calcined at

800°C. It was, 'therefore, of interest to ascertain
whether useful effects could be obtained by re
ducing the thoria particle size by grinding prior

D. G. Thomas, Comments on the Erosiveness of
Th02 Slurries, ORNL CF-55-4-36 (April 5, 1955).

3C. E. Lapple, "Dust and Mist Collection," p 1013,
esp 1022, in Chemical Engineers Handbook, 3d ed.,
ed. by J. H. Perry, McGraw-Hill, New York, 1950.

4E. L. Compere et al., HRP Quar. Prog. Rep. July 31,
1957. ORNL-2379, p 84.

E. L. Compere et al., HRP Dynamic Slurry Corrosion
Studies: Quarter Ending April 30, 1957, ORNL CF-
57-4-139 (to be publishedf.
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to loop circulation, and thus produce a less
aggressive thoria of more uniform properties and
behavior.

One convenient apparatus for grinding thoria
in substantial quantities after calcination is the
Mikro-pulverizer. A quantity of thoria (batch
LO-27) prepared by the Chemical Technology
Division from thorium oxalate precipitated at
70°C, calcined at 800°C, and ground using the
Mikro-pulverizer, has been obtained.

The results of one previous test, run CS-38,
in which an oxygenated slurry of the batch LO-27
(800°C-calcined) micropulverized thoria was cir
culated at 300°C at an average concentration of
591 g of thorium per kilogram of water have been
reported.4 Two additional tests, runs CS-39 and
CS-40, were made during the quarter at 300°C
with batch LO-27 thoria at an average circulating
slurry concentration of 932 and 641 g of thorium
per kilogram of water, respectively. Oxygen
atmospheres were used in both tests. Run CS-39
was made to determine the effect of increased

concentration. Run CS-40 was carried out, using
the slurry pumped in runs CS-38 and CS-39, to
observe the effect of degradation by loop pumping
on the thoria.

For run CS-39, the loop was charged to a con
centration of 850 g of thorium per kilogram of
water by injecting three batches of concentrated
slurry into the system during operation at 300^.
The mean particle size of the micropulverized
thoria was 1 (i.

Several periods of erratic operation occurred
during the test and were attributed to leakage of
liquid from the system. After 59 hr of slurry
circulation, the run was temporarily stopped to
inspect the system for leaks, but none were
located. Consequently, the run was resumed,
and water was added intermittently, as leakage
indications were noted, to maintain proper oper
ating performance. The run was shut down on
schedule at 300 hr. As a result of the leakage
and water replacement, the average circulating
concentration for the run was 932 g of thorium
per kilogram of water, as compared with a charge
concentration of 850 g of thorium per kilogram
of water.

During the routine inspection of the system after
shutdown, a small crack was found in a weld
(later determined to be faulty) in the venturi
barrel inserted in the pump suction line of the
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main circulating loop. Although no thoria had
passed through the microcrack, the insulation on
that section of piping was wetted. Presumably
leakage had occurred at that location.

Attack of pump components was abnormally high.
Possibly as a result of unsteady loop operating
conditions, of the 105.9 g of corrosion products
(Fe, Cr, Ni) calculated from analyses to be in
the circulating slurry, 49 g was contributed from
the type 347 stainless steel impeller. The type
347 stainless steel wear rings and pump head
were also heavily attacked.

As a result of high attack in the circulating
pump, differential system attack rates, calculated
from corrosion products detected in samples with
drawn from the system and from the circulating
slurry inventory, remained high throughout the
run. Incremental attack rates ranged from an
initial 25 to a final 4 mpy. The over-all rate for
the 300-hr test was 7.3 mpy.

Attack of pin and coupon specimens exposed
in the test was moderate (Table 13.1). Rates
were comparable to those observed in previous
tests made under similar conditions with slurries

of unground 800°C-calcined thoria.
During circulation, the pattern of degradation

of the thoria particles was similar to that observed
in the previous test, run CS-38. Particle break
down was slower than on slurries that had not

been micropulverized. Little detectable degra
dation was noted until circulation had proceeded
for 60 to 70 hr. With unground 800°C-calcined
thoria slurries, major degradation normally occurs
within the first 30-hr period of circulation. In
run CS-38 the final mean particle size of the thoria
after 300 hr of circulation was 0.5 fi, whereas in
run CS-39 the mean particle size was 0.8 /x at
the conclusion of the 300-hr test.

Previous tests in pump loops have shown that
a rapid decrease in the rate of attack by aqueous
oxygenated slurries of 800°C-calcined thoria occurs
after the thoria particles are degraded by cir
culation. ' It was of interest to determine

whether a similar reduction in attack rate occurred

with precirculated micropulverized slurry. There
fore the slurries from runs CS-38 and CS-39 were

combined and used as the charge for run CS-40.
The mean particle size of the combined slurries
was 0.8 /x.

The load concentration for run CS-40 was

638 g of thorium per kilogram of water. Operation
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proceeded routinely at 300°C until a noise de
veloped in the circulating pump. The run was
terminated after 168 hr of slurry circulation.

Little variation in circulating slurry concentra
tion occurred during the test. The average con
centration was 641 g of thorium per kilogram of
water.

After shutdown the pump was disassembled for
routine inspection. The type 347 stainless steel
impeller, which lost 24 g during the 168-hr test,
was heavily attacked along the front hub and on
the front surface. The adjacent seal rings, of
type 347 stainless steel, were also badly worn.
The front Graphitar bearing, worn 0.0433 in.,
was not re-usable.

The system differential corrosion rate, cal
culated from corrosion products detected in slurry
samples and circulating slurry inventory, showed
a gradual downward trend from 7 to 3 mpy during
the first 94.8 hr of circulation. After that time

the corrosion rate increased sharply to a final
value of 48 mpy. The increased rates were ap
parently the result of the high attack of pump
components during the latter period of the run.
The over-all loop attack rate for the test was
4.8 mpy.

Specimen corrosion rates, shown in Table 13.1,
were moderate. No notable reduction of attack

was apparent as a result of using previously
pumped micropulverized thoria. For purposes of
comparison, data are included in Table 13.1
from an earlier test, run CS-38, in which un-
pumped micropulverized thoria was circulated at
comparable conditions.

It may be concluded that the micropulverization
of the thoria used in these tests did not result

in lower specimen corrosion rates and may have
resulted in somewhat more severe pump attack.

13.1.5 Attack by Sulfated Slurry Circulated
at200X

Run CS-41 was carried out as a base-line cor

rosion test under conditions paralleling those of
the slurry blanket mockup test SM-2 (ref 6) oper
ated by the Engineering Research Section, and
used sulfated slurry circulated in that mockup
test. A comparison may also be made with the

°L. F. Parsly, Jr., H. L. Falkenberry, and I. M.
Miller, Report of Slurry Blanket Test Run SM-2, ORNL
CF-57-4-87 (April 29, 1957).



results of the field test in run SM-3 (ref 7) re
ported in Sec 13.1.6. In addition, run CS-41
marks the beginning of the systematic accumulation
of slurry corrosion data at 200°C.

The slurry which had been circulated in the
mockup test, mostly in the temperature range
170 to 200°C, for a total of 1730 hr was a com
posite of ten batches of ORNL-produced, LO
series thoria which had been prepared from 70°C
precipitated thorium oxalate calcined at 800°C
Sulfuric acid had been mixed with the slurry
as a possible deflocculating agent, for the mockup
test. By chemical analysis, the slurry circulated
in run CS-41 contained ~1750 ppm SO ~~ based
on thorium. The mean particle size of the thoria
was 0.9 it.

To parallel as closely as possible the conditions
of the mockup test, loop CS was operated, with
steam pressurization, at 200°C with pressurizer
temperatures of 240 to 280°C. Furthermore, low
concentrations of oxygen were maintained through
out the run. The charge concentration for the
run was 734 g of thorium per kilogram of water,
based on a circulating volume estimated from
survey-meter scans indicating the thoria level
in the pressurizer. The first sample indicated
agreement with this charge concentration. How
ever, thoria was indicated by subsequent gamma
survey-meter scans to have accumulated in the
pressurizer and in a low-velocity sample barrel.
The circulating concentration was, consequently,
decreased until the thoria in the pressurizer was
dislodged by a gas addition at hour 172. The
run was continued for a total of 300 hr with an

average circulating concentration of 488 g of
thorium per kilogram of water.

During the test the average concentration of
dissolved oxygen in samples withdrawn from the
loop was 62 fig per milliliter of slurry. Slurry
pH values, measured at room temperature, ranged
from 7 to 5. The slurry supernatant liquid con
tained 6 to 11 ppm S04 .

When the circulating pump was disassembled,
the type 347 stainless steel pump scroll, impeller,
and thermal barrier had a bright metallic appear
ance. The scroll and thermal'barrier were highly
polished. Numerous pits were located on both
surfaces immediately downstream of the balance

L. F. Parsly, Jr., et al., Report of Slurry Blanket
Test Run SM-3, ORNL CF-57-10-2. (to be published).
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pads. The impeller, which lost 20 g during the
test, was markedly eroded along the periphery
on both front and back surfaces. On microscopic
examination the eroded areas appeared to consist
of numerous conical pits ranging in depth from
12 to 24 mils and interconnected by narrow valleys
4 to 6 mils in depth. A photograph of the impeller
is shown in Fig. 13.2. The type 347 stainless
steel front and rear seal rings in the pump were
worn 34 and 20 mils, respectively. The Graphitar
pump bearings were not measurably worn.

Loop differential attack rates ranged from an
initial value of 30 mpy gradually downward to
a final rate of 2 mpy. The average system attack
rate for the 300-hr period was 3 mpy.

Specimen attack rates (Table 13.1) were gen
erally low. Exceptions were the high attack rates
shown by mild-steel specimens.

Austenitic stainless steels displayed rates from
0.3 to 27 mpy over the velocity range 19 to 71 fps.
Rates of ferritic stainless steels exposed at
velocities of 23 to 42 fps ranged from 2 to 10 mpy.
Zircaloy-2 and titanium alloys showed rates from
0.1 to 1 mpy over the velocity range 19 to 42 fps.

Carbon steel showed substantially higher cor
rosion in this test, with pin corrosion rates ranging
between 100 and 560 mpy for velocities from 21
to 42 fps and with 9 mpy noted for coupons at
19 fps. The higher corrosion rates of this material
are believed to be associated with the addition

of sulfuric acid to the slurry.
At the test conditions very thin corrosion films

were formed on the stainless steel, titanium,
and Zircaloy-2 specimens. The films, which were
dull gray, were adherent but appeared to be porous
in nature. Loose, voluminous films were formed
on the mild-steel specimens.

The results of this experiment are in general
agreement with the observations made during the
slurry blanket mockup run, SM-2, and the field
test of run SM-3, reported in Sec 13.1.6. In
these tests also, impeller pitting, bright stain
less steel surfaces, and high carbon-steel cor
rosion rates were noted. Further studies at 200°C

will be required before the causes of all such
effects can be reliably assigned.

13.1.6 Field Corrosion Tests

In cooperation with the Engineering Research
Section, two sets of corrosion specimens were
exposed in run SM-3 (ref 7) of the slurry blanket
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entrance effects and increased abrasive attack

by the slurry particles. The pattern of attack
may be seen in Fig. 13.3. Attack of titanium
RC-55 ranged from 0.16 to 0.26 mpy; Zircaloy-2,
from 0.10 to 0.24 mpy; and SA-212-B carbon
steel, from 455 to 637 mpy. The high attack of
SA-212-B steel appeared to be due, in part, to
galvanic action between the uninsulated coupons
and the stainless steel specimen holder. Both
ends of each specimen were markedly corroded.
It is also probable that the presence of sulfuric
acid in the slurry contributed to the aggressive
attack of the carbon steel.

No evidence of stress-corrosion cracking was
observed with any of the specimens exposed in
the pressurizer. One specimen of type 347 stain
less steel, exposed in the gas-vapor space, and
one specimen of type AM-350 stainless steel,
which was immersed in the liquid, showed slight
weight losses. Corrosion rates of these specimens
were 0.11 and 0.47 mpy, respectively. No detect
able weight losses occurred with the other speci
mens.

The results of this field test are in good general
agreement with the results of loop run CS-41,
reported in Sec 13.1.5.

13.2 TOROIDS

13.2.1 Introduction

The effect of hydrogen and oxygen atmospheres
on the attack by slurries of 1600°C-calcined thoria
in toroids has been studied. In the tests in'which

hydrogenated slurries were used, type 347 stain
less steel, titanium 75A, and Zircaloy-3A dis
played higher attack rates. A marked reduction
in attack of carbon steel was noted.

Normal corrosion rates of type 347 stainless
steel, titanium 75A, and Zircaloy-3A were observed
in tests made in toroids to study the effect of
the addition of uranyl sulfate to aqueous oxygen
ated slurries of 800°C-calcined thoria. Attack

of SA-212-B mild steel was increased approxi

mately tenfold.
In toroid runs made to investigate the attack

by slurries prepared from thorium oxide before
and after micropulverization, slightly higher than
normal attack was observed in tests using the
attrited oxide. Slurry spheroids were formed in
tests in which the unground thoria was circulated,
but none were detected in the tests with micro

pulverized thoria.
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Low attack rates were observed with slurries

of thoria prepared from jet-precipitated thorium
oxalate which was calcined at 650, 1200, 1400,
and 1600°C.

Attack rates in toroid tests were in good agree
ment with corrosion rates obtained in loop runs
with slurries of 1600°C-calcined thoria. No ap
parent degradation of the thoria particles occurred
in any of the tests.

Low-to-moderate attack rates were obtained in

toroid runs in which were circulated slurries

prepared of recalcined, 24-/LX thoria spheres. Metal
attack rates increased with increased slurry con
centration.

13.2.2 Tests with Thoria Slurries Containing
Uranyl Sulfate

In a breeder reactor employing a thorium oxide
slurry blanket and uranyl sulfate solution in the
core, it is conceivable that the uranium solution
could contaminate the slurry blanket. Furthermore,
experiments involving the addition of uranium
trioxide, thorium sulfate, or sulfuric acid to
various slurries suggested that observation of
the effects of suitable uranyl sulfate additions
would be of interest. Three toroid runs were

made to ascertain what effects, if any, the ad
dition of uranyl sulfate would have on the corro-
sivity and circulation properties of a circulating
slurry.

Slurries of 800°C-calcined thoria containing 0.02 m
uranyl sulfate were circulated for periods of 300
hr at 250°C and 26 fps. For comparison, companion
toroids contained solutions of uranyl sulfate,
slurries with comparable levels of sulfate added
as thorium sulfate, and slurries without additives.
All tests were made with oxygen atmospheres.
Pin specimens of type 347 stainless steel,
titanium 75A, SA-212-B carbon steel, and Zircaloy-
3A were exposed in each test. Results are shown
in Table 13.2.

Within the limits of experimental error, no notable
differences in attack rates of type 347 stainless
steel, titanium 75A, or Zircaloy-3A were observed
with slurries to which uranyl sulfate or thorium
sulfate had been added. However, attack of
SA-212-B carbon steel in these tests was in

creased approximately tenfold, presumably due
to the lower pH of the slurries containing the
sulfate additives.
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Table 13.2. Summary of Toroid Experiments Studying the Effect of Uranyl Sulfate

as an Additive to Aqueous Thorium Oxide Slurries

Batch D-17, 800 C-calcined thorium oxide, average diameter 2.1 pi
Temperature: 250°C
Relative velocity: 26 fps

Atmosphere: oxygen

Concentrat on

2°>

Additive and

Concentration

pH of

Slurry

Corrosion Rate * mpy

(g Th/kg H 347 SS SA-212-B Steel Zi rcaloy-3A Ti-75A

500 U02S04, 0.02 m 4.5 0.2 13.7 0.2 4.6

500 U02S04, 0.02 m 4.5 1.3 15.4 0.1 1.1

500 U02S04, 0.02 m 4.9 0.9 16.9 0.3 1.1

500 U02S04, 0.02 m 4.7 1.7 15.6 0.3 1.4

None U02S04, 0.03m 2.8 3.0 41.6 Weight gain Weight gain

None U02S04, 0.03 m 3.9 1.3 38.6 We ight gain 0.2

500 Th(S04)2, 0.006 m 5.8 1.0 3.1 0.1 0.4

500 None 6.2 1.7 2.4 0.3 1.0

500 None 7.3 1.5 3.4 0.3 1.2

500 None 8.2 2.3 4.5 0.6 2.1

*Based on exposed area, uncorrected for slug flow. 45% fill at 250°C.

It was interesting to note that in the tests
employing only uranyl sulfate the corrosion rates
of type 347 stainless steel and SA-212-B were
higher than in those tests in which a mixture of
thorium oxide and uranyl sulfate was circulated.
In the latter tests the pH values of the solutions
were 2.8 and 2.9, as compared with a pH range
of 4.5 to 4.9 for the mixtures. After circulation

most of the uranyl sulfate was found, by chemical
analysis, to be associated with the slurry solids,
rather than in the supernate.

No changes were detected in slurry properties
as a result of the addition of uranyl sulfate.

13.2.3 Attack by 1600°C-Calcined Thoria Slurries
in Hydrogen and Oxygen Atmospheres

The results of several toroid tests with oxygen
ated slurries of 1600°C-calcined thoria were re

ported previously. Additional tests were made
during the quarter to compare the corrosivity of

BE. L. Compere et al., HRP Quar. Prog. Rep. April
30, 1957, ORNL-2331, p 96, esp 109.

these slurries in hydrogen and in oxygen atmos
pheres. Runs were made at 250°C and 26 fps
at concentrations of 500 and 1000 g of thorium
per kilogram of water using slurries of 1600°C-
calcined batch TO-10-1000 thorium oxide.

In four tests, toroids were charged with slurries
which contained 0.08 M hydrazine, as an oxygen
scavenger, and hydrogen at atmospheric pressure.
For the comparison tests, oxygen atmospheres
were provided by the thermal decomposition of
hydrogen peroxide which was added to the slurries.
The results are shown in Table 13.3.

It should be noted that the pH values of the
hydrogenated slurries were about five units higher
(pH 10 to 11) than those of the oxygenated slurries
(pH 5 to 6), owing to the presence of hydrazine
and its thermal decomposition product, ammonia.
With the exception of the SA-212-B carbon-steel
specimens, higher corrosion rates were observed
with the hydrogenated slurries. A marked re
duction in attack of carbon steel occurred in the
hydrogenated runs.
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Table 13.3. Attack by 1600°C-Calcined Thoria Slurries in Hydrogen and Oxygen Atmospheres

Toroids: type 347 stainless steel

Temperature: 250 C

Velocity: 26 fps
Thoria: batch TO-10-1000; recalcined at 1600°Q average particle diameter, 1.2 ^t

Concentration, g Th/kg H20 500 1000

Atmosphere °2 H2(0.08 MN2H4) °2 H2(0.08 MN2H4)

pH of slurry (postrun) 5.6 5.2 10.5 10.8 5.8 5.9 10.5 10.3

Corrosion rate,* mpy

Titanium 75-A 1.3 2.8 1.5 1.6

Zircaloy-3A WG** 0.9 WG** 0.4

SA-212-B steel 123 3.7 113 2.1

Type 347 SS 1.5 1.3

3.1

2.5

2.3

19.7 6.5

9.7

6.1

10.0

2.7 4.1

3.9

6.0

2.8

10.3 14.0

13.8

14.2

9.9

347 SS toroid 0.2 0.2 5.8 1.6 0.5 0.5 2.5 4.6

*Based on exposed area, uncorrected for slug flow 45%fill at 250 C

**WG = weight gain.

No detectable change in particle size was ob
served in any of the tests.

13.2.4 Pilot Tests with Experimental
Preparations of Thoria

In some cases prior to certain 100A pump loop
tests, and also in cooperation with groups in the
Chemical Technology Division and the Engineering
Research Section who are participating in the
development of reactor slurry systems, toroid
pilot runs were made with aqueous slurries of
six different experimental preparations of thoria.
All tests were run for 300 hr at 26 fps and 250°C
with oxygenated slurries. Data from these runs
are summarized in Table 13.4.

One series of tests was made with batch LO-22

thorium oxide, which is currently being circulated
in run 200A-14 in the Engineering Research
Section' (see Sec 10.3). The thoria was re
calcined at 1600°C for 2 hr and degraded by

R. B. Korsmeyer et al., HRP Quar. Prog. Rep. July
31, 1957, ORNL-2379, p 52, esp 56.
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passing the dry powder four times through a
Mikro-pulverizer. The mean particle size of the
batch was 2.2 /x.

Tests were made at concentrations of 20, 200,
500, and 1000 g of thorium per kilogram of water.
Generally mild attack of type 347 stainless steel,
titanium 75A, SA-212-B, and Zircaloy-3A occurred
in all tests. The attack rates observed for type
347 stainless steel and titanium 75A in the test

with slurry at a concentration of 500 g of thorium
per kilogram of water were slightly higher than
those in the test made at a concentration of 1000 g
of thorium per kilogram of water. During micro
scopic examination it was noted that localized
abrasive attack was pronounced on the pins ex
posed to the 500-g/kg concentration. Bright areas
of bare metal were seen on the upstream surfaces
of most specimens exposed at the other con
centrations, but the attack was considerably less
severe.

Two preparations of 800°C-calcined thoria, which
were prepared for 100A loop tests, were circulated
in toroids during the quarter. Both batches, LO-27
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Table 13.4. Attack by Thoria Slurries of Experimental Preparations

Test conditions: 300 hr, 26 fps, 250°C, oxygen atmosphere

Corrosion Rate,* mpyThoria Batch Calcination Slurry Concentration Particle Size (fi) S|urry pH<
Designation Temperature (°C) (g Th/kg H.O) Prerun Postrun Postrun SA-212-B 347 SS

347 SS Ci_ , Ti-75A Zircaloy-3A

LO-22

micropulverized

LO-27 before

micropulverization

LO-27

micropulverized

LO-28 before

micropulverization

Jet precipitated

TO- 10-1000 and

LO-17, recalcined

1600

800

800

800

650

1200

1400

1600

1600

20

200

500

1000

500

1000

500

750

1000

500

1000

1000

642

642

642

500

750

1000

1500

Steel

2.2 4.5 WG** 0.2 WG** WG**

2.2 1.6 4.2 2.3 0.2 1.2 WG**

2.2 1.7 4.9 4.1 0.2 2.5 0.3

2.2 5.9 2.4 2.1 1.6 0.4

4.0 0.7*** 7.2 WG** 2.2 <0.1 WG**

4.0 12.0*** 7.2 1.1 1.9 WG** 1.6

1.0 1.0 7.0 1.1 2.8 1.0 0.1

1.0 1.7 7.0 3.5 2.8 3.2 0.3

1.0 1.0 6.4 7.5 3.8 3.8 2.3

3.7 7.0*** 6.7 0.7 10.7 WG** WG**

3.7 8.5*** 7.0 2.5 10.1 WG** 0.9

0.6 0.6 6.5 2.4 2.1 1.6 0.4

0.5 0.8 4.8 1.0 1.7 0.8 0.0

0.5 0.9 5.0 0.9 6.8 0.3 0.1

0.9 1.2 6.0 1.4 9.7 1.4 3.0

1.2 1.2 4.9 2.6 3.6 0.8 0.5

1.2 0.9 5.3 2.4 5.7 1.0 0.7

1.2 1.0 5.5 3.5 2.5 3.3 0.8

1.2 0.9 5.3 2.'8 3.9 1.1 1.2

*Based on exposed area, uncorrected for slug flow; 45% fill at 250°C; pin specimens defilmed.
**WG = weight gain.

***Spheroids formed during circulation.

Toroid

0.1

0.7

1.2

0.6

0.2

0.4

0.3

2.0

1.5

0.7

0.4

0.6
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0.4

0.7

0.6

0.5

1.0

0.6
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and LO-28, were prepared in the pilot plant of
the Chemical Technology Division by precipitation
of thorium nitrate with oxalic acid at 70°C and
calcination for 4 hr at 800°C. Each preparation
was to be degraded, prior to loop circulation,
by passing the dry powders twice through a Mikro-
pulverizer. It was of interest to test each material
before and after micropulverization.

In both runs which circulated these preparations
before micropulverization, thoria spheroids formed
during circulation. Attack rates were moderate
except with SA-212-B mild-steel specimens ex
posed in the test with LO-28 slurry at a con
centration of 500 g of thorium per kilogram of
water. These specimens showed a rate approxi
mately five times greater than the rate for duplicate
specimens exposed to the LO-27 thoria slurry.
Both pins were severely pitted.

Thin, hard, translucent films of thoria formed
on all specimens exposed in these runs. The
deposits, shown in Fig. 13.4, were characteristic
of those films which usually occur when spheroids
are formed. Somewhat heavier deposits were noted
in the run with LO-27 thoria. It is possible that
the lesser attack of mild-steel specimens exposed
in this test may be attributed to the heavier thoria
deposits formed on the specimens in that run.

In the tests with LO-27 micropulverized-thoria
slurry, no spheroids were formed. It is interesting
to note that attack rates were generally slightly
higher in these tests than with slurries of the
unmicropulverized preparation, even though the
micropulverization had reduced the mean particle
size of the batch from 4 /i to 1 ft. Unusually high
attack of pump components has also occurred in
100A loop tests with this batch (see Sec 13.1.4).

One test was completed during the quarter with
slurries prepared of thoria produced by calcining
jet-precipitated thorium oxalate. The thoria, fur
nished by the Chemical Technology Division, had
a mean particle size of ~0.6 ft (see Sec 20.1.2).

Portions of the pilot lot were calcined at 650,
1200, 1400, and 1600°C and circulated as oxygen
ated aqueous slurries in a 300-hr test at 250°C
and 26 fps. As shown in Table 13.4, relatively
low attack rates resulted in each test. There
was little change in thoria particle-size dis
tribution as a result of circulation.

Corrosion rates for type 347 stainless steel,
titanium 75A, SA-212-B carbon steel, and Zircaloy-
3A were in close agreement with rates obtained
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at similar test conditions in other toroid runs '

using thorium oxide prepared from 10°C-precipitated
Th(C20 )_. Slurry of the jet-precipitated oxide
calcined at 1600^ which had a higher mean
particle size, 0.9 ft, gave slightly higher attack
rates.

Prior to loop tests, pilot toroid runs were made
with oxygenated slurries of the 1600°C-calcined
mixed-oxide charge for 100A loop tests BS-17
and BS-18 (see Sec 13.1.3). The tests were made
at the standard condition: 300 hr, 250°C, and
26 fps. Although the toroid tests do not afford
a direct comparison with pump-loop run BS-18,
which was made at 300°C, the specimen rates
observed at 26 fps in the toroid test, when cor
rected for slug flow, closely approximate the rates
obtained in loop run BS-18 at 21 fps.

13.2.5 Toroid Circulation Tests with

Thoria Spheres

Recently a group of toroid runs was made to
investigate the circulation behavior and attack
by aqueous slurries of thoria spheres. The spheres
used in these tests were obtained by calcining
slurry spheroids produced, inadvertently, in 100A
loop run BS-11 in which batch LO-14 thorium
oxide was circulated. The spheroids produced
in this run were quite uniform in size. After they
were washed, dried, and recalcined at 1200,
1400, or 1600°C, their mean diameters, determined
by sedimentation in 19.5 cp glycerol solution
using neutron activation analysis, were 23 to
24 fi. The density of the spheres, determined by
use of a pycnometer and by using carbon tetra
chloride, benzene, or water, varied from 7.8 to
8,5. The specific surface area, measured by
nitrogen adsorption, ranged from 0.9 to 0.1 m /g.

To determine the integrity of the spheres, initial
scouting tests were made with slurries of the
1200, 1400, and 1600°C firings. The tests were
made for 300 hr at 250^ and 26 fps using oxygen
atmospheres. No detectable degradation of the
spheres was observed. Attack of corrosion speci
mens in these tests was very low.

10 J. P. McBride et al., HRP Quar. Prog. Rep. July 31,
1957. ORNL-2379, p 145, esp 152.

E. L. Compere et al., HRP Quar. Prog. Rep. April11

30, 1957. ORNL-2331, p 96, esp 109

,2E. L. Compere et al., HRP Quar. Prog. Rep. April
30, 1957, ORNL-2331, p 96. eso 101.
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A series of runs was then conducted with 1600°C-

calcined material to study the effects of slurry
concentration and circulation velocity on the
degradation of, and attack by, the spheres. Tests
were run in oxygen atmospheres at concentrations
of 10 to 1430 g of thorium per kilogram of water
and at relative velocities of 10 to 29 fps. Each
test was run for 300 hr.

No detectable particle degradation was observed
in the runs. Occasionally, microscopic examination
of the circulated slurries revealed isolated chipped
or cleaved spheres, but in none of the tests were
there a sufficient number of these to significantly
change the particle-size distributions that were
determined by sedimentation analysis.

Thin, glassy films of thoria were deposited on
the surfaces of the pin specimens in many of the
tests. These films presumably resulted from the
extremely fine material (0.1 to 0.05 ft) which was
not removed by washing the material before re-
calcination. Usually these deposits appeared to
have formed and then to have been worn away
from the upstream surfaces of the specimens. In
the runs made at the higher concentrations and at
the higher velocities, the upstream surfaces of
the pins were polished, whereas the downstream
surfaces were glazed. In the runs at low velocity
and concentration, the pins were usually uniformly
coated with a thin deposit of thoria.

Attack rates at all concentrations and velocities
were low. Metal weight losses of specimens of
type 347 stainless steel and SA-212-B carbon
steel were consistently higher than losses of
Zircaloy-3A or of titanium 75A. However, the
corrosion rates calculated for all specimens were
normally less than, or only slightly above, 1 mpy.
Corrosion rates of SA-212-B steel increased from
2 to 9 mpy in some tests, as a result of random
pitting or localized undercutting at the roots of
the specimens.

A mild but definite increase in attack of all

alloys was noted as the concentration of slurry
was increased. A slight velocity effect may also
be present, but this is less clear. Data which
depict the changes in the attack of type 347 stain
less steel specimens at the various velocities
and slurry concentrations investigated are shown
graphically in Fig. 13.5.
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Fig. 13.5. Corrosion of Type 347 Stainless Steel

Pins in Toroid Circulation Tests of Thoria Spheres.

Because of the very low attack observed in
these tests, considerable relative scatter in
data points is to be expected. Normal metal
weight losses of the defilmed specimens ranged
from 0.2 to 5 mg; therefore relative experimental
errors were high. It appears evident, however,
that specimen attack rates were affected by
changes in both concentration and velocity.

Further confirmatory evidence indicating that
the spheres were circulated in the tests as homo
geneous or near-homogeneous slurries was ob
tained by taking high-speed photographs, using
a Strobotac attachment on the camera, of an aqueous
slurry of the spheres circulated in a plastic toroid
at room temperature.

Figure 13.6 is a photograph of a slurry of the
spheres at a concentration of 200 g of thorium
per kilogram of water during circulation at 20 fps.
A well-defined slug of slurry may be seen in the
ieft half of the toroid, with a typical turbulent
trailing end in the upper right-hand section of
the photograph.
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13.3 IN-PILE AUTOCLAVE SLURRY

TESTS - LITR

13.3.1 Development and Construction

In order to obtain radiation-corrosion data with

thorium oxide slurries of interest in the HR pro
gram and to evaluate the effect of reactor radiation
on the physical properties of thorium oxide
slurries, the feasibility of using the present in-
pile rocking autoclave in a manner similar to
the in-pile solution tests is being investigated.

The apparatus used to rock the slurry test auto
clave is the same as that used in the autoclave
solution experiments, but modified to rock the
autoclave through an angle of 120 deg at a rate of
18cycles/min. The autoclave solution experiments
have been rocked through an angle of 60 deg at
a rate of 9 cycles/min. The increased agitation
(rocking angle and rate) was found necessary to
prevent settling of the thorium oxide in preliminary
tests made in a Lucite model of the autoclave.

A standard HB-6 autoclave assembly ' con
taining pin-type corrosion test specimens and
charged with a thorium oxide slurry to a con
centration of 500 g of thorium per kilogram of
water has been successfully rocked for 90 hr at
280°C and 1600 psia in an out-of-pile test. No
plugging of the capillary-tube line connecting
the autoclave to the pressure transmitter was
observed during operation or venting. The auto
clave was loaded with dry thorium oxide, water,
and the pressurizing solution of hydrogen peroxide.
The thorium oxide used in this test was from
batch TO-10-1000 which was recalcined at 1600°C
and subsequently pumped for approximately 200 hr
at 300<€ in 100A loop runs BS-15 and BS-16.
The average particle size of the material was
1.3 [i. From this test it appears feasible to expose
a thorium oxide slurry in the standard HB-6 auto
clave assembly. In-pile experiments in the LITR
are now being planned for the same thorium oxide
preparation as in the out-of-pile test.

13.4 IN-PILE SLURRY TOROID

13.4.1 Development Engineering

The major effort during the past quarter was
directed toward the "rotating-arm" model in-pile
toroid rotator. Preliminary operation of a unit
which had both gimbals frames enclosed within
a cylindrical retaining structure, mentioned pre
viously,16 demonstrated that undesirable opera
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tional vibrations could be eliminated during high
speed operation by positioning properly sized
counterweights along the rotator arms. However,
initial runs indicated that a constant-velocity
universal joint instead of a fork-and-tee type is
required to obtain sustained long-term operation.
Only 8 hr of continuous service at 950 to 1000 rpm
was achieved before operational difficulty neces
sitated a shutdown. During this 8-hr test period,
mechanical wear of the rotator mechanism was

evidenced by a continual increase in the diameter
of the toroid-ring rotational circle. The wear
occurred in the radial thrust bearings installed
in the gimbals and was believed to have been
caused by indeterminable forces created in the
fork-and-tee universal joint used to connect the
rotator arms. To counteract this difficulty, a
rotator model containing a constant-velocity uni
versal joint and heavy-duty spherical bearings
in the gimbals has been fabricated and is being
assembled for test and evaluation.

Tests to develop a suitable heating and cooling
system for temperature control of the toroids
during in-pile operation are still in progress.
Based on the encouraging preliminary results
obtained with air-water coolant mixtures in /B-\n.-
dia tubing wrapped around the toroid rings,
attempts were made to further increase the cooling
capacity of the system by casting the /--in.
cooling tubing in aluminum around the toroids
for improved over-all heat transfer. Resistance
heating wire was wrapped around the outside of the
aluminum casting. Repeated failure of the heating
wire prevented sufficient data from being obtained.
However, preliminary values indicate that the
increased cooling capacity obtained with the
cooling coils cast in aluminum is not sufficient
to remove the additional gamma-heat load which
would be created in the added mass of the

13G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99, esp 114-115.

K. S. Warren and R. J. Davis, In-Reactor Autoclave
Reactor Studies — LITR. I. Outline of Methods and
Procedures, ORNL CF-57-5-110 (May 22, 1957).

1SE. L. Compere et al., HRP Quar. Prog. Rep. April
30, 1957, ORNL-2331, p 110, Fig. 12.12.

16E. L. Compere et al., HRP Quar. Prog. Rep. July
31, 1957, ORNL-2379, p 84, esp 98.

17 E. L. Compere et al., HRP Quar. Prog. Rep. July
31, 1957, ORNL-2379, p 84.



aluminum casting during in-pile operation. This
method of cooling requires further evaluation.

A second method of toroid temperature control
investigated during the past quarter involves
isolating the toroid bundle in a controlled ambient
temperature. A heated and/or cooled air-steam
or air-water mixture is used to maintain the

ambient temperature and thus the toroid tem

PERIOD ENDING OCTOBER 31, 1957

perature. An ORR in-pile-loop type of heater-
cooler unit was used to control the temperature
of the air-steam mixtures. One test of this method

was encouraging, and additional tests will be
made.

18
T. H. Mauney and H. C. Savage, Test Results on

a Heater-Cooler Unit for the ORR In-Pile Loop, ORNL
CF-57-6-66 (June 8, 1957).
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14.1 IN-PILE LOOPS

14.1.1 Development and Construction

(a) HB-2 Loop Package. - The construction and
pretreatment of loop L-2-19 (ref 1) were completed,
and the loop is now in operation in beam hole
HB-2 of the LITR.

Components for loop L-2-22 are being fabri
cated. This will be a stainless steel loop con
taining a large variety of zirconium-alloy corrosion
specimens prepared by the HRP Metallurgy Group.

The fabrication of components for loop L-2-23,
an all-titanium loop, was completed. Assembly of
the loop has been deferred.

(b) HB-4 Loop Package. — The construction of
loop L-4-21 (ref 1), a type 347 stainless steel loop
utilizing a Byron-Jackson 5-gpm pump, was com
pleted, and the loop is undergoing out-of-pile pre
treatment and testing. Zircaloy-2 tapered-channel
coupon holders in the core and line positions
contain Zircaloy-2, titanium 110AT, and type 347
stainless steel corrosion samples. Stress speci
mens of titanium 110AT and type 430L stainless
steel are installed in the core, in-line holder, and
pressurizer. Five low-velocity coupon holders in
the core and two in the line contain coupon speci
mens of a variety of zirconium alloys of different
heat treatments. Zirconium oxide specimens are
also included in the low-velocity holders. One
Zircaloy-2 and one type 347 stainless steel coupon
are mounted in the forward section of the core,
where the neutron flux is the highest. A cobalt-
aluminum flux monitor encased in type 347 stain
less steel is located in the core.

(c) ORR Loop Package. - Development of the
ORR loop package and fabrication of components

'g. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957. ORNL-2379, p 99.

2G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1956, ORNL-2148. p 92 (classified).
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continued during the quarter. The mockup panel
board was installed and is now being wired.

(d) Byron-Jackson 5-gpm Pump. — A Byron-
Jackson pump was installed in in-pile loop L-4-21
after preliminary tests indicated acceptable per
formance. A second pump satisfactorily circulated
a uranyl sulfate solution at 250°C for 215 hr. No
excessive corrosion of the pump was indicated in
this test. Head-capacity tests of the pump before
and after the high-temperature uranyl sulfate run
showed no change in flow characteristics. Although
the output of the Byron-Jackson pumps is below
design requirements, they may be adequate for use
in selected in-pile loop experiments in place of
the present ORNL 5-gpm pumps. To demonstrate
corrosion resistance and reliability prior to use in
in-pile loops, each Byron-Jackson pump will be
run under in-pile loop conditions of temperature and
pressure while circulating a representative fuel
solution.

(e) ORNL 5-gpm Pump. - Tests of an ORNL
5-gpm pump with a redesigned stator were com
pleted. The stator winding was changed from a
110-v single-phase capacitor type with class A
(Formvar) electrical insulation to 220-v three-phase
with class H (glass, mica, and silicone varnish)
electrical insulation. Greater hydraulic output and
motor torque are obtained with the 220-v three-phase
stator. In addition, the class H insulation is more
resistant to thermal breakdown than the previous
class A insulation. These characteristics should

reduce the incidence of pump failures, which have
resulted from electrical short circuits in the pump
stator and/or minor mechanical drag of the rotating
parts during in-pile operation.

ORNL 5-gpm pumps used in in-pile loop L-2-22
and subsequent loops will contain the 220-v three-
phase stator. Control-panel boards are being
modified to supply the 220-v three-phase current.



A detailed report of the test results for a pump
equipped with the new stator was issued.

14.1.2 General Description of In-Pile
Loop Experiment L-2-14

With the exception of metallographic examination,
the twelfth in-pile loop experiment, L-2-14, has
been completed. This was the third loop irradiated
in the HB-2 hole at the LITR and the first experi
ment in which the entire loop was constructed of
titanium.

The objective of this experiment was to determine
the effect of a solution with a high excess H,SO.
content on the radiation corrosion of zirconium

alloys. During reactor operation the loop con
tained an enriched-uranium solution which was

0.17 mU02S04, 0.4 mexcess H2S04, and 0.15 m
CuS04. The previous HB-2 experiment, L-2-15
(ref 4), which had the same uranium concentration,
contained 0.03 m excess acid and 0.015 m CuSO..

The CuSO. concentration was increased in L-2-14

to compensate for an anticipated reduction in
catalytic activity with the increase in acid con
centration.

The make-up solution used to replace solution
removed in sampling had the same uranium con
centration as the charge solution. However, to
prevent excessive corrosion of the valve stems
during solution addition, the make-up solution was
only 0.07 m in HjSO. and 0.015 m in CuSO. and
also contained 100 ppm chromium.

The main-stream operating temperature was con
trolled at 280°C, and the pressurizer temperature
at 300°C.

Because of the variety of specimen types, methods
of mounting, and locations, a code has been es
tablished for the location and types of mounting
as follows:

CC Core channel holder coupons
CA Core annulus specimens
LC In-line channel holder coupons
LA In-line specimens similar to the CA speci

mens

Sets of corrosion coupons (25 each) in titanium-
75A tapered-channel coupon holders were installed
in the core and in-line positions. Coupons were of

A. Weitzberg and H. C. Savage, Performance Test
of 220-v, Three-Phase Stator for use with 5-gpm In-Pile
Loop Pump, ORNL CF-57-10-24 (Oct. 4, 1957).

4G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99-114.

PERIOD ENDING OCTOBER 31, 1957

titanium-55A, titanium-6% AI-4% V, type 347 and
309 SCb stainless steel, crystal-bar zirconium,
Zircaloy-2, and Zr-15% Nb. Two types of Zr-
15% Nb specimens were included in this loop.
Type I was beta quenched. Type II was cold
worked and then aged by holding at 600°C for 24 hr.
The arrays were identical as to the numbers of
coupons of each material, but the arrangement of
coupons in each holder was not identical. The
core annulus contained a ladder coupon array of
16 coupons. These coupons were made from the
same alloys as the channel coupons. In addition,
the core annulus contained one tensile specimen
of titanium RC-A-40, two tensile specimens of
titanium C-130 AM, and four impact specimens of
titanium RC-A-40.

The structure of the loop was essentially the
same as for previous experiments. Since the loop
was titanium 75-A and the thickness of the core

was the same as in previous steel loops, the
maximum allowable working pressure at operating
temperature was reduced from the nominal 2000 psi
to 1340 psi. The 5-gpm ORNL titanium circulating
pump had Kearfott aluminum oxide bearings and
journal bushings.

In the out-of-pile testing of this loop, four runs
with natural uranium were made. The solution
employed with the first two was 0.17 mU02SO.,
0.04 m H2S04, and 0.03 m CuS04. The main
stream temperature was maintained at 250°C during
the first run and at 280°C during the second run.
The runs lasted 96 and 23 hr, respectively, and the
corrosion rates of the stainless steel coupons
based on the nickel in solution were 127 and 90
mpy, respectively. The solution employed with the
third and fourth out-of-pile tests was 0.17 m
U02S04, 0.4 m H2S04, and 0.15 m CuS04, the
same concentrations as the enriched-solution

charge. The main-stream operating temperature
was maintained at 280°C, the same as during the
in-pile run. The stainless steel corrosion rate
based on the nickel analyses of the solution was
5660 mpy during the first 20 hr and 1075 mpy
during the next 80 hr of the third out-of-pile run.
This run was continued for a total of 150 hr, with
no additional nickel found after the first 100 hr.
It was assumed that all the steel coupons had
been consumed during the run. Initially, there
were 15 g of steel coupons containing an estimated
1.5 g of nickel. Only 1.2 g of nickel could be
accounted for in the solution analyses of these
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runs. For the fourth out-of-pile test a fresh solu
tion was used. After 100 hr the analyses of the
solution indicated a negligible buildup of nickel.
The over-all titanium corrosion rate, assuming

that oxygen was consumed in the corrosion of only
titanium during the fourth test, was 2 mpy. Fol
lowing the uranyl sulfate operation, a high-
temperature run was made with water at 280°C
before the loop was charged with the enriched
solution.

Enriched solution was circulated in the loop for
about 46 hr before irradiation was initiated. The

experiment was terminated when the pump failed
after a total circulation time of 663 hr with en

riched solution. The energy output of the LITR
during the inserted time was 1530 Mwhr, essen
tially all of which was liberated at the 3-Mw
reactor level.

During full-power operation the average fission
power of the loop, as determined from Cs
analyses, was 2480 w. The average fission and
gamma heat was 3030 w, as determined from the
difference in electric-heater power requirements
with the reactor down and at full power.

The thermal-neutron fluxes in the core were de

termined from measurements of the induced ac

tivities of representative Zircaloy-2 and Zr-15% Nb
CC and CA coupons. These determinations indi
cated a radial gradient of flux. The fluxes in the
core channel ranged from 1.7 x 10 at the front
to 3.2 x 1012 neutrons/cm2/sec at the rear of the
coupon array. The fluxes in the core annulus at
positions radial to the first and last core channel
coupons were 2.0 x 1013 and 3.9 x 10 neu
trons/cm/sec, respectively. These values indi
cate a 15 to 18% radial thermal-neutron flux de

pression at the front and rear ends of the core
channel coupon holder. Fission power densities at
the specimens were calculated by using the thermal-
neutron fluxes as determined.

The solution power density at a given position
was corrected to include the estimated power
density associated with moderation of the fast
neutrons at the position. The corrected power
densities ranged from 21.3 w/ml for the leading
CC coupon to 4.4 w/ml for the rear CC coupon and
from 21.1 w/ml for the leading CA coupon to
7.7 w/ml for the rear CA coupon. These values
included estimated contributions from fast-neutron

moderation of 0.5, 0.1, 0.4, and 0.2 w/ml, respec
tively. The estimated solution power density at
the nose of the core was 34.5 w/ml.
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No evidence of solution instability was observed
during this experiment. No nickel was detected in
a solution analysis after 35 hr of circulation of
enriched solution. Analysis of the solution sample
taken after 91 hr of circulation indicated that

0.114 g of nickel had gone into solution. The
final solution sample was taken after 498 hr of
circulation, which was 135 hr before termination
of the run. An analysis of this sample indicated
that 0.347 g of nickel had gone into solution.
These data indicate that some of the steel coupons
may have been present during the in-pile run. No
titanium was detected in any of the solution
analyses.

14.1.3 Qualitative Results of Inspection of
Loop L-2-14

The loop was dismantled without major diffi
culties. Components cut from the loop were the
core, both in-line sample holders, the pressurizer,
and the pump. In addition, sections of the pres
surizer heater, the pressurizer outlet tubing, the
main loop cooler, the main loop heater, and the
main loop piping at the inlet and outlet of the pump
were removed. An attempt was made to remove
the pump stator windings intact for electrical
measurements. However, the windings were
damaged in removal, and no electrical measure
ments were made.

Because of a misunderstanding as to the exact
location of the annulus specimen arrays in the
core, the rear of the impact and tensile specimens
and the core annulus coupon holder were partially
cut when the core was sectioned. Figure 14.1 is
a photograph of the core specimen assembly and
core reducer following removal of the core body.
The cuts are visible in this photograph. None of
the CC or CA coupons were damaged during this
operation. Sectioning of the loop cores in the
future will be carried out only after reference to
x-ray photographs of the assembled cores.

Some difficulty was encountered in removing the
specimen assemblies from the core and in-line
positions because of burrs formed when the titanium
was sectioned.

The impact and tensile specimens from the loop
were transferred to the HRP Metallurgy Group for
testing and evaluation.

Several coupons of each material from the core
and in-line coupon arrays, together with the above
listed sections from the loop components, were
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sent to the Solid State Division for metallographic
examination.

In an effort to determine the cause of the pump
failure, the pump was carefully sectioned and
examined in the manner employed in dismantling
loop L-4-16 (ref 5). After removal of the volute,
the pump impeller was found to be jammed. All
efforts to turn the impeller failed. Lack of end-
play in this component was also noted. During
removal of the thermal-spacer flange the impeller
was tilted with reference to the shaft. Examination

of the end of the stub shaft showed that the head
of the mounting screw was missing. A photograph
of this part, in which the retained portion of the
screw can be seen, is shown in Fig. 14.2. This
screw has been submitted for metallographic ex
amination to determine, if possible, the origin and
time of occurrence of the fracture. Examination of

the pump rotor and aluminum oxide bearings showed
that there was no evidence of mechanical failure

of these parts which could account for the pump
failure. Examination of the shaft in the seal-ring
region revealed no evidence of scoring. A photo
graph of the disassembled pump is shown in
Fig. 14.3.

As with previous loops, all the components and
specimens outside the core region were covered
with a uniform dark-brown rustlike scale. This

scale was very thin in the vapor region of the
pressurizer, but an accumulation of scale was
noted at the vapor-solution interface. This accu
mulation can be seen clearly in the photograph of
the interior surface of the sectioned pressurizer
shown in Fig. 14.4. Examination of the pump
impeller and volute also showed a uniformdeposit
of rustlike scale. A photograph of these parts is
shown in Fig. 14.5.

A very careful examination of the interior sur
faces of the titanium core body and cap was made
by use of the remote stereomicroscope at 5X mag
nification. Well-defined machine marks were seen

along the entire length of the body, and a sharp
edge was found at the spider retaining shoulder
of the core cap. The core cap showed some signs
of very shallow pits near the center. These pits
may have been caused by abrasive from the cutting
wheel during the splitting operation.

The interior surfaces of the titanium core and all

titanium specimens and coupons in the core area

5G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99 esp 104-105.
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were covered with the typical thin brass-colored
film. The crystal-bar zirconium and Zircaloy-2
core coupons were predominantly gray in color,
with some interference colors showing. The
Zr-15% Nb alloy type I (beta-quenched) core
coupons revealed a distinct grain pattern of inter
ference colors, while the type II (cold-worked and
aged at 600°C for 24 hr) core coupons were similar
in appearance to the Zircaloy-2.

As with previous loops the standard cathodic
defilming technique was only partially effective on
the zirconium-alloy coupons, and some scale was
retained.

It was assumed that all the steel coupons in this
loop were consumed in the out-of-pile tests of the
completed loop. However, after the core was
sectioned a badly deteriorated coupon was found
in the annulus and has been tentatively identified
as one of the steel CA coupons. Most of the CA
coupons fell from the holder upon removal from the
core. No other stainless steel coupons were
found either in the core or in the in-line positions.

Examination of the in-line holder showed damage
in the clamping region near the outlet end. This
damage may have been the result of fretting by
loosely held coupons. This is indicated by the
unusually high weight losses exhibited by the cou
pons in that section of the holder. The seven
coupons of zirconium and titanium alloys in this
section exhibited much higher corrosion rates
than similar coupons in the undamaged portion of
the in-line holder.

Before the in-line holder was dismantled, one of
the crystal-bar zirconium coupons, originally in
the damaged portion of the holder, was found on the
dismantling-cell floor. When this coupon may have
dropped from the holder is not known.

In an effort to determine the distribution of cor

rosion products in the scale throughout the loop,
samples of bulk scale were scraped from the rear
of the core, the special in-line holder, the pres
surizer liquid-vapor interface region, the pressurizer
vapor region, and the pump volute. These samples,
along with a portion of the front and rear aluminum
oxide journals from the pump, were submitted to
the Analytical Chemistry Division for analyses.
The results of these analyses indicate that the
scale ranged from 3.1 to 10.8% Ni and from 0.35 to
12.3% Fe. Very little uranium was found in the
scale and no zirconium. The results of the journal
analyses were inconclusive.











14.1.4 Quantitative Results of Inspection and
Evaluation of Loop L-2-14

All corrosion rate values reported below were
calculated from weight-loss data, with the exposed
specimen area and total radiation time (equivalent
to 510 hr of LITR operation at 3 Mw) used as the
bases for the calculations. Average solution
velocities across the coupons contained in the
tapered-channel holders were from 9.4 to 42.9 fps.
Power-density values for the core specimens in
clude the estimated contribution from fast neutrons

at the specimen position.
(a) Zircaloy-2. — Corrosion rates observed on

the Zircaloy-2 core coupons are given in Table
14.1. The solution velocity across the CC speci
mens varied from 14.2 to 39.4 fps and produced no
apparent effect. The three Zircaloy-2 LC coupons
all showed weight increases ranging from 1.1 to
6.0 mg, following defilming. The average weight
increase for these specimens was 3.5 mg. The
solution velocities across these specimens varied
from 11.9 to 36.2 fps.

PERIOD ENDING OCTOBER 31, 1957

(fc) Crystal-Bar Zirconium. - Corrosion rates
observed on the core coupons of crystal-bar zir
conium are given in Table 14.1. The solution
velocity across the CC specimens varied from
13.2 to 32.2 fps and produced no apparent effect
on the relative corrosion rates.

Two of the three crystal-bar-zirconium LC cou
pons showed weight increases of 3.1 and 5.4 mg.
Solution velocities across these specimens were
42.9 and 11.0 fps, respectively. The third coupon,
which was in the damaged portion of the in-line
holder and exposed to a solution velocity of 16.1
fps, exhibited the extremely high corrosion rate of
50.5 mpy.

(c) Zirconium—15% Nb. — Corrosion rates ex
hibited by both type Zr-15% Nb alloys in the core
are given in Table 14.1. The solution velocity
across the CC specimens varied from 10.2 to
42.9 fps.

Two of the three Zr —15% Nb (type I) LC coupons
showed weight increases of 1.7 and 4.1 mg. Solu
tion velocities across these specimens were 32.2

Table 14.1. Zirconium-Alloy Corrosion Data from Loop L-2-14

Core Channe Col pons Core Annu us Col pons

Material Power Dens »y Corrosion Rate* Power Dens ty Corrosion Rate*

(w/ml) (mpy) (w/ml) (mpy)

Zircaloy-2 13.33

9.48

5.61

7.54

6.00

3.94

13.02

7.72

7.93

4.90

Crystal-bar zirconium 16.26

10.94

5.34

8.05

6.17

3.60

14.08

8.25

7.49

4.82

Zr-15% Nb (type 1)** 18.78

9.08

4.81

22.10

16.27

15.07

21.10

12.23

23.49

18.34

Zr-15% Nb (type II)** 19.84

12.54

6.41

25.86

21.75

19.01

19.64

11.43

26.17

22.03

*Based on exposed area and radiation time.

**Heat treatment: type I, beta quenched; type II, cold worked and then aged by holding at 600°C for 24 hr.
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and 10.2 fps, respectively. The third coupon,
which was also in the damaged portion of the
in-line holder and exposed to a solution velocity
of 13.6 fps, exhibited a corrosion rate of 15.5 mpy.

Two of the three Zr-15% Nb(type II) LC coupons
showed weight increases of 3.8 and 7.7 mg. Solu
tion velocities across these specimens were 31.9
and 14.7 fps, respectively. The third coupon,
which was also in the damaged portion of the in
line holder and exposed to a solution velocity of
11.3 fps, exhibited a corrosion rate of 5.9 mpy.

(d) Titanium-55A. - Corrosion rates observed on
four titanium-55A CC coupons varied from 0.75 mpy
at 4.4 w/ml to 1.9 mpy at 21.3 w/ml. The solution
velocity across these specimens varied from 9.4
to 36.2 fps and produced no apparent effect on the
relative corrosion rates.

Two of the LC coupons of this material were in
the damaged portion of the in-line holder. These
coupons corroded at rates of 2.7 and 5.6 mpy at
solution velocities of 9.7 and 9.9 fps, respectively.
Of the two other titanium-55A LC coupons, one
showed no weight change and the other exhibited a
corrosion rate of 0.25 mpy. The specimen showing
no weight change was exposed to a solution
velocity of 39.4 fps, and the other specimen was
exposed to a solution velocity of 16.6 fps.

The two titanium-55A CA coupons exhibited
corrosion rates of 2.4 and 1.6 mpy at power
densities of 17.3 and 10.1 w/ml, respectively.

(e) Titanium-6% AI-4% V. - CC and CA cou
pons of titanium—6% AI-4% V exhibited corrosion
rates approximately twice as great as those ob
served for the titanium-55A core coupons at com

parable power densities.

Three titanium-6% AI-4% V CC coupons ex
hibited corrosion rates of from 1.9 mpy at 7.4 w/ml
to 4.0 mpy at 15.5 w/ml. The solution velocity
across these specimens varied from 14.7 to 27.1
fps. Two of the three LC coupons of this material
showed no weight change following defilming.
Solution velocity across these specimens was
19.0 and 40.0 fps. A corrosion rate of 1.1 mpy was
observed on the third coupon, which was in the
damaged portion of the in-line holder and exposed
to a solution velocity of 18.3 fps.

The two titanium-6% AI-4% V CA coupons ex
hibited corrosion rates of 4.0 and 2.6 mpy at 18.4
and 11.4w/ml, respectively.
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14.1.5 Discussion of Results from Loop L-2-14
and Previous Loops

The radiation-corrosion behavior of Zircaloy-2
channel coupons observed in experiments L-2-15
and L-4-16, the only previous loops with 0.17 m
U02S04 at 280°C, was shown to be described
reasonably well by the following equation:

,1.5
(1) R = 1.04 P (1 -e-9S/R ") ,
where R = corrosion rate, mpy, and P - power
density, w/ml. As shown in Fig. 14.6, the cor
rosion rates exhibited by the Zircaloy-2 channel

°G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99, esp 107-110.
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coupons in the present experiment range between
about 50 and 60% of those predicted by this equa
tion. The crystal-bar-zirconium core channel cou
pons exhibited corrosion rates in excellent agree
ment with the Zircaloy-2 data. The rates observed
for core annulus coupons of each of these materials
are in near agreement with core-channel-coupon re
sults. Although the solutions employed with the
previous two experiments, L-2-15 and L-4-16, had
the same uranium concentration as the present ex
periment, the CuS04 and excess H2S04 concentra
tions were different. The previous experiments con
tained solutions which were 0.015 m in CuS04 and
0.02-0.03 m in excess H2S04, as compared with
copper and acid concentrations of 0.15 wand 0.4m,
respectively, in the present experiment. It appears
likely that the lower rates observed in the present
experiments are a result of the high concentration
of excess H2S04. It is not known whether this
effect is a result of the high bisulfate or hydrogen
ion concentration. It is assumed that the dis

sociation constant of the bisulfate is so low at

280°C that the sulfate ion concentration is neg
ligible. An in-pile loop experiment, L-2-19, now in
progress, is being conducted to help determine
the effect of the sulfate or bisulfate ion on the

Zircaloy-2 corrosion. The solution employed with
L-2-19 is 0.17 m in U02S04, 0.02 m in CuS04,
0.1 min excess H2S04, and 0.2 min Li2S04.

A decrease in the radiation corrosion of Zircaloy-2
with high excess H2S04 concentration was also
observed in an autoclave experiment, Z-3 (ref 7).
This autoclave experiment employed a solution of
about the same composition as that used in L-2-14,
but was exposed at 250°C.

A general discussion and review of the results
of the four 280°C loop experiments which have
been carried out appears worth while at this time.
Some information in addition to that previously
reported regarding the behavior of Zircaloy-2 in
the core annulus region is available. Also, there
are new concepts of the effect on corrosion of
uranium adsorbed at the Zircaloy-2 specimen sur
face, as discussed in Sec 14.2.2a.

Experimental conditions for three of the 280°C
experiments, L-2-15, L-4-16, and L-2-14, have
been mentioned. The other, L-2-10 (ref 8), was

G. H. Jenks et al., HRP Quar. Prog. Rep. April 30,
1956, ORNL-2096, p 92-94.

8G. H. Jenks et al., HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 102, esp 104-108.
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with a solution 0.04 m in U02S04, 0.02 m in ex
cess H2S04, and 0.007 m in CuS04. Each of these
experiments contained core annulus specimens.
In each case, with the exception of L-2-14, the
corrosion rate of the annulus specimens, calcu
lated with exposed area as a basis, is greater
than that of the channel coupons. As previously
reported, metallographic examination of the L-2-15
core annulus coupons showed that the area normally
considered unexposed, and not included in the
corrosion-rate calculations, was attacked. When
the total area of the L-2-15 core annulus coupons
and the exposed area of the core channel coupons
are used, the calculated corrosion rates are in
near agreement. Additional evidence that the
attack of Zircaloy-2 in the core annulus region did
not exceed that in the core channel has been
obtained from the impact and tensile specimens in
L-2-15. Two Zircaloy-2 and two crystal-bar-
zirconium impact specimens, together with two
crystal-bar-zirconium tensile specimens, were in
cluded in the core annulus of this loop. With
specimens of these types, only a small fraction of
the total area is unexposed. No attempt is made
to defilm these specimens as is the procedure with
corrosion specimens; they are transferred to the
HRP Metallurgy Section in the as-removed condi
tion. However, as a general rule, only a negligible
change in weight is observed upon defilming
Zircaloy-2 or zirconium corrosion specimens from
a loop core;observation also indicates the absence
of appreciable film. Hence, the weight-change
data for these impact and tensile specimens may
be regarded as reliable corrosion information. For
L-2-15, the average corrosion rate, based on ex
posed area, of the impact specimens is in near
agreement with the average rate predicted from
Eq. 1. The average rate of the tensile specimens
is below the predicted rate.

However, this agreement between annulus and
channel specimens does not extend to the results
of L-4-16 and L-2-10. Each of six Zircaloy-2
impact and tensile specimens in the L-2-10 ex
periment exhibited an average rate equal to or
slightly greater than that predicted from the cor
rosion behavior, based on exposed area, of the
core-annulus corrosion coupons. Loop L-4-16
contained only one Zircaloy-2 impact specimen

J. 0. Stiegler, Metallographic Examination of Com
ponents, Coupons and Stress Specimens from HRP
In-Pile Loop L-2-15, ORNL CF-57-5-103 (May 22. 1957).
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and no tensile specimen. The average rate for
this impact specimen was about the same as that
predicted from the corrosion rates of the annulus
corrosion coupons. Here again, the exposed area
of the annulus coupons was employed in the pre
diction. To summarize, there is additional evi
dence that the corrosion of Zircaloy-2 in the core
annulus in L-2-10 and L-4-16 was greater, in each
case, than corrosion in the channel. In L-2-15
there is evidence of no difference in corrosion

between the two locations.

As previously reported,6 the corrosion of L-2-10
channel coupons is not described by Eq. 1. At a
given solution power density, the rate for an
L-2-10 specimen is greater than that given by the
equation. Similar differences in corrosion between
0.17 and 0.04 m U02S04 solution have been ob
served in autoclave experiments. However, as
discussed in Sec 14.2.2a, these differences be
tween the results in the two U02S04 solutions in
autoclave tests can be correlated with the amount
of uranium in the scale found on specimen surfaces.
When a correction to the power density at the
surface is made which includes a contribution from

scale uranium, the corrosion rate at a given cor
rected power density is about the same at both
solution concentrations. If the validity of the
treatment of the autoclave data is assumed, it
seems likely that uranium adsorption at a speci
men surface also contributes to the results ob

served in loop L-2-10. A possible explanation
for the higher rate of attack in the core annulus
region of L-2-10 is that in this low-velocity region
(average velocity through the annulus was about
0.8 fps) more scale adhered to a specimen surface
than was the case for specimens exposed to higher
solution velocities in the channel holder. The

same possible explanation may be made for the
indicated high rates in the core annulus of L-4-16.
The agreement between channel and annulus
positions in L-2-15 is an exception for which, with
presently available information, no explanation is
offered.

The agreement between annulus and channel
specimens in L-2-14 is what might be expected if
adsorbed uranium has, in fact, been responsible
for the difference noted in L-2-10 and L-4-16.
Autoclave results have shown that the amount of
uranium adsorbed in the scale is reduced when
the concentration of excess H2S04 is increased
from 0 to 0.04 m. In the one autoclave experiment

118

for which the solution was 0.4 m in excess H2S04,
no uranium was detected in the scale.

Turning now to the results with the Zr-Nb alloys
in loop L-2-14, both types of Zr-15% Nb alloy
exhibited corrosion rates higher than the rates pre
dicted by Eq. 1. This is in sharp contrast with
data from experiment L-4-16, in which the beta-
quenched Zr-15% Nb alloy CA coupons exhibited
lower corrosion rates than did Zircaloy-2. The
Zr-15% Nb alloy also exhibited high corrosion
rates in a loop experiment with high excess acid
conducted out-of-pile by Greeley and others.
The conditions in that experiment were similar to
those in L-2-14. The duration of the experiment
was 159 hr. Two coupons of Zr-15% Nb alloy in
the out-of-pile experiment, one each at solution
velocities of 19 and 73 fps, exhibited corrosion
rates before defilming of 23 and 31 mpy, respec
tively. Six crystal-bar-zirconium coupons, three
each at the above solution velocities, exhibited
negligible defilmed weight losses. All the crystal-
bar-zirconium, Zircaloy-2, and Zr—15% Nb in-line
coupons in the L-2-14 experiment, with the ex
ception of those in the damaged portion of the
holder, showed weight increases. The cou
pons located in the damaged portion of the
holder exhibited high corrosion rates because
they were apparently not held firmly in place.
Similar damage occurred in a previous loop,
L-4-12 (ref 11), which also had titanium in-line
coupon holders. The lack of agreement between
the in-line Zr-15% Nb corrosion rates in L-2-14

and the Zr—15% Nb corrosion rates in the out-of-
pile experiment might be explained by the fact that
the out-of-pile experiment contained no steel.
Loop L-2-14 initially contained 15 g of steel and
was initially tested with a solution containing
0.04 772 excess acid. Scale from the steel corrosion

depositing on the in-line specimens during the
initial test may have protected the titanium speci
mens against attack in the high-acid solution.

The heavily deteriorated coupon, tentatively
identified as stainless steel, found in the present
loop has been submitted for metallographic exami
nation and identification. It is assumed that all

R. S. Greeley et al., Summary of Runs H-lll, 112,
113 - 0.17 m U02S04 + 0.4 m H2S04 + 0.15 m CuS04
at 280°C, ORNL CF-57-10-85 (in press).

nG. H. Jenks et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 100, esp 102-103.



the other steel coupons were consumed in the
high-acid solution.

The titanium-core-coupon corrosion data are
plotted against power density in Fig. 14.7. Both
the Ti-55A and the Ti-6% AI-4% V exhibited in

creasing corrosion rates with increasing power
density. In general, the Ti-6% AI-4% V alloy
exhibited corrosion rates about twice as great as
the Ti-55A at the same power densities. The
Ti-55A core-channel-coupon corrosion rates ob
served in the previous experiment, L-2-15 (ref 7),
were in near agreement with, or slightly greater
than, those observed in the present experiment.
With one exception the in-line titanium coupons
not in the damaged portion of the holder exhibited
negligible weight changes following defilming.
The exception, a Ti-55A coupon, corroded at a
rate of 0.25 mpy. In the out-of-pile experiment by
Greeley and others, which was similar to the
present experiment, the titanium coupons at
velocities of 19 and 73 fps exhibited negligible
weight changes after defilming. The titanium
coupons included types RC-45A and RC-55A and
Ti-6% AI-4% V.

The average corrosion rate of the Ti-75A core-
channel-coupon holder was about 1.7 mpy based on
the defilmed weight loss. The average corrosion
rate of the Ti-75A core wall is assumed to be

about the same. However, the average power
density on the core wall was slightly greater than
that on the core coupon holder. The corrosion
rate of the Ti-75A in-line channel coupon holder
was 0.4 mpy based on the defilmed weight loss.
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Fig. 14.7. Titanium Corrosion, In-Pile Loop L-2-14.
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The over-all corrosion rate of the Ti-75A loop
during operation with enriched uranium solution
was 2.2 mpy based on oxygen data corrected for the
estimated amount consumed in the corrosion of

other metals. The total oxygen consumed was
5050 cc at STP. The weight loss of zirconium
coupons in this experiment was 0.45 g, which
would account for 100 cc of the oxygen. The
finding of the coupon, tentatively identified as
steel, at the end of the experiment indicates that
some steel was present during the entire run. Ex
trapolation of the nickel data from the last solu
tion analysis to the end of the run indicates that
about 0.42 g of nickel went into solution. It is
estimated that 4.2 g of stainless steel would con
tain this amount of nickel. This weight of steel
would account for about 1260 cc of oxygen. The
remaining 3690 cc of oxygen is assumed to have
been consumed in the corrosion of titanium.

14.1.6 In-Pile Loop L-4-18

Irradiation of stainless steel loop L-4-18 was
completed in beam hole HB-4 at the LITR. Total
circulation time with enriched solution was 860 hr,
of which 58 hr was accumulated outside the

reactor. The energy output of the LITR during
insertion was 1926 Mwhr. Almost all this energy
was liberated at the 3-Mw level. The run was

terminated when the circulation pump failed.
Operating conditions and contents were reported

previously. The solution originally charged to
the loop was 0.17 m U02S04 (enriched), 0.07 m
CuS04, and 0.02 m H2S04 in a heavy-water sol
vent. The calculated free-acid concentration was
maintained reasonably constant during the run.
The main-stream operating temperature was 235°C;
the pressurizer temperature was 265°C. No evi
dence of solution instability was observed at
these operating conditions. The over-all stainless
steel corrosion rate was 0.67 mpy based on oxygen
consumption and 0.31 mpy based on the nickel in
solution.

14.1.7 In-Pile Loop L-2-19

Stainless steel loop L-2-19 is now being irradi
ated in the HB-2 beam hole at the LITR. Contents

,2G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99, esp 114.
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of this loop were reported previously. The solu
tion originally charged to the loop was 0.17 772
U02S04 (enriched), 0.02 772 CuS04, 0.1 mH2S04,
and 0.2 m Li2S04 (99.9% Li7) in a light-water
solvent. The main-stream temperature is 280°C,
and the pressurizer temperature is 295°C.

14.2 IN-PILE AUTOCLAVE TESTS - LITR

14.2.1 Development and Construction

The assembly and testing of rocking autoclaves
for radiation-corrosion studies in beam hole HB-6

of the LITR continued during the past quarter.
Four experiments, L6Z-113, -114,-115, and-116,
fabricated from Zircaloy-2 and containing zirconium-
alloy pin-type corrosion specimens were prepared
and operated in the HB-6 facility of the LITR.

Two experiments for use in the HB-5 three-hole
facility of the LITR were prepared, as previously
reported. One of these experiments, L52Z-107,
was operated for a total of 61 hr in the LITR but
was terminated at the end of this period because
of evidence that the rocking assembly was galling
badly. Experiment L53Z-108 was also found to be
improperly aligned when inserted in hole No. 3, of
the fixed plug. This misalignment caused rubbing
between the aluminum can, in which the autoclave
assembly is located, and the aluminu-m sleeve
liner.

It was determined that the clearances between

the two dry bronze bearings located in the forward
section of the hole liner (nearest the reactor) and
the aluminum can containing the autoclave were
too large. Excessive play in these bearings
permitted the can to rub on the sleeve liner at the
nose (reactor) end of the assembly. In an attempt
to prevent this rubbing and possible failure of the
sleeve liner during future experiments, bearings of
Oilite-bronze (a porous sintered bronze impreg
nated with a lubricating oil) were machined to
slide into the outer, larger portion of the fixed plug
hole to provide additional bearing area for the
rocking plug and to help in aligning the autoclave
assembly within the sleeve liner (see Fig. 14.8).
Three Oilite bearings were placed in each of the
three beam holes with tubing spacers between to
prevent the bearings from moving axially in the
hole. (Hole No. 1 is equipped with brass tubing

13G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99.
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spacers, and the other two holes of the HB-5
facility have aluminum tubing spacers.) The
aluminum can containing the autoclave was also
modified by installing a ball bearing on the nose
(reactor) end for support and elimination of rubbing
between the autoclave container-can and fixed

hole liner.

Experiment L51Z-109 was operated successfully
for 189 hr in the LITR with the three Oilite-bronze

bearings installed in the fixed plug hole (but with
out the ball bearing on the nose of the aluminum
can containing the autoclave). Experiment L53Z-108
is presently being equipped with the ball bearing
on the nose of the aluminum can, as will all sub
sequent experiments. Tests made to date indicate
that these modifications will eliminate rubbing and
wear in the HB-5 multiple-rocking-bomb facility.

14.2.2 Correlation of In-Pile Autoclave Data

with In-Pile Loop Data

(a) Development with Reference Solutions. —
Disagreement between loop and autoclave data
pertaining to the radiation corrosion of Zircaloy-2
has been apparent for some time. Autoclave
results have shown a difference in corrosion rates,
depending on whether the excess acid concentra
tion is zero or 0.04 772 (refs 14, 15); and a bomb
experiment, Z-20, to determine the effect of re
placing the light-water solvent with D20 indicated
a greater corrosion rate with the D20 solution.
In the one loop experiment which employed D20 as
the solvent, no corrosion effect on crystal-bar
zirconium was detected which could be ascribed

to the use of D20 rather than light water. In
various loop experiments at 250°C which employed
excess H2S04 in the concentration range 0.004 to
0.03 772, no significant difference between attack
rates at the different acid concentrations has been

observed.

It has been suggested previously that at least
part of these differences between autoclave and

14G. H. Jenks et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 100, esp 110-112.

15R. J. Davis, G. H. Jenks, and J. R. McWherter,
HRP Radiation Corrosion Studies: Effect of Uranium
in Zircaloy-2 Scale, ORNL CF-57-10-40 (in press).

16G. H. Jenks et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, P 100, esp 108-109.

17G. H. Jenks et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 112, esp 116-118.
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loop results may be connected with the scale found
on surfaces of Zircaloy-2 exposed to radiation in
autoclaves. Chemical analysis of this scale shows
that it usually contains several per cent by weight
of uranium, and it can be estimated from con
sideration of the short ranges of recoiling fission
fragments that fissioning of this uranium in the
scale contributes appreciably to the intensity of
fission-recoil irradiation of the wall. In general,
more uranium is found in scales from experiments
without acid than from those with acid. Also,
some experiments such as Z-20, which have ex
hibited a higher-than-average rate at a given solu
tion power density, have also shown a higher-than-
average uranium concentration in the scales.

Zircaloy-2 exposed in the core of a loop apparently
does not form a heavy scale of the type found in
autoclaves. As removed from the loop after ex
posure, a core specimen, in general, has only a
thin adherent film. The results of analyses for
zirconium in scale removed from portions of a
loop external to the core provide additional
evidence that large quantities of scale do not
accumulate on surfaces of core specimens during
exposure.

Efforts to correlate the disagreement between
loop and autoclave results with the uranium found

18G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99, esp 110-114.
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in autoclave scale have been quite successful and
15are discussed in detail in a separate report. It

is presumed that the effective power density to
which autoclave surfaces are exposed is greater
than the power density in solution by an amount
related to the quantity of uranium in the scale. A
corrected power density, P , is considered rather
than the power density in solution, P . The cor
rected power density is defined as greater than the
solution power density by an amount linearly re
lated to the percentage uranium in the scale. In
other words, the effective power density at the
wall is assumed to be equal to the sum of the
value for the power density in solution and a value
which is proportional to the product of the uranium
concentration in the scale and the slow-neutron

flux during exposure. This relationship is con
veniently expressed by the equation:

Ud

(2) P 1 + K-

where U, is the percentage by weight of uranium
in the scale, U is the concentration of uranium in
solution, in grams per liter, measured at the test
temperature, and K is a constant. In the calcula
tion of the value of P , it is assumed that the

s'

concentration of uranium in solution does not

change significantly during exposure.
The treatment of the data to test the effect of

uranium in the scale has been, in brief, the fol
lowing: Those experiments were considered first
which were exposed at 280°C and were with one
of the reference solutions. By "reference solution"
is meant a solution of one of the following compo
sitions:

uo2so4

H2S04

CuS04

Solvent

0.17 m

0 or 0.04 m

0 to 0.04 m

H20

It may also be added that the reference solution
may or may not be contaminated by several hundred
ppm of nitrogen (from atmospheric nitrogen

19 G. H. Jenks et al., HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 114-115.
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included during fill),
the equation

The curve expressed by

(3) R = 1.04PM -e -95/R
1.5

was assumed for the relationship between power
density in solution and corrosion rate in the
absence of scale. This equation is that estab
lished from data for the core-channel-holder

coupons in loop experiments L-2-15 and L-4-16
(ref 20). These experiments employed a solution
similar to the reference solution, and the exposure
temperature in each was 280°C. The constant, K,
in Eq. 2 was evaluated as 8.3 for optimum fit of
autoclave data to this curve. Using this constant,
values for corrected power density were then com
puted from the data for each experiment.

The above value of the constant K was also used

to compute values for corrected power density from
data for autoclave experiments at 250°C with the
reference solution.

The corrected results for the 280 and 250°C

data are shown graphically in Figs. 14.9 and 14.10,
respectively. The uncorrected data are also shown
in each case and are identified by the open points.
The curve shown in Fig. 14.9 is that determined
from loop data as mentioned previously (Eq. 3).
It should be noted that the power-density range
covered in the loop experiments is from about
1 to 20 w/ml. Thus at above 20 w/ml the curve

20G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 99, esp 107-110.
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is an extrapolation from lower-power-density data.
The curve shown in Fig. 14.10 is that represented
by the equation:

(4) R = 1.25P 1 - -6.5/R
1.5

This equation has been established primarily from
the results of loop experiments at 250°C with solu
tions similar to the reference solution. Uncorrected

autoclave data for solutions containing acid were
also employed in the derivation. It is assumed
that this curve represents the corrosion-rate-power-
density relationship when the Zircaloy-2 is free
of scale. The power-density range covered in
these loop experiments is from about 0.5 to
6 w/ml. Thus a large portion of this curve repre
sents an extrapolation from lower-power-density
data.

Complete analytical data for the amount of
uranium contained in the scale from a given ex
periment are not included in this report, but the
following examples are given as illustrations:

Experiment

Z-24

Z-9

Z-10

Z-17

Z-15

Uranium in Scale

(wt %)

9.8

6.0

6.6

1.0

1.3

It should be noted that some autoclave experi
ments with the reference solutions in addition to

those shown in Figs. 14.9 and 14.10 have been

PERIOD ENDING OCTOBER 37, 7957

carried out. For these, however, no analytical
data for the concentration of uranium in the scale

are available, and no corrections can be applied.
As can be seen in Figs. 14.9 and 14.10, the

corrected data fall near the given curve. At each
temperature, the fit is considered very good and
is probably better than might reasonably be ex
pected if the difficulties inherent in the scale
analyses are taken into account. Frequently,
only 10 to 20 mg of scale is avai table for analysis,
and this scale is extremely radioactive.

It is concluded, as a result of these correla
tions, that uranium in the scale indeed influences
the corrosion rate of Zircaloy-2 under irradiation
in autoclaves. When a correction to the value for

the power density is made for this uranium in the
scale, the autoclave results are in agreement
with the loop results. At a given corrected power
density, there is no appreciable difference between
the corrosion rate in reference solutions containing
0.04 mexcess HjSCL and in those free of excess
acid.

It is believed that a correction for uranium in

the scale is required for proper interpretation of
the data. However, there is one aspect of the
corrosion behavior of Zircaloy-2 in autoclaves
which has been considered as an argument against
the concept that scale uranium influences the
corrosion to a significant extent, and which should
be mentioned here. As indicated by oxygen data,
the rate of corrosion under irradiation remains

fairly constant after a short period at the start of
irradiation during which the rate is, usually, less
than the steady-state rate. It may be argued that
the amount of scale covering a Zircaloy-2 surface
will increase as corrosion proceeds under irradia
tion and that the amount of uranium adjacent to the
wall will also increase as additional scale adsorbs

additional uranium. Under these conditions, the
corrosion rate might be expected to increase with
time. As mentioned above, the observed corrosion
rate remains fairly constant.

The explanation for the apparent constancy of
the effect of uranium in the scale is unknown.

However, it may be postulated that the distribution
of uranium in the scale is not uniform. The scale

is pictured as forming at the protective oxide-scale
interface so that new scale is not exposed to solu
tion to the same extent as the older scale at the

solution-scale interface. Hence, the scale adjacent
to the protective oxide may contain less uranium
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than the outer layer of scale. A given rate of
fissioning at the outer layer of scale will con
tribute less to the fission-recoil irradiation of the
protective oxide than fissioning at the same rate
in a layer of scale adjacent to the protective oxide.
Furthermore, the intensity of fission-fragment
irradiation from solution will probably decrease as
the scale thickens. Given this picture, it is
possible to speculate that the distribution of
uranium in the scale is such that the contribution

of scale uranium to the fission-recoil irradiation of

the specimen surface does not change appreciably
with increasing thickness of scale. It should be
emphasized that this is a speculation. No accurate
calculations to test the validity of the postulated
picture have been made.

(o) Application to Other Solutions. - The pre
ceding discussion has outlined a new scheme for
calculating the fission power density to which
rocking autoclave surfaces are exposed. A theo
retical treatment of the effect of uranium in the

scale is not offered. However, the basic idea
that uranium adsorbed in the corrosion scale in

autoclaves will increase the local fission power
density appears reasonable. The power-density
dependence of corrosion found in several autoclave
experiments correlates with the power-density
dependence found in in-pile loop experiments when
corrected power densities are employed. The
autoclave results shown in Figs. 14.9 and 14.10
are from comparable experiments, in that each
contains solution 0.17 m in U02S04 and solution
additives were limited to CuS04 (0 to 0.04 m) and
H2S04 (0 or 0.04 m). The in-pile loop data shown
are from experiments which employed similar solu
tions. On the basis of these apparently successful
correlations of autoclave results with reference

solution, it appears worth while to re-examine the
data from autoclave experiments which employed
other solutions. The corrected power-density value
has been calculated for each of these experiments
with nonreference solutions for which analytical
results for uranium content of the scale are avail

able. Equation 2 above, with the value of the
constant K determined from the data for reference

solutions, was employed in these calculations.
The corrected results are plotted in Figs. 14.11
and 14.12 as solid marks in each case. For com

parison, uncorrected results are also shown,
identified by open marks. The curve shown in
Fig. 14.11 for the 280°C data is the same as that
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shown in Fig. 14.9, and the curve in Fig. 14.12
for the 250°C data is the same as that in Fig.
14.10. The results of data correlation on this new
basis are discussed for each experiment in the
following paragraphs:

Experiment Z-3. - The solution for this experi
ment21-22 was 0.45 min excess H2S04. No other
autoclave experiment with more than 0.06 m ex
cess H-SO. has been carried out. There was no

uranium found in the Z-3 scale and therefore no

21 W. E. Clark, Experiment Z-3, ORNL CF-55-7-143
(July 26, 1955).

22G. H. Jenks et al., HRP Quar. Prog. Rep. April 30,
1956, ORNL-2096, p 92-94.
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correction to power density from that source. The
measured rate of 0.9 mpy is less than that indi
cated by the curve by a factor of about 3, and this
difference is considered significant.

Experiment Z-26. —Magnesium sulfate was added
to the solution for this experiment. The earlier
interpretation of the result was that the MgS04
addition increased the corrosion rate. The power-
density correction places the Z-26 point very close
to the curve, and it would now appear that there
was no effect of the addition other than that re

sulting from a greater uranium concentration in
the scale than would be expected without the
additive.

Experiment Z-21. - Lithium sulfate additive was
employed in this experiment. Unfortunately, the
data are open to question, since the solution em
ployed is unstable at 280°C and the run was very
short (36 hr). The rate is based on specimen
weight losses, since no oxygen-consumption data
were obtained. However, if the indicated rate is
correct, then Z-21 corroded much more slowly than
the standard curve would predict. In this case,
the correction for uranium in the film did not change
the interpretation of the results.

Experiment Z-ll. —Technetium (0.005 mKTc04)
was a solution additive in this experiment.22*25
The earlier conclusion that there was no effect

either at 250°C or 280°C by pertechnetate still
appears valid. (Note: The previous conclusion
was based on a comparison of Z-ll with other
0.17 m U02S04 experiments without excess acid.)

Experiment Z-19. —Molybdenum (0.006 m MoO,)
was included in this experiment. The previous
comparison with other experiments without acid
indicated no effect by the Mo03. A relatively
small amount of uranium was found in the Z-19

scale, yielding a small correction to the power
density, and, as now interpreted, the MoO, gave
rise to a substantial increase in the corrosion rate.

Experiment Z-20. — In this experiment D20
was used as the solvent. Previous considera

tions indicated that the corrosion rate in Z-20

23G. H. Jenks et al., HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 102, esp 113-114.

24G. H. Jenks et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 100, esp 107-108.

G. H. Jenks et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 108, Table 13.1.

26K. S. Warren, R. J. Davis, and G. H. Jenks, In-
Reactor Autoclave Corrosion Studies. II. Autoclave
Z-19, ORNL CF-57-6-105(June 27, 1957).

PERIOD ENDING OCTOBER 31, 1957

was about 30% higher than in comparable light-
water exposures. Corrected for uranium in the
scale, the Z-20 data fall very close to the standard
curve. (Note that Z-20 operated at two power
densities, and two Z-20 points are plotted in
Fig. 14.12.) A relatively large amount of uranium
retained in the scale (6.2% in Z-20 compared with
1-3% in comparable light-water experiments)
appears to have been the effect of using D20
rather than light water. This lack of a direct
effect on the corrosion rate, at a given power
density, of substituting D20 for H20 is in agree
ment with the results of the L-4-13 loop experi
ment. ' This loop experiment employed D20 and
crystal-bar-zirconium specimens. There was no
effect on the corrosion of the crystal-bar zirconium
which could be attributed to the use of the D20.

Experiment Z-8. — Chromium as CrO, was an
additive in this experiment. 7~28 The data, as
now interpreted, seem to re-open the question of a
possible beneficial effect by Cr(VI), although the
indicated effect (~1.5 mpy less than the predicted
7 mpy) is small and of doubtful significance.

Experiments Z-12, Z-78, and Z-27. —Three auto
clave experiments [Z-12 (ref 29), Z-18 (ref 30),
Z-27 (ref 23)] have employed 0.04 m U02S04:
Z-12, with 0.05 m CuS04 and 0.02 m H2S04;
Z-18, with 0.06 m CuS04, 0.04 m H2S04, and
0.011 mCr03; and Z-27, with 0.005 mCuS04 and
0.03 m H2S04. The uncorrected power densities
were 4 to 5 w/ml in each case. Previous con

siderations indicated that Z-12 (10.3 mpy at 280°C)
and Z-18 (9.9 mpy at 280°C) agreed quite well
with the data from the loop experiment L-2-10 (ref
31), which employed 0.04 m U02S04, 0.0075 m
CuS04, and 0.02 m H2S04 at 280°C. The corro
sion rate in Z-27 was 14.5 mpy at 280°C and was
out of line with these other data. Considerable

amounts of uranium were found in the scales from

Z-18 and Z-27, 2.6 and 3.5%, respectively. The
total amount adsorbed in each experiment was

27G. H. Jenks et al., HRP Quar. Prog. Rep. April 30,
1955, ORNL-1895, p 119-121.

28W. E. Clark, Experiment Z-8. ORNL CF-55-7-37
(July 13, 1955).

"G. H. Jenks et al., HRP Quar. Prog. Rep. July 31,
1955, ORNL-1943, p 126, esp 129 (classified).

30K. S. Warren, R. J. Davis, and G. H. Jenks, In-
Reactor Autoclave Corrosion Studies. II. Autoclave
Z-18, ORNL CF-57-3-112 (March 22, 1957).

31G. H. Jenks et al., HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 102, esp 104-108.
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sufficient to result in an appreciable lowering of
the uranium concentration in solution. Eighty
per cent of the uranium charged into Z-18 was
found in the irradiated solution, and 60% of the
uranium in Z-27 was recovered from the solution.

These analytical data are not available for Z-12.
In correcting the power densities in these experi

ments, Eq. 2 was modified to account for the drop
in solution fission power density attending the
significant loss of uranium from solution. The
corrected power density was calculated as follows:

(5) P = P — + 8.3 —-

C S\ui ui
where U and U. are, respectively, the average
and initial concentration (g/liter) of uranium in
solution at the test temperature, and U, is the
percentage uranium in the scale.

Z-18 is plotted in Fig. 14.11, and Z-27 in Figs.
14.11 and 14.12. It should be noted that the cor

rected power densities are about four times as
large as the uncorrected values, which places a
large dependence on the scale analyses for uranium.
The Z-18 point falls below the standard curve,
which may indicate an effect from the Cr03 addi
tive. The Z-27 results (both 250 and 280°C) are
expected to be more clearly indicative of any
effect associated with the uranyl sulfate concen
tration (0.04 m compared with the standard 0.17 m).
It appears that the corrected Z-27 data do not
deviate from the standard curve significantly,
which is in clear disagreement with the present
interpretation of the L-2-10 loop data. For in
stance, the curve,

R = 2.45P 1 - e
1.5

-9 5/R

to which the L-2-10 data can be fitted, extrapolates
to a rate of 23 to 24 mpy at the Z-27 corrected
power density (17 w/ml) and 280°C. Z-27 corroded
at 14.5 mpy at 280°C.

Experiment Z-16. - The Z-16 autoclave em
ployed 1.36 m U02S04. Apparently reliable data
were obtained. Z-16 was a duplicate of experi
ment Z-14 (ref 32) in regard to the solution em
ployed. The corrosion results from oxygen con
sumption in the Z-14 experiment were confused by

32G. H. Jenks et al., HRP Quar. Prog. Rep. Jan. 31,
1956, ORNL-2057, p 96-98 (classified).

126

a rare example of preferential attack on one speci
men. The attack on the other five pins was in
agreement with the corrosion rates observed in
Z-16. Scale analyses, which are available only
from Z-14, showed the scale to be 16% uranium.
This analysis was used to correct the Z-16 power
density. It is notable that 16% uranium is about
eight times the 1 to 3% uranium found after ex
posures with 0.17 mUO2SO4-0.04 m H2S04 solu
tions, and the concentrations 1.36 m and 0.17 m
are also in the ratio of 8 to 1. Previous indica

tions that 1.36 m U02S04 was less corrosive to
Zircaloy-2 than was the 0.17 m U02S04 still
appear correct. The beneficial effect of the high
concentration appears greater when corrected
values of power density are used.

Experiment Z-25. — This experiment was with
a U02C03 solution (0.01 mU02C03 with 0.129 m
LijCOg). The Z-25 scale contained 3.3% uranium,
and only about 40% of the originally charged
uranium was found in the irradiated solution. The

power-density correction, calculated in the same
manner as that described for Z-18 and Z-27, is
indeed very large compared with the solution power
density (Fig. 14.12). It should be noted that
Z-25 operated at 260°C, whereas it is compared
in Fig. 14.12 with 250°C data. The location of
the corrected Z-25 point close to the standard
curve indicates a rather small change in corrosion
due to the substitution of carbonate solution for

U02S04 solution. The earlier interpretation indi
cated a rate substantially higher in the carbonate
solution than in the reference 0.17 m U02S04.

14.2.3 Data from Recent Autoclave Exposures

(a) Experiment L52Z-107. — This experiment
was exposed for the purpose of studying the effect
on Zircaloy-2 corrosion of Li2S04 added to 0.17 m
U02S04. The exposure was cut very short (34 hr
with the LITR at power) because the end of the
experimental rocking plug was rubbing badly and
threatened severe damage to the permanent equip
ment at the reactor. The corrosion data are prob
ably not very dependable and are not reported.

L52Z-107 was the first autoclave to include a

Co-AI alloy as a slow-neutron flux monitor. The
alloy, in the form of wire, was encased in Zircaloy-2.
Prior to this time the flux in a given experiment
has been determined primarily from measurements
of induced activity in metal specimens. In the
case of Zircaloy-2 specimens, the Zr -Nb



activity is employed. With stainless steel the
Cr is measured. The technique has been to
compare specimen activity with a standard sample
of the given metal which has been exposed along
with a specimen of cobalt in the rabbit hole of
the LITR. In short, the method used to determine
flux in previous bombs bases the slow-neutron flux
determination on cobalt activity but involves the
observation of three activities to provide one
value for an unknown flux. A complication of this
method in the case of Zircaloy-2 is that Zr'5 is
produced in high yield as a fission product, and
the specimen must be decontaminated of this
fission product with extreme care in order to avoid
serious error in flux estimates. Flux determina

tions from Cs analyses in autoclave tests are
also possible in theory. In practice, the Cs137
analyses have given unreasonably low and non-
reproducible results and have been discarded.
Probably cesium is, in part, adsorbed by the
corrosion scale and lost from the solution.

The results of flux determinations in L52Z-107

by the method of measuring induced activity in the
Zircaloy-2 and from induced-activity measurements
in the cobalt are shown in Fig. 14.13. The flux
in the open hole determined by cobalt activation
is shown for comparison. Lines rather than points
are plotted because the flux is not constant over
the length of a given monitor. The length of a
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monitor is indicated by the length of a plotted line.
The axial location of the autoclave and specimens
is shown schematically in the lower portion of
Fig. 14.13.

The flux values indicated by the cobalt monitors
in this autoclave are about 10 to 15% lower than
those determined from measurements of the Zirca

loy-2 specimens. This is considered good agree
ment.

A comparison of typical open-hole flux values
in the three autoclave facilities employed at the
LITR during the last three years is shown in Fig.
14.14. Included are the slow-neutron flux distri
butions in HB-6 (open hole) and in HB-5 both be
fore (type II autoclave ) and after (type III auto
clave ) the installation of the multiple-hole
equipment. The multiple-hole facility includes
a provision for retracting the experiment into a
cadmium sleeve, and the cadmium depresses the
flux, particularly at the positions near the rear of
the experiment. The open-hole flux in HB-6 and
the relative position of the types II and III auto
claves are also shown in Fig. 14.14.

(6) Experiments L6Z-104, -106, and -112. -
These experiments employed Zircaloy-2 autoclaves.
In each test, specimens included Zircaloy-2, type
347 stainless steel and Zr-15% Nb-1.5% Sn alloy.
The exposures were at 280°C. The solutions were
0.17 mU02S04, 0.03 mCuS04, and 0.03 mH2S04
in L6Z-104 and 0.17 m U02S04, 0.03 mCuS04,
and 0.06 mH2S04 in L6Z-106 and L6Z-112. These
experiments were undertaken primarily to observe
the in-pile corrosion of stainless steel in a system
in which the buildup of steel corrosion products
in solution is minimized and in which the radiolytic-
gas pressure is controlled at a low value. How

ever, out-of-pile controls to determine the extent
of corrosion in the absence of radiation are needed

for the interpretation of the stainless steel data.
These are not yet available.

The stainless steel specimens exposed in these
tests appeared upon visual examination to be
covered by a brass-colored scale similar to that
found on Zircaloy-2 exposed in-pile. The usual
color of stainless steel specimens after exposure

33
K. S. Warren and R. J. Davis, ln-Reactor Autoclave

Corrosion Studies — LITR. I. Outline of Methods and
Procedures, ORNL CF-57-5-110 (May 22, 1957).

34R. J. Davis, D. T. Jones, and F. J. Walter, Pro
posed Multiple In-Pile Rocking Bomb Experiment, ORNL
CF-56-9-10$ (Sept. 27, 1956).
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is rust-brown. The implication that zirconium is
transferred to steel surfaces will be better estab

lished by adequate scale analyses for zirconium.
Zircaloy-2 corrosion in these experiments appears
to be in reasonable agreement with earlier data,
with the notable exception of the Zircaloy-2 speci
mens in L6Z-106. These pin specimens showed

3 x 10'3

X
ID

o
or

i

o

longitudinal fissures along their entire length.
Investigation revealed that similarly located
striations existed on the pins before exposure,
and it appears that flaws in stock material are
responsible for the preferential attack. Since
deposits in the fissures were not removed during
defilming, the values for average penetration as
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measured by weight loss are not meaningful.
This is only the second observation of localized
attack of Zircaloy-2 in in-pile autoclave tests.32

Samples of scale from the three types of speci
mens (Zircaloy-2, type 347 stainless steel, Zr-Nb-
Sn alloy) in L6Z-112 were analyzed separately.
The scale from the Zircaloy-2 contained 2.5%
uranium, and the scale from the stainless steel and
niobium alloy contained only about 0.5% uranium.

(c) Experiment L6Z-113. - This experiment was
operated in order to expose samples of pure niobium
metal and of sintered zirconium oxide. The zir
conium oxide used was a monoclinic material,
fired at 1600°C in air, density 4.6; presumably it
contained no stabilizing materials. The zirconia
was in the form of two short cylindrical pieces,
diameter about /^ in. and length about \ in. The
experimental conditions and the results of this
experiment are summarized in Table 14.2.

During exposure the oxide material lost its
integrity, and it was collected after the test as a
loosely adherent mass. No information is avail
able as to the stability of this material in out-of-
pile solutions. However, Hess35 has found in
preliminary out-of-pile tests that unstabilized
Zr02 falls apart in U02S04 solution at 275°C.
Hence the behavior of the zirconia in this in-pile
experiment was not necessarily a result of radia
tion exposure. The 2.8% uranium in the zirconia
after exposure is about the same as the 1 to 3%
uranium found in Zircaloy-2 scale from autoclaves
exposed to 0.17 m U02S04 solution with 0.04 m
excess acid.

During exposure the niobium pins became covered
with an extremely heavy chartreuse-colored scale.
It is estimated that the niobium scale was about
five times as heavy as the typical Zircaloy-2scale.
The presence of the zirconia samples probably
contributed somewhat to the heavy scale on the
niobium specimens, although only 5.6% of the
niobium scale was found to be zirconium. A
large part of the niobium scale was uranium (26%)
and copper (16%). The niobium specimens, even
though they were apparently exposed to a very high
localized power density from the 25% uranium
scale, corroded only about one-third as much as
the Zircaloy-2 specimens.

35D. N. Hess, Conversation with G. H. Jenks.
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Table 14.2. Autoclave L6Z-113 Data

Solution Composition

U02S04 CuSC
M (m)

H2S04
M

Before exposure 0.157 0.037 0.037

After exposure 0.077 0.010 (0.023)*

Scale and Zirconia Analyses

u so4 Cu Zr

(%) (%) (%) (%)

2r02 2.8 0.7 0.7 29.2

Niobium scale 25.9 0.9 16.0 5.6

Exposure Conditions and Corrosior Rate from Oj Loss

Temperature, °C 280

Exposure time, hr 344.8

Fission power density, w/ml 6.3

Corrosion rate, mpy 6.5

Specimen Data

Penetration from

Material Weight Loss

(mils)

Corrosion Rate

(mpy)

Zircaloy-2 0.296 7.5

Niobium 0.099 2.5

*Evaluated from total sulfate determination.

The Zircaloy-2 corrosion in this experiment
appears to agree well enough with other data shown
in Figs. 14.9 and 14.11. To make the comparison,
the measured power density of 6.3 w/ml was cor
rected both for uranium in the scale (assuming
2.8% as in the case of the zirconia samples) and
for the large drop in uranium concentration in the
solution (0.157 to 0.077 m). The correction was
made in the manner discussed in Sec 14.2.2b in
connection with Z-27. The corrected power density
is 7.9 w/ml. The data in Fig. 14.9 would predict a
corrosion rate of 7.9 mpy at this power density
(and 280°C), which compares adequately with the
6.5 mpy determined from oxygen consumption data
and with the 7.5 mpy determined from specimen
weight losses.
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14.3 SUPPORTING RESEARCH

Zircaloy-2 foils, 0.6 by 0.18 cm, contained in a
thermal siphon loop were exposed for approximately
60 hr at 300°C to Van de Graaff electrons. The
test solution was 0.04 m U02S04, 0.02 m excess
H2S04, and 0.01 m CuS04. Current densities
approximately 40 fza/cm2 at the metal surface
were used, and it is estimated that the power
density in the solution adjacent to the specimens
was about 60 w/ml. Range curves for 1.5-Mev
electrons indicate that about 0.6 w of the power
put into the loop was absorbed by the 7-mil speci
mens.

Weight changes of+5.8 x 10-5 and +2.8 xlO-5 g,
as compared with +7 x 10~6 g for a nonirradiated
specimen, were obtained under these experimental
conditions. The uncertainty in these weight values
is estimated to be ±2 x 10~5 g. These weight
changes give upper limits of 5 and 2 mpy for the
corrosion rate on the irradiated specimens. As de
termined by microscopic examination, the films on
the irradiated specimen are approximately 2000 to
2500 Xthick. The formation of aZr02 film 2500 A
in thickness would increase the weight of a speci
men by 7.9 x 10~6 g. For comparison, if the cor
rosion behavior of a specimen in this system is
comparable to that expected in water at the same
temperature, but out of radiation, an increase in
weight of 2.2 x 10~5 g would be expected.
Hence, the results of weight and thickness meas
urements in this experiment do not show any sig
nificant effect of the electron irradiation on the

corrosion rate of Zircaloy-2. The films on the
irradiated specimens are dark gray and very ad
herent in appearance. Diffraction studies on these
specimens are now being made.

Titanium foils were irradiated in a similar

manner. At the end of a 50-hr irradiation, per

formed intermittently over a period of several
weeks, the sample holder and samples fell down
into the loop when the loop was opened and the
fitting holding the sample holder removed for
examination.

A new sample holder and samples were inserted.
Subsequent operation of the loop resulted in a
ductile failure of the loop wall. Failure of the

36D. E. Thomas, Natl. Nuclear Energy Ser. Div. Vll
4, 608, esp 633(1955).
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temperature controller during the night was largely
responsible, although the failure itself did not
occur until the following morning, after the tem
perature recorder had been repaired and after
additional heat had been put into the loop.

Visual examination indicated that gradual ex
pansion of the loop wall at some elevated tempera
ture and approximately 600 psi had occurred and
that a ductile failure of the titanium resulted. A

detailed study of the temperature-controller chart
showed that temperature cycling, as shown by
thermocouple readings, had taken place in the loop
wall. The evidence indicates that temperature
cycling was caused by erratic flow, or slugs of
liquid formed by some impediment lodged in the
loop. Recovery of the old sample holder and
sample, which had been blown out through the
hole in the loop wall, confirms the picture already
given.

Metallographic examination of specimens taken
at the point of failure indicates that the metal was
heated above the beta transformation temperature,
about 950°C. Ductile failure resulted when the

metal expanded at this temperature under the
existing pressure (approximately 400 to 600 psi).

Microscopic and electron-micrograph studies are
being made on both a 10-mil titanium foil speci
men, irradiated for 50 hr, and a section of the 20-mil
titanium loop window, which had received a radia
tion exposure for more than 200 hr. The film on
the foil shows interference colors and is not over

1000 A at its thickest point. The film on the out
side of the loop window resembles that on the foil.
The film on the inside is dark gray and approxi
mately 20,000 to 40,000 Xthick. It isnot yet known
whether this is typical of the unirradiated surfaces
in the rest of the loop. Crystallites of anatase
titanium dioxide on the inside film are much larger
than those on the outside, as indicated by spot
diffraction patterns.

In additional experiments, type 347 stainless
steel foils are being similarly irradiated. An ex
posure of 6 hr has been made on one set of samples,
and a longer run of about 50 hr is being completed
on a second set.

37T. M. Kegley and R. L. Fitzgerald, Metallographic
Examination of 7, in. Diameter Ti 75A Tubing Failure
in Thermal Loop, memo to M. D. Silverman (Oct. 24,
1957).
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15.1 PHYSICAL METALLURGY

15.1.1 Zirconium-Alloy Development

Zirconium-base alloys containing niobium have
shown the greatest promise in the development of
a corrosion-resistant alloy to replace Zircaloy-2
as the HRP core-tank material. Basic physical-
metallurgy studies and in-pile corrosion tests are
being used to procure information necessary for
the development of these alloys.

Data on the transformation occurring in the
Zr-Nb-X alloy systems have been reported in four
prior reports.1-4 Age-hardening data for Zr—15%
Nb-X alloys with X = 1% Al, \% Cu, 2% Th,
1% Cr, 2% Mo, and 5% Mo were reported4 for aging
times up to 2 hr at 400°C. These alloys and
others with X = 1% Ni, 5% Pd, and 3% V have now
been run at 350, 400, and 500°C in the transfor
mation machine for times up to 2 hr and in capsules
for various times up to three weeks. All these
ternary additions delayed the hardening transfor
mation, with the addition of molybdenum being
the most potent. With an addition of 5% Mo, no
increase in hardness occurred in three weeks at

any temperature. Additions of aluminum and
copper lower the temperature for maximum rate of
the hardening transformation to 350°C or lower.

With many of the alloys the specimens aged for
2 hr in the transformation machine were not so

hard as those aged for Iike periods in the capsules.
The major difference between these two methods
is in the rate of heating to the aging temperature,
the transformation machine requiring only seconds,
while in the capsules it takes minutes. The higher

'g. M. Adamson et al., HRP Quar. Prog. Rep. Oct. 31,
1956, ORNL-2222, p 114-116.

2G. M. Adamson et al., HRP Quar. Prog. Rep. Ian. 31,
1957, ORNL-2272, p 119-123.

3
G. M. Adamson et al., HRP Quar. Prog. Rep. April

30, 1957, ORNL-2331, p 124.

4G. M. Adamson et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, P 122-126.

J. J. Prislinger
P. L. Rittenhouse

R. L. Stephenson
J. K. White

J. C. Wilson

hardening appears to have occurred at temperatures
below the aging temperature.

Some progress has been made in the isothermal
transformation study of the Zr-15% Nb base alloys.
Specimens of Zr-15% Nb-2% Pd, previously
transformed at 600°C for 24 hr, were held at 700,
800, 900, and 1000°C for times up to 30 min and
mercury quenched in the isothermal transformation
machine. Microstructural examination and hardness

measurements are now being made. This series
of specimens should yield information on the
effects of time and temperature on the dissolution
of the transformation products and, therefore, the
time and temperature required to produce a standard
and reproducible beta condition for isothermal
transformation kinetics studies. Specimens of
the Zr-15% Nb alloy held at various beta temper
atures for various times and transformed at 400°C
for 30 min are being examined.

A series of specimens of various niobium compo
sitions with various heat treatments was submitted

to the x-ray diffraction group for studies to de
termine the structure of the phases present and
the changes of structure with aging time. A
portion of this information was reported in the
last report.4 The diffraction work (performed by
R. M. Steele and H. L. Yakel, Jr.) has utilized
techniques involving oscillation, Weissenberg, and
Debye-Scherrer diffraction patterns; single-crystal
and polycrystalline wire specimens were used.
The data are in Table 15.1. An analysis of the
diffraction data, coupled with the hardness and
metallographic data, implies a two-stage, two-
transition-product decomposition mechanism for
the hardening reaction, a "reversible"diffusionless
transformation product ("martensitic") in the
quenched specimens, and a "conventional"
hypoeutectoid reaction process at the higher
temperatures of transformation. A tentative expla
nation of the transformation mechanisms can be

formulated as follows. When water-quenched from
temperatures in the beta field, a small amount of
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Table 15.1. X-Ray Diffraction Results for Transformed Zr-Nb and Zr-15% Nb-2% Pd Alloys"

Alloy

Composition

(wt %)

Heat Treatment Retalnod-Bota

bcc (A)

"Widmanstatten"

bet (A)

85Zr-15Nb 1200°C, 3hr, WQ a„ =3.547 ±0.007 a„ =3.547 ±0.007
Vol = 44.6 ±0.3 A3

900°C, 1 hr, WQ «0 =3.547 ±0.001

900°C, 1 hr, WQ
400°C, 3 hr, AC

Absent

900°C, 1 hr, WQ
400°C, 24 hr, AC

Absent

900°C, 1 hr, WQ
500°C, 4 hr, AC

Absent

900°C, 1 hr, WQ
500°C, 24 hr, AC

Absent

900°C, 1 hr, WQ
500°C, 1 wk, AC

Absent

900°C, 1 hr, WQ
600°C, 1 hr, AC

aQ =3.549 ±0.002

900°C, 1 hr, WQ
600°C, 1 wk, AC

a0 =3.528 ±0.002

Zr-15 Nb-2 Pd 900°C, 1 hr WQ aQ =3.539 ±0.004

900°C, 1 hr, WQ
500°C, 4 hr, AC

a0 =3.521 ±0.004

900°C, 1 hr, WQ
500°C, 24 hr, AC

an = 3.516 ±0.004

900°C, 1 hr, WQ
500°C, l.wk, AC

Absent

900°C, 1 hr, WQ
600°C, 1 hr, AC

an = 3.539 ± 0.001

900°C, 1 hr, WQ
600°C, 1 wk, AC

a0=3.528 ±0.001

90Zr-10Nb 900°C, 1 hr, WQ aQ =3.555 ±0.001

92.5 Zr-7.5 Nb 900°C, 1 hr, WQ a0 =3.558 ±0.001

95 Zr-5 Nb 900°C, 1 hr, WQ Absent

cQ = 3.989 ±0.008
c/a= 1.125 ±0.0§2
Vol = 50.2 ± 0.3 A3

Present

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Lattice Constants and Phases Present

"Omeqa"
bcc (A)

a0 = 10.9 ±0.2

Small amount

Absent

Absent

Beta I

bcc (A)

Moderate amount; a_ = 3.557 ± 0.005
aQ = 10.71 ±0.04

Small amount; a- = 3.563 ± 0.005
aQ =10.74 +0.04

Small amount; a. = 3.562 ± 0.001
aQ =10.65 ±0.06

Beta II

bcc (A)

Absent

Absent

a0 =3.506 ±0.005

aQ = 3.494 ±0.005

a„ =3.526 ±0.001

Absent

Absent

Absent

Absent

Small amount

Absent

Absent

Absent

Absent

Absent

Small amount; beta I forms Small amount
alpha Zr by orientation
of spots in pattern

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Moderate amount Absent

AbsentConsiderable
amount

Absent Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

aAII specimens capsulated in Vycor in partial atmosphere
*"WQ =water quenched; AC =air cooled in capsule.
cNominal composition.

Widmanstatten platelets present by microscopy.

eWidmanstatten platelets absent by microscopy.
'Specimen entirely mortensitic alpha Zr by microscopy.

of purified argon, all 0.010 wire specimens.
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Alpha Zr

cph (A)

Absent

Absent

Absent

Absent

Absent

Nb-10Zre

bcc (A)

Absent

Absent

Absent

Absent

Absent

a0 =3.224 ±0.004 Absent
c„ =5.152 ±0.006

«0 =3.230 ±0.004 aQ =3.31 ±0.01
c„ =5.146 ±0.006
Small amount Absent

Moderate amount Absent

Absent Absent

Small amount Absent

Amount equal to
beta

Absent

aQ =3.230 ±0.004 aQ =3.33 ±0.01
cQ =5.142 ±0.006 3/1 alpha/Nb

Absent Absent

Small amount Absent

Absent

Absent

Entire^

Absent

Absent

Absent



a body-centered tetragonal (bet) phase is formed,
either as platelets or as sheets, on the (100)
planes of the retained-beta matrix during the
quenching operation. This bet phase has been
associated with the Widmanstatten platelet phase
observed in the microstructure of the beta-quenched
material, which is also observed to occur on the
(100) planes of the retained-beta matrix and which
disappears from the microstructure of reheated and
aged specimens at the same rate as that of the
bet phase from the x-ray diffraction patterns.
The Widmanstatten platelet phase apparently
redissolves in the beta matrix, without decompo
sition, upon heating the beta-quenched specimen
to 300°C or above.

In addition, a second phase, which indexes with
the "omega" phase reported5 to occur in the
Zr-Mo system and quite similar to that occurring
in the beta-titanium alloys, forms during the
quenching operation. The amount of this "omega"
phase present in the beta-quenched samples
decreases with increasing niobium content. The
lattice structure of the "omega" phase appears to
be essentially body-centered cubic (bec), with a
lattice spacing slightly larger than three times
the lattice spacing of the bec retained-beta-matrix
phase. In the Zr-15% Nb alloy, the amount of
"omega" phase present during aging first increases
and then decreases with increasing aging time at
a particular temperature.

Coincident with the increase in the amount of

the "omega" phase present on aging, the retained-
beta matrix seems to split into two bec phases
called beta I and beta II. The lattice spacing of
the beta I phase is larger than that of the retained-
beta phase, while the spacing of the beta II phase
is smaller. This change in spacing is consistent
with an increase in zirconium content for beta I

and an increase in niobium content for beta II.

The lattice spacing of beta I increases and that of
beta II decreases with aging time towards the
spacings found or expected for pure beta-zirconium
and 90% Nb-10% Zr phases, respectively. When
the composition of beta I phase has changed to
approximately 5% Nb, it transforms to alpha
zirconium containing niobium, as evidenced by the
orientation of the spots for alpha zirconium and
beta I in the oscillation diffraction patterns. The
beta II phase eventually is so enriched in niobium
that it transforms to the equilibrium niobium phase

5H. A. Robinson et al., J. Metals 8, 1544 (1956).
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containing approximately 10% Zr. With the for
mation of alpha zirconium and the equilibrium
niobium phase, the specimen has become overaged
and the hardness decreases. At 550°C or above

for the Zr—15% Nb alloy, the hardening type of
transformation does not occur. Instead, the more
conventional transformation of a hypoeutectoid
system occurs, involving the precipitation of
alpha-zirconium platelets in the grain boundaries,
enriching the retained-beta phase in niobium,
until eventually the equilibrium Nb—10% Zr phase
begins to coprecipitate.

No physical picture for the formation of the two
beta phases has been successfully derived. Either
lines or spots which should be present in the
diffraction patterns are missing for a given
proposed mechanism, or lines or spots are present
which cannot be accounted for by the proposed
explanation. A recently obtained oscillation
pattern, which was overexposed deliberately, has
shown a very faint side-band occurring which had
not been observed in any of the prior patterns.
The pattern has not been analyzed. This obser
vation may permit the derivation of a physical
picture for the transition phase transformation.

The primary effects of the addition of small
amounts of the ternary substitutional alloying
elements are the lowering of the maximum temper
ature at which the hardening reaction can occur,
an increase in incubation time for the hardening
reaction at all temperatures (in some cases
complete suppression seems to occur), a lowering
of the temperature of maximum rate of the hardening
reaction, and a definite increase in the rate of the
"conventional" hypoeutectoid reaction at the
higher temperatures of reaction. The addition of
oxygen (which is an interstitial alloying element),
by the use of sponge zirconium, speeds up all the
transformation reactions.

Ingots of Zr (sponge)-15% Nb alloy were suc
cessfully extruded to 1!^-in. round stock. These
bars were swaged from a furnace at 850°C to bar
stock 7/j6 in. in diameter. After nondestructive
testing, the bars were cut to 5!^-in. lengths and
machined to 3Z in. in diameter and further in
spected. This stock was then heat treated into
two lots: (1) water quenched at 900°C and
(2) water quenched at 900°C followed by two-week
anneal at 550°C. From these two lots, subsize
impact and tensile specimens were made for use
in the first corrosion-specimen assembly for the
HRT core.
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15.2 MECHANICAL METALLURGY

15.2.1 Tensile Properties of Irradiated Zirconium
Alloys

As a supplement to the radiation-damage work
being conducted by the Solid State Division,
Sec 15.5, samples of materials of interest to the
HRP are irradiated in the in-pile loops operated by
the Reactor Materials Research Section. These

loops are operated primarily for corrosion testing
and usually do not operate for long enough times
to provide a sufficient fast-flux dose to cause
large changes in mechanical properties by radiation
damage. It is hoped, however, that it will be
possible to determine whether any large radiation-
induced changes occur or whether any adverse
effects, such as hydrogen pickup in the samples,
result from exposure to the fissioning uranyl
sulfate solution at loop temperature.

Subsize tensile specimens of crystal-bar zir
conium were exposed in in-pile loop L-2-15. This
loop was operated at 280°C in beam hole HB-2 of
the LITR with the following solution composition:
0.17 mU02S04, 0.028 mH2S04, 0.015 mCuS04.
(For further information on the loop operation,
consult HRP Quar. Prog. Rep. July 31, 1957,
ORNL-2379, p 101-114.) The estimated fast-
neutron dose on the samples during the reactor
exposure was between 0.7 and 1.4 x 101' nvt.
Samples from a single ingot were exposed to the
solution both in the region of high flux (core) and
in the region of low flux (in-line), and were used
for control samples. Additional control samples
were fabricated from other ingots made at the
same time.

The tensile data obtained from these crystal-bar-
zirconium samples are listed in the upper half of
Table 15.2. As was previously found4 for

Table 15.2. Tensile Data from Irradiated Zirconium Alloys

Position
Temperature

(°C)
Strain Rate

(in./in./min)

Te nsile Strer

(Psi)

gth Proportional Limit

(psi)

Reduction in Area

(%)

Crystal-Bar Z rconium — Loop L-2-15

Core RT* 0.05 40,800 26,700 42.0

Line RT 0.05 41,300 21,200 50.4

Control RT 0.05 40,000 23,500 42.9

Core RT 0.002 39,450 21,950 50.4

Control RT 0.05 38,100 18,800 43.9

Control RT 0.05 41,400 23,500 52.2

Control RT 0.002 40,800 20,400 60.2

Core 300 0.05 18,650 13,300 78.3

Line 300 0.05 20,400 18,400 78.5

Control 300 0.05 18,050 10,100 80.4

Control 300 0.05 17,000 10,400 88.3

Control 300 0.05 21,900 12,500 76.7

Control 300 0.002 18,000 11,750 97.4

Zirca oy-3A - Loop L-4-13

Core RT 0.05 73,700 60,784 46.4

Control RT 0.05 71,400 54,902 47.6

Core 300 0.05 38,196 30,980 55.2

Control 300 0.05 39,216 27,834 56.7

*RT = room temperature.
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Zircaloy-2, no significant change in mechanical
properties resulted from these irradiations in
uranyl sulfate. The variations between core, line,
and control samples are not systematic and are
smaller than the variations between the various

control samples. A possible small exception is
the proportional limit, but additional tests will be
required to show whether a small increase actually
occurred. This material is sensitive to strain

rate, in that a decreasing rate is accompanied by
a decrease in tensile strength and proportional
limit and an increase in ductility; however, these
changes are independent of irradiation.

Subsize tensile specimens of Zircaloy-3A (0.2%
Sn, 0.2% Fe) were irradiated in loop L-4-13. This
loop operated at 250°C in LITR beam hole HB-2
with a solution containing 0.17 mU02S04. (Oper
ating details are reported in HRP Quar. Prog. Rep.
April 30, 1957, ORNL-2331, p 113-116.) The
fast-neutron flux has not yet been determined in
this facility, but a rough estimate has been made
that the integrated fast-neutron dose was between
2 and 5 x 1018 nvt. On removal from the loop the
core specimens had a purplish film which did not
separate from the specimen during testing.
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As shown by the data in the lower half of
Table 15.2, no significant change in tensile
properties of Zircaloy-3A was found under the
conditions of exposure in this loop.

15.2.2 Tensile Properties of Irradiated Titanium
Alloys

Along with the zirconium alloys some loop
irradiation studies have been made with titanium

alloys. Subsize tensile specimens of A-40 titanium
were exposed in loop L-4-13, at the operating
conditions discussed in Sec 15.2.1. On removal

the core specimens had a straw-colored film which
was very tenacious and did not separate during
deformation.

Although it is notreasonable to draw conclusions
from two specimens, loop irradiation appeared to
cause mechanical-property changes in this alloy,
Table 15.3. In both cases the tensile strength
and proportional limit increased while the re
duction in area decreased. No metallographic
or hydrogen data are available.

The usual subsize tensile specimens of titanium
alloy A-llOAT were irradiated in loop L-4-16.
This loop also operated in beam hole HB-4 of the

Table 15.3. Tensile Data from Irradiated Titanium Alloys

Loop Temperature Strain Rate Tensile Strength Pre portional Limit Reduction in Area

Position (°C) (in./in./min) (psi) (Psi) (%)

Titanium A-40 - Loop L-4-13

Core RT* 0.05 53,900 37,647 73.3

Control RT 0.05 48,000 32,549 77.7

Core 300 0.05 29,098 19,608 72.3

Control 300 0.05

Titanium

19,400

A-11 OAT - Loop L-4-16

10,196 84.9

Core RT 0.05 90,196 72,549 45.6

Line RT 0.05 87,451 68,627 43.8

Control RT 0.05 88,235 66,666 50.2

Control RT 0.05 87,451 68,627 53.8

Core 300 0.05 42,039 28,235 47.0

Line 300 0.05 29,333 18,824 55.1

Control 300 0.05 33,569 22,745 71.6

Control 300 0.05 32,863 18,824 68.4

*RT = room temperature.
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lithium, and silver fluorides, with a small per
centage (1 to 3%) of cupric chloride or strontium
chloride. A water and an alcohol paste was made
of each flux. In the tests the fluxes broke down

at a temperature a few hundred degrees below the
melting point of silver. The titanium surface
became badly oxidized; and the silver, when it
melted, failed to wet the titanium. Additions of
10% potassium hydroxide failed to raise the
effective operating temperature of the flux. At
present, the possibility of torch-brazing titanium
with braze metals acceptable to the HRP appears
to be remote.

15.3.2 Stainless Steel Welding

In producing machine-welded type 347 stainless
steel pipe joints in the field, it would be desirable,
for obtaining simplicity of welding-equipment
design, to complete a weld pass in one 360-deg
rotation of the welding torch. In manual welding of
fixed pipe, high-quality welds are more easily
obtained with two weld passes, each covering
180 deg only, starting at the 6 o'clock position of
the weld joint.

Type 347 stainless steel manual pipe welds
were made in which a complete 360-deg torch
traverse was used. Although this technique was
more difficult than the standard technique, welds
of HRP quality were obtained. These results
indicate that a machine-welding apparatus, which
inherently possesses much closer control of
welding variables than is possible in manual
welding, should experience little difference in
weld quality irrespective of welding sequences
used in completing a pass in pipe welds.

15.4 METAL-SOLUTION REACTIONS

15.4.1 Titanium

Under an ORNL subcontract Stanford Research

Institute is studying combustion reactions between
titanium and aqueous solutions. This study was
prompted by the failures of titanium valve trim in
the HRP dump-valve test loop. Stanford has
previously shown0 that titanium disks will be
consumed completely if ruptured by 1100- to
1800-psi oxygen pressure at temperatures from
30 to 320°C.

F. E. Liftman, Reactions of Titanium With Water and
Aqueous Solutions, Stanford Research Institute Reports
No. 2 and 5 (July 2 and Oct. 14, 1957).
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In a continuation of the work it was shown that
ignition did not take place when the disk was
ruptured with water containing as much as 7200
ppm of oxygen at temperatures of 215°C. However,
steam-oxygen mixtures containing 20% oxygen
(180 psi) caused complete consumption of the disk
at 300°C.

In a second type of test a l^-in. tensile specimen
5 in. long was broken in a controlled atmosphere.
The rod was completely consumed when fractured
in 350-psi, or greater, oxygen pressure at room
temperature. The critical oxygen pressure de
creased to 250 psi at 300°C. While most of the
work was with A-55 titanium, it appears that
C-130Am, 6% AI-4% V, and A-110AT titanium
alloys all behave similarly, confirming the data
obtained with the rupture disks. When samples of
A-55 titanium were broken in oxygen-saturated
water, no reaction occurred; however, when they
were broken in the steam space above the liquid,
the upper half of the bar was consumed com
pletely, but the lower half was quenched after
burning approximately V2 in. below the water
surface.

In a few preliminary experiments it appears that
higher oxygen pressures are required for ignition
in helium-oxygen mixtures than in pure oxygen.

For purposes of comparison, either rupture disks
or tensile specimens of type 304 stainless steel,
aluminum, magnesium, zirconium, and iron were
ruptured in oxygen at pressures of 1000 psi or
higher. The only material which reacted was
zirconium.

15.4.2 Zirconium

A subcontract for studying metal—aqueous-
solution reactions has been placed with Aerojet
General Corp. The purpose of this contract is to
determine whether any major differences exist
between the reactions of zirconium with uranyl
sulfate and those with water. Reactions between

zirconium and water have been extensively studied
by many laboratories.

A series of preliminary tests were made at room
temperature by use of the Aerojet explosion
dynamometer.7 In these tests the reactions be
tween molten Zircaloy-2 injected into uranyl

H. M. Higgins and R. 0. Schultz, The Reaction of
Metals With Water and Oxidizing Gases at High Temper
atures, IDO-28,000 (April 30, 1957).
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sulfate were the same as when it was injected
into water.8

Zircaloy-2 wires were heated by resistance
heating to the melting point while submerged in
various media. No self-sustaining combustion
reaction was found when the wires were melted

in water or uranyl sulfate solution heated to 280°C
and pressurized to 2000 psi with oxygen. When
the sample was melted in the steam-oxygen vapor
phase, it was completely consumed. There was
no appreciable reaction in saturated steam at
1000 psi.

15.5 EFFECTS OF RADIATION

ON STRUCTURAL METALS AND ALLOYS

15.5.1 Equipment and Facilities

Irradiation of large numbers of specimens in the
MTR continued. Experiment ORNL-MTR-10-5
(elevated-temperature irradiation of carbon steels)
was disassembled for test in the hot cells. Ex
periment ORNL-MTR-10-9, which includes over
400 tensile and impact specimens of carbon steels,

a

H. M. Higgins, Reaction of Zircaloy-2 With Water and
With Uranyl Sulfate Solution, AGC-AE-36 and 37 (Aug. 3
and Oct. f, 1957).

was built and inserted in the MTR. Experiment
ORNL-MTR-10-10 (elevated-temperature irradiation
of zirconium alloys) is under construction.

The new subsize impact machine was installed
in the cell, and work has started on the large
backlog of specimens already irradiated. Devices
for automatic temperature control and for insertion
of Charpy specimens into the full-size impact
machine are in the shops.

15.5.2 Test Data

Earlier tests to compare the effect of radiation on
fine- and coarse-grained carbon steels of similar
composition led to the conclusion that the fine
grained steel was somewhat more resistant to
deleterious property changes than the coarse
grained steel.' The same work indicated that
saturation was reached at a lower dosage with the
fine-grained steel. Studies this quarter have
indicated that a fine grain size alone does not
make a steel more radiation resistant. Table 15.4
shows the analysis and tensile properties of three

R. G. Berggren and J. C. Wilson, Recent Data on
the Effects of Neutron Irradiation on Structural Metals
and Alloys, ORNL CF-56-11-1 (Jan. 1957).

Table 15.4. Tensile Properties of Low-Manganese Steels

(Normalized from 1700°F and Irradiated in MTR Below 200°F)

Integrated Yield Tensile

Fast (>1-Mev) Flux Strength Strength

(nvt) (psi) (psi)

Uniform Necking Total*

Elongation Elongation Elongation

(%) (%) (%)

RH-1032 (0.21 C, 0.09 Mn,

0.009 P, 0.015 S, 0.18 Si, 1.7 x 10

0.009 Al, 0.14 Ti) 1x10

19

20

57,200 78,000 17.4 10.8 28.2

87,600 90,000 3.6 10.4 14

85,800 101,200 7.8 5.8 13.6

RH-1051 (0.07 C, 0.15 Mn,

0.011 P, 0.0295, 0.07 Si,

0.048 Al, 0.39 Cu and

0.42 Ti)

RH-1053 (0.05 C, 0.08 Mn,

0.006 P, 0.018 S, 0.06 Si,

0.30 Al, 0.39 Cu, 0.33 Zr)

27,600 51,100 29.5 15.5 45

19 82,600 82,600 0 9.5 9.5
20 97,600 98,500 0.5 8.0 8.5

1.7 x 10

1 x 10

45,600 55,500 25 10 35

19 82,900 80,600** 0.5 10 10.5
20 98,400 98,000** 1.0 6.5 7.5

1.7 x 10

1 x 10

'Elongation in approximately 5 diameters.
♦♦Computed from maximum load reached after yield-point elongation.
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experimental heats of low-manganese steels10
furnished by the Jones and Laughlin Steel Co.
All are fine grained, and photomicrographs show
them to be essentially ferritic. Two are of low-
carbon content. Heat RH-1032 has a higher carbon
content, more like the A-212 and A-106 steels
previously tested, and has a pearlitic structure
after normalizing. The low-carbon steels showed
low uniform elongation after a dose of 1.7 x 1019
neutrons/cm2 (>1 Mev); previously, low uniform
elongations at this dose had been seen only in
high-purity irons and E-7016 weld metal. Since
all these materials are essentially ferritic in
structure, it is tentatively proposed that ferrite
alone rapidly loses its ductility upon irradiation
and that the presence of the carbide platelets in
the pearlitic steels results in a greater resistance
to radiation-induced loss of ductility. Later it
will be possible to compare the impact properties
of the same steels.

From the fact that loss of uniform elongation is
more important for engineering purposes than loss
of necking elongation and because radiation tends
to decrease the uniform elongation more than the
necking elongation, it is concluded that the
conventional elongation measured in the tensile
test is less valuable than the uniform elongation
in evaluating engineering materials. The con
ventional elongation measures the sum of the
uniform and necking elongations. For many of the
steels tested, the necking elongation is a sub
stantial fraction of the conventional elongation,
and the loss of uniform elongation with irradiation
is partially masked. Inspection of most data on
irradiated metals shows that the conventional

elongation decreases rapidly with increasing
dose at first but the rate of decrease then slows

down. This has often been ascribed to saturation,
but it is really the result of the less-sensitive
necking elongation masking the change in the
uniform elongation. For these reasons it appears
that the uniform elongation is a much better index
of ductility loss in irradiated metals than is the
conventional elongation. Fortuitously, the uniform
elongation is the much easier quantity to measure
in a hot cell and will be the elongation used for
the radiation-damage work.

H. F. Beeghly, "Low Manganese Steels for Nuclear
Applications," paper presented at 1st Nuclear Engi
neering and Science Congress held at Cleveland, Ohio,
Dec. 12-16, 1955.
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15.6 THORIUM OXIDE CALCINATION

METHODS11

15.6.1 Electric and Gas-Fired Furnace Operations

A considerable number of calcinations of ThO.

have been made at temperatures from 1000 to
1900°C. The usual procedure was to heat the
material in platinum vessels in an electrical-
resistor type of furnace at temperatures up to
1600°C. At higher temperatures, alumina con
tainers and a gas-fired furnace were generally
employed. The firing operation was periodic and
was followed by a pulverization procedure.

The need for calcination of ThO at temperatures
above 1500°C in air entailed a consideration of

possible container materials for the operation.
Aluminum oxide containers are available and have

favorable ceramic properties. Accordingly, a
brief investigation was made of the possibility of
contamination of powdered ThO. by the alumina
containers. For this purpose, pressed compacts
of Th02were placed on flat surfaces of commercial
alumina containers and were then fired for 4 hr

at 1600°C. Spectrographic analyses of the products
showed no increase in aluminum. It was concluded

that contamination of the Th02 from alumina con
tainers other than by mechanical abrasion should
be rather low.

It has been thought that a brief exposure of the
as-received Th02 to a very high temperature
(3000°C) might produce in one operation calcined
particles with desirable characteristics for use in
a slurry blanket. Among the hoped-for properties
are a very fine size (1 p or less) and rounded
particle edges, which should reduce the abrading
action.

Heat sources considered for this purpose were
the oxyacetylene torch, the electric arc, and the
induction furnace. Preliminary tests of the first
two methods were made.

15.6*2 Flame-Spray Calcination

For the oxyacetylene calcination, a metallizing
gun (Metco flame spray), which employs a gravity
feed, was found best. However, Th02 (from the
oxalate process) tended to pack and was passed
through the gun with difficulty, even when the
gun was vibrated strongly. On the second pass
there was much less difficulty.

This section was submitted by C. E. Curtis of the
Metallurgy Division.
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Thorium oxalate and thorium formate offered less

difficulty than the oxide. A thorium compound
treated with acetylacetone to produce a thorium
oxide-acetylacetone complex was unsatisfactory
in the oxyacetylene flame-spray gun, apparently
because it has a low melting temperature. Under
the given conditions, three successive passes
through the gun seemed necessary for complete
conversion of the oxalate and formate to cubic

Th02< The product from the oxide, formate, or
oxalate consisted of fine grains which were in
part clinging together in agglomerates approxi
mately 0.5 mm in diameter; these were easily
crushed to powder. In the case of thorium oxalate
and formate, there was a notable volume decrease
during the first passage through the gun.

Samples of flame-spray-calcined thorium oxide,
formate, and oxalate have been submitted to the
HRP blanket development group for tests (in
toroids) of abrasive properties and ease of particle
degradation.

15.6.3 Electric-Arc Calcination

The arc calcining apparatus consisted of graphite
electrodes k in. in diameter extending into the
center of a vertical refractory tube 5 in. in
diameter. The powdered materials were fed through
the arc by means of a vertical zircon tube, which
was kept in vibration.

The product of one passage through the arc
of either the oxide, formate, or oxalate contained
some rather perfect spheres of Th02, 0.1 to 0.3 mm
in diameter; many of these were transparent.
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iridescent, hollow bubbles, which floated on
water and were carried upward by air currents;
they were very fragile. Many solid opaque spheres
of about the same size were formed also and

appeared to be agglomerates of finer particles;
they were resistant to crushing.

After three passes through the arc, the product
of each of the three compounds was mostly spheres
consisting of about equal proportions of the
transparent hollow type and the solid opaque type.

It was concluded that the arc process produced,
under the given conditions, an unsuitable product
for the HRT blanket because of the comparatively
large size of the spheres. It is conceivable that
refinements in the apparatus might lead to the
production of the submicron rounded grains desired.
Uses for the transparent bubbles of Th02 are being
sought.

15.6.4 Spheroidizing of Highly Refractory
Materials

Spheres, both solid and hollow, of zirconia,
alumina, hafnia, and zircon as well as of thoria
(as detailed above) have been produced by arc
calcination. The spheres formed were mostly
under 0.3 mm in diameter in all cases. Apparently
the proportion of spheres and their size and
strength can be controlled, if necessary, by
compacting the powder, then breaking it into
agglomerates in controlled sizes before it is arc-
calcined or by regulating the time period during
which the Th02 is actually in the hot zone of the
arc.
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16. URANYL SULFATE FUEL PROCESSING

R. A. McNees P. A. Haas

J. R. Bowen R. W. Horton

S. Peterson

16.1 SOLIDS BEHAVIOR

The behavior of simulated HRT corrosion-product
solids in contact with stainless steel surfaces is

being investigated to determine whether corrosion-
product solids will deposit irreversibly on the
walls of a reactor system.

16.1.1 Loop Studies

(a) Glass-Loop Experiments. — In a series of
tests in the 0.5-in.-dia glass loop, the amount of
preformed ZrOj remaining in 0.1 m U02S04 so
lution increased as the Reynolds number of the
system was increased by increasing the solution
flow rate (Table 16.1). The material that came
out of suspension was deposited both on the sur
face of the glass loop and on metal coupons in
the loop.

The flow patterns caused by the presence of the
metal coupons affected the solids deposition. As
the system flow became more turbulent, the values
determined for the densities of solids deposited on
the coupons became more scattered. Change in
deposition with temperature was not noticeable in

the narrow range of temperatures imposed by the
pressure limitations for glass pipe.

Comparison of results of analyses of samples by
light transmission with counting of activated ZrO.
indicated that a chemical or physical change
occurred in the solids during the runs which gave
an upward bias to the results obtained by the light-
transmission method. This change could be de
gradation of large Zr02 particles, formation of
colloids, or precipitation of corrosion products in
the system.

(o) Loop B-2 Tests. - Steady-state and hydroc Ione-
pot solids concentrations were determined in a test
run in loop B-2 with 0.1 mU02S04 solution and in
which hydroclone operation and addition of traced
Zr02 were essentially continuous. Average equi
librium Zr02 concentrations were 380 and 2000 mg
per kilogram of H20 in the loop and hydroclone pot,
respectively. These values indicate a hydroclone
efficiency of 8%.

Of the Zr02 added to the loop, about 23% was
removed in loop (bomb) samples, 23% in hydrocIone-
pot samples, 24% in the loop drain, and 7% in loop

Table 16.1. Effect of the Reynolds Number on Deposition of Solid ZrO, from 0.1m UO.SO.

Conditions: Suspension of ZrO. circulating in 0.5-in.-dia glass loop;

Reynolds number increased by increasing the flow rate

Run

No.

Length

of Run

(hr)

Temperature

(°C)

Reync

No

Ids

Ratio of

Final Solids

Concentration in Liquid

to Original

6 30 47 3.5 X 104 0.45

7 24 47 4.3 X 104 0.60

8 36 47 5.6 X 104 0.80

9 28 47 9.3 X 104 0.70

10 30 62 9.3 X 104 0.73

11 36 77 9.3 X 104 0.70

12 30 77 9.3 X 104 0.91
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washes; 22% was not recovered. The preformed
Zr02 was added at the rate of 100 mg/hr for 220 hr
of the test period. The system was shut down
over the two weekends in the three-week test.

Extrapolation of these results to HRT conditions
gives an estimated fuel solids concentration of 50
to 200 mg/liter if the corrosion-product solids
resemble the preformed Zr02. Some laboratory
results indicate that the true corrosion products
will be larger and will settle faster than the Zr02
used for experimental studies, but comparison of
loop B-2 and HRT parameters shows that the
systems are similar in many respects (Table 16.2).
Some of the differences are such that they tend to
cancel out. The relatively larger HRT-CPP under
flow rate and the lower HRT solids-addition rate

would result in lower solids concentrations in the

HRT than in the experiments.

16.1.2 Laboratory Tests

When suspensions
0.04 m UO,SO„-0.02

of neutron-activated Zr02 in
H2S04 at 27°Cm were

tumbled end over end in stainless steel tubes, 50%
of the solids settled out in less than 24 hr. There

was no further settling when the runs were con
tinued up to 500 hr. The suspensions contained
55 or 110 mg of Zr02 per kilogram of H20. No
effect of variation in the solids concentration, the
weight of solids per unit of surface area, or the
volume of suspension per unit of surface area
was observed. When tubes were used that had
been severely abraded with a brush and scrubbing
powders, a larger fraction of the solids initially
charged to the system disappeared, but after
several days' agitation and two refil lings with
fresh suspensions, the behavior in these tubes
could not be distinguished from that in other tubes
less harshly treated. The studies are being con
tinued with solids consisting of a mixture of iron,
zirconium, and chromium oxides traced with either
iron or zirconium tracer.

More-fundamental studies are being made at
Stanford Research Institute. Data thus far ob

tained indicate that corrosion-product solids

Table 16.2. Comparison of Parameters of Loop B-2 and the HRT

Quantity

Solids addition rate

Hydroclone pot

volume/loop volume

Hydroclone pot

volumes/induced underflow rate

Processing time or loop

volume/hydroclone flow

Volume/area

Hydroclone efficiency

Hydroclone flow

Underflow pot volume

Equilibrium circulating solids

concentration

Units

mg/hr

mg/hr'liter

I iters/1 iter

ft3/ft2

liters/hr

I iters

mg/liter

Loop B-2 HRT

Values Values

100 2500

10 5

1/100 3/200

10

15

0.05

8

40

0.1

380

100

100

0.03

ob

300

8

50-200c

"Based on a 1.5% induced underflow rate.

''The effects of the hydroclone diameter and the liquid-viscosity changes will approximately cancel.
CRange due to effects of underflow-pot dump cycle and/or amount of settling in HRT underflow pot.
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obtained under controlled conditions in the lab

oratory have the same solid phases found in samples
taken from circulating loops at ORNL. The crystal
lite sizes of these solids range from 0.03 to 0.10 \i,
with nearly all solids thus far examined falling in
the range 0.04 to 0.08 ft.

16.2 IODINE CHEMISTRY

The effectiveness of an iodine trap consisting of
silvered-alundum Raschig rings in removing iodine
from the circulating stream of the HRT mockup was
demonstrated. The trap was a 6-in.-dia by 5-in.-
high bed of 0.25-in. Raschig rings (2250 g) con
taining 48.4 g of silver. A solution containing
1.06 g of iodine traced with I was added to the

UNCLASSIFIED

ORNL-LR-DWG 25728

TIME SINCE START OF IODINE ADDITION(hr)

Fig. 16.1. Iodine Concentrations in HRT Mockup.
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high-pressure portion of the loop during 4.5 hr of
operation at 280°C. The silver bed was located in
the low-pressure system of the loop just ahead of
the platinum recombiner. The activity of iodine
at various points in the system as a function of
time is shown in Fig. 16.1. The iodine activity in
various parts of the bed is shown in Fig. 16.2. The
efficiency of the bed under the conditions of the
experiment was estimated as between 35 and 75%.

Fora given gas flow rate, the fraction of incoming
iodine that penetrated a silvered-alundum trap was
sharply reduced by increasing the temperature of the
bed (Fig. 16.3). This suggests that the absorber
bed in the HRT should be operated at as high a
temperature as possible in order to provide maximum
protection for the platinum recombination catalyst.
The apparatus used provides for generation of a
flowing oxygen-steam-iodine stream of known and
controlled composition, velocity, and temperature.
The iodine trap was a cylinder about 1 in. in
diameter filled to a depth of about 4 in. with 75 g
of alundum pellets (!^ in. dia x k in. long) con
taining 6 mg of silver per gram of pellets.

0.6

~ 0.5

H 0.4

0.3

o

9 0.2

0.1

0 12 3 4 5

HEIGHT IN BED (in.)

Fig. 16.2. Iodine Distribution in Mockup Silvered-

Alundum Bed.
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Fig. 16.3. Effect of Absorption-Bed Temperature on Removal of Iodine from a Flowing Gas Stream.
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17. GASEOUS FISSION-PRODUCT DISPOSAL

R. A. McNees

R. E. Adams W. E. Browning
M. H. Lloyd

17.1 DYNAMIC STUDIES

In a single experiment on adsorption of xenon
by Columbia G charcoal at room temperature, xenon
was adsorbed 16.5 times as strongly as krypton,
which is approximately three times the effect
expected. In this study the techniques described
in ORNL-2116 were used. Since the Xe133 tracer
used contained a trace of Kr85, elution curves for
both elements were obtained in a single run
(Fig. 17.1).

Breakthrough tests on two of the HRT charcoal
beds were completed, but the quantitative results
of the tests were unsatisfactory owing to occasional
malfunctioning of various parts of the experimental
equipment. At an oxygen flow rate of 500 cc/min,
one bed showed a holdup time of 14 days for Kr85;
no breakthrough on the other bed was noted (Sec
6.4). The tests will be repeated, but indications
are that there was no measurable bypassing of the
charcoal in the bed.
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Fig. 17.1. Kr-Xe Adsorption.

20 24

17.2 EQUILIBRIUM STUDIES

Adsorption isotherms for krypton on a large
number of adsorbents were reported in detail
elsewhere.1 Isotherms for some characteristic
materials are shown in Fig. 17.2. Of the various
inorganic adsorbents thus far tested, Linde mo
lecular sieve 5A had the greatest capacity, with
silica gel next; the other inorganics tested offer
no promise of usefulness for adsorption of fission
gases. The results clearly show the effect of pore
size on the adsorption of krypton by inorganic
adsorbents. Linde molecular sieve 4A, with the

:Chem. Tech. Monthly Prog. Rep. July 1957, ORNL-
2385 (classified); Chem. Tech. Monthly Prog. Rep.
Aug. 1957, ORNL-2400 (in press) (classified); Chem.
Tech. Monthly Prog. Rep. Sept. 1957. ORNL-2416 (in
press) (classified).
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Fig. 17.2. Adsorption of Krypton on Various Materials
at 28°C.
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4-A pores, cannot easily accommodate krypton 140 A. Thus, in the noncharcoal adsorbents,
(diameter~4 A) but the 5-A pores of the 5A krypton is held most effectively by material with
material can. Among silica gels, grade 35, with pores large enough to admit the atoms of gas but
an average pore size of 32 A, adsorbed five times not so large as to lose the wall effects found in
as much krypton as grade 70, with a pore size of the smaller pores.
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18. URANYL SULFATE BLANKET PROCESSING

R. E. Leuze P. A. Haas

J. M. Chilton S. S. Kirslis

J. W. Snider

Experimental investigations during the quarter
included studies of Zr02 and Zr(S04)2 behavior
in the P-l loop, in-pile irradiation of 1.4 mU02SO.
contained in stainless steel, and spectrophoto
metric study of plutonium chemistry.

18.1 BEHAVIOR OF ZIRCONIUM

IN THE P-1 LOOP

Several experiments were carried out in the P-l
loop in which Zr02 or Zr(S04)2 was added to
1.4 m U02S04 circulating at 250°C under 350 to
400 psi 02. Theseruns were preliminary to planned
experiments to determine plutonium behavior.
Zirconium was substituted for plutonium in order to
determine the effectiveness of the hydroclone, the
rate of solids disappearance from the circulating

solution, and adsorption on metal surfaces. In
nine experiments (Table 18.1) the over-all results
showed that only 7.5% of the zirconium added to
the loop was removed by the hydroclone; 90% was
adsorbed on the loop walls. In four of these experi
ments preformed Zr02 was added; in one, dissolved
Zr(S04)2 was added; and in four, only that zir
conium already in the loop was followed by analyses.

When preformed Zr02 was injected into the loop,
the half-time of Zr02 disappearance from the circu
lating 1.4 m U02S04 was 2 to 4 hr. It was not
possible to determine the effect of the hydroclone
on this rate because of the scatter in the data. In

fact, the rate of removal for run P-17 (Fig. 18.1) in
which the hydroclone was not used was greater
than for the runs in which the hydroclone was

Table 18.1. Zirconium Distribution in the P-l Loop

About 10 liters of 1.4 m U02S04 was circulated at 250 C under sufficient
oxygen to give a total pressure of 900—950 psi

Loop surface area: 46.3 ft2 for runs P-17 to P-22
10.4 ft2 for runs P-23 to P-25

Time

(hr)

Zi rconium in L oop Zirconium Removed from

(g)

Loop
Zirconium

Adsorbed"

(g)

Zirconium

Material

Balance

(%)

Run Feed

(g)

Injected
No.

Salt (g) Hydroclone Loop Drain Samples

P-17 64 0 Zr02 1.000 b 0.125 0.006 0.8C 93

-18 84 0.125 Zr02 2.000 0.481 0.607 0.025 1.025 101

•19

-20

19

56*

0.422 0

0

0.039

0.016 0.019

0.1851

0 J
0.367 103

-21 33 0.019 Zr(S04)2 1.000 0.007 0.007 0.009 0.975 98

-22A

-22 B

21

26

0.007 Zr02

Zr02

5.000

5.000

0.293

0.281 0.357

0.0811

0.085J
10.00 111

•23 29 0 0 0.007 0.024 0 d

-24 22 0.024 0 0.002 0.004 0 d

-25 78 0.004 Zr02 1.000 0.086 0.001 0.002 0.944rf 103

Calculated by multiplying average plutonium adsorption on coupons by loop surface area.

Hydroclone not used in run P-17.

Adsorption coupons not used. Adsorbed value for run P-17 estimated from subsequent runs.

Adsorption coupons were not analyzed after runs P-23 and P-24.
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used. Also, the effect of reducing the loop sur
face area from 46.3 ft2 (runs P-17, -18, -22A in
Fig. 18.1) to 10.4 ft2 (run P-25) was less than the
variation between duplicate runs.
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• P-22A 5g Zr02 ADDED, 46.3 ft2 LOOP
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Fig. 18.1. ZrOj Circulating in P-l Loop vs Time.

The amount of preformed Zr02 removed by the
hydroclones was only 6 to 16%, compared with 85 to
90% removed by Zr02 adsorption on the loop
walls. The hydroclone efficiency (amount of
Zr02 removed/amount Zr02 passing into hydro-
clone) was only 10 to 20% when the Zr02 con
centration was 10 to 100 mg/liter. Efficiency was
much less at lower concentrations. When dis

solved Zr(S04)2 was allowed to hydrolyze and
precipitate in the loop (run P-21, Table 18.1),
essentially all the zirconium was adsorbed on the
loop walls, with no more than a trace appearing in
the hydroclone underflow.

For all these experiments zirconium was deter
mined by direct counting of Zr tracer. Ad
sorption on loop walls was estimated by counting
the zirconium activity on small adsorption coupons
and multiplying the specific adsorption by the in
ternal surface area of the loop. This area was
46.3 ft2 in runs P-17 through P-22, when the loop
was equipped witha pressurizer filled with Raschig
rings, and 10.4 ft2 in runs P-23 through P-25, after
the Raschig rings were removed.
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The zirconium adsorption on stainless steel,
Zircaloy-2, and titanium coupons exposed during
runs P-18 through P-25 was 2.6, 2.5, and 2.2
mg/in.2, respectively.

18.2 LOOP P-l OPERATION

Since the present experimental schedule does
not include the use of hydrogen overpressure, the
original pressurizer was removed from loop P-l
and replaced by a Raschig-ring-free pressurizer to
reduce the area/volume ratio. The area/volume
ratio is now approximately 1 ft2/liter. In the
original equipment both the hydrogen and oxygen
addition lines became plugged with corrosion
products. These lines were opened when the
pressurizer was changed, but during 140 hr the
oxygen line became replugged; the oxygen is now
being added through the hydrogen line.

18.3 IN-PILE EXPERIMENT

When 1.4 m U02S04 contained in a type 347
stainless steel bomb was irradiated in the LITR at
250°C under 200 psi of oxygen, corrosion was
severe after about 10 days. After 13 days the
irradiation was discontinued. The excessive

corrosion was probably caused by depletion of
oxygen in the solution by boiling. A large amount
of the uranium was reduced and precipitated as the
oxide; as a result about 1% of the neptunium and
about 0.1% of the plutonium remained in solution.
Attempts to dissolve the precipitate were not
successful, but indications are that very little of
the neptunium or plutonium was in the precipitate;
most was adsorbed on the bomb walls.

18.4 SPECTRUM OF PuO
++

Spectrophotometric work on the chemistry of
plutonium has made use of a very intense, narrow
absorption peak at 835 m/x for the determination
of the plutonyl ion in solution. Considerable
difficulty has been experienced in using this peak
for quantitative measurements, since this value
apparently does not obey either Beer's or Lambert's
law.1 This effect has been attributed to various
instrumental factors such as spherical aberration,
resolving power, and slit widths.

All this early work was done with Beckman DU
spectrophotometers, which give spectral slit widths

R. E. Connick, Natl. Nuclear Energy Ser. Div. IV
14B, 559 (1949).



of 45 to 50 A in this part of the spectrum. Anal
ysis of this peak with a Cary 14 spectrophotometer,

o

which gives a spectral slit width of only 4 A,
showed that the peak is actually a nonsymmetrical
doublet with a width of 40 A at half peak height.
With the Cary instrument both peaks of this doublet
were found to follow the ideal absorption laws.
Typical spectrums of this peak with each instru
ment are shown in Fig. 18.2.

18.5 DISPROPORTIONATION OF PLUTONIUM(IV)

IN SULFATE SYSTEMS

Further work on the disproportionation of Pu(IV)
in concentrated uranyl sulfate solutions with the
Cary spectrophotometer indicated less Pu(lll) and
Pu(VI) formed at 90°C than had been previously
indicated with the Beckman DU at a plutonium
concentration of 200 mg/liter. At a concentration
of 770 mg/liter, the disproportionation reaction
was largely

2Pu(IV)5=^Pu(lll) + Pu(V)

Equilibrium was attained as fast as the sample
reached temperature. At 90°C the Pu(V) (or PuO*)
is apparently stable. The second step in the total
disproportionation,

Pu(IV) + Pu(V) = Pu(lll) + Pu(VI)

evidently does not- occur at this plutonium con
centration in the concentrated uranyl sulfate
solution.

D. E. Ferguson et al., HRP Quar. Prog. Rep. Oct.
31, 1956, ORNL-2222, p 140, esp 143.

0.6

> 0.5

O

m

< 0.4

0.3

PERIOD ENDING OCTOBER 31, 1957

UNCLASSIFIED

ORNL-LR-DWG 25733

f\ V_-—CASY MODEL 14
/ V*T SPECTROPHOTOMETER

111
111 I
j \ L» BECKMAN DU
J 1 \ SPECTROPHOTOMETER

1
i

1
f

1

1

1

I
1

1

1
1

/
/ /
/ /
/ /

/
/

1
. \

/ /
/ /

y /

^^ •

8200 8300 8400

WAVE LENGTH (8)

•'9- 18.2. PuO, Spectrums Obtained with Cary
Model 14 and Beckman DU Spectrophotometers.

151



HRP QUARTERLY PROGRESS REPORT

19. THORIUM OXIDE BLANKET PROCESSING

R. E. Leuze

R. D. Baybarz

Simple methods of processing thoria slurries for
removal of fission products are being investigated.
Scouting studies were made to investigate possible
methods of removing fission products from ThOj
without destroying the oxide particles.

19.1 CATION ADSORPTION ON Th02

Cation adsorption by Th02 in an aqueous slurry
at 250°C is a function of the surface area or

calcination temperature. The decrease in the
uranium adsorbed on Th02 from a uranyl sulfate
solution as the calcination temperature increased
was reported previously. Adsorption of neodymium
was similar (Table 19.1).

'r. E. Leuze and R. D. Baybarz, HRP Quar. Prog.
Rep. April 30, 1957. ORNL-2331, p 156.
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Table 19.1. Effect of ThOj Calcination
Temperature on Neodymium Adsorption

About 0.5 g of Th02 slurried at 250°C in 10 ml of
solution containing 2 g of Nd(NO,), per liter

Calcination Neodymium

Temperature Ad sorption

<°C) (parts per 1000 parts Th)

650 7.4

850 6.1

1000 2.4

1100 0.5
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20. THORIUM OXIDE SLURRY DEVELOPMENT

J. P. McBride

C. T. Bishop
E. V. Jones

N. A. Krohn

C. C. Haws

P. A. Haas

L. E. Morse

R. L. Pearson

J. P. Phillips
C. E. Schilling

W. M. Woods

20.1 OXIDE PREPARATION

20.1.1 Preparation of Small Particles

A laboratory study was initiated on the prep
aration of small particles. In general, the average
particle size of a precipitate can be decreased, as
a result of reduced solubility, by:
1. decreasing temperatures,
2. selecting solvents in which the precipitate is

less soluble,
3. precipitating less-soluble salts,
4. avoiding soluble materials which increase the

precipitate solubility.
The particle size can be reduced, as a result of

higher "mixed" concentration at the time of pre
cipitation, by:
1. using more concentrated feeds,
2. mixing the feeds more rapidly,
3. reducing the temperature to slow down the

precipitation and allow more time for mixing.
The principal preparation variable investigated

was the reagent concentration. Preliminary re
sults with oxalate precipitated from 2 M Th(N0,).
by the addition of 2 MK2C204 were encouraging in
that, with a rapid mixing technique, particles of
0.16-fi average size were prepared. However, the
potassium could not be readily removed from the
precipitate by simple washing or dialysis tech
niques. Increasing the reagent concentration by
using alcohol solutions of thorium nitrate and
oxalic acid yielded a large-particle product.

20.1.2 Flocculation Studies

The use of flocculants in the recovery of fine-
particle solids from a thoria slurry or a thorium
oxalate preparation system was investigated.
Seven different flocculating agents were tested and
three of these, Dow Separan 2610, Monsanto DX-908,
and American Cyanamid S-3171, proved to flocculate
thorium oxalate very well. Each of these agents is
a synthetic polyanionic long-chain organic. By
necessity, they must be completely combustible,

since impurities in the final product cannot be
tolerated. A spectrographic analysis of the three
flocculating agents showed them to be of high
purity and satisfactory for use in the production
of thorium oxide.

20.1.3 Flame Calcination

Flame calcination is being considered as a method
of firing thoria to a temperature above its sintering
point (near 1700°C) without increasing the particle
size. It may also be possible to convert thoria
particles to fire-polished spheres by this method of
calcination.

All attempts to flame-calcine thoria to date have
been unsuccessful due to an inability to disperse
individual particles of thoria into the flame. Ball-
milling thoria with stearic acid yielded a finely
divided powder, nonaggregated to the unaided eye.
This material aggregated again, however, in the
feeder mechanism for the flame gun. Other methods
tried unsuccessfully thus far to avoid the aggre
gation were an arc discharge, a beta source, and
ultrasonic agitation.

In tests with various high-melting materials, it
was possible to fuse and spheroidize 75- to 150-/X
particles of alumina, melting point 2050°C, in a
reducing oxyacetylene flame (Fig. 20.1a and b).
A neutral or oxidizing flame would not spheroidize
the alumina.

20.1.4 Alternate Preparation Method

An investigation of the preparation of thorium
oxide from thorium hydroxide was initiated. Two
preparation variables were studied, reagent con
centrations and pH of the precipitating medium.
Oxide products from the initial preparations were
almost universally gritty, glasslike, and composed
of large agglomerates. The best products were
obtained by (1) using high reagent concentrations

Chem. Tech. Monthly Prog. Rep. Aug. 1957, ORNL-
2400 (in press) (classified).
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[Th(N03)4, NH4OH] and pH's of 6 to 9; (2) filtering
rather than centrifuging the precipitated hydroxide
prior to drying; and (3) washing with water as
opposed to washing with dilute ammonium hydroxide.
Preliminary results on washing with alcohol are
particularly promising.

The studies were carried out with Thorex-product
thorium nitrate solution and cp ammonium hydroxide.
Preliminary experiments were made with thorium
nitrate concentrations of 0.5 to 1.8 Al and excess

ammonium hydroxide (pH > 10.4). These products
were universally gritty and glasslike.

With pH of the final precipitation medium as the
preparation variable (pH 6.1 to 8.9), aliquots of
1 Al Th(N03)4 and 4 Al NH40H were reacted. The
precipitates were washed and dried and were then
fired at 650°C. None of the products were satis
factory as slurry material, but the best product
was obtained at the lowest pH.

The effects of higher reagent concentration and
of washing with water were investigated in a
second series of experiments. The products
obtained at pH's below 9 were, after firing at
650°C, in general softer than those obtained above,
but after being crushed they were gritty powders.

20.1.5 Grindability of High-Fired Thorium Oxide

In order to obtain a slurry whose properties will
not change as it is pumped, firing conditions
necessary to prevent degradation of individual
particles during pumping must be determined. The
jet-impingement slurry abrasion tester was adapted
to this purpose. As a slurry is degraded, the time
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for it to penetrate a 1-mil type 302 stainless steel
shim stock increases. Oxide fired at 1400°C for

64 hr or 1600°C for 12 hr or 1800°C for 2 hr was

degraded. As the temperature of firing increased,
the total firing time necessary to prevent degradation
decreased.

20.2 SLURRY IRRADIATION STUDIES

20.2.1 Slurry Irradiations in the LITR

The long-term irradiation of a settled slurry of
800°C-calcined micropulverized thorium oxide was
terminated (experiment No. C43-1). The test was
in the LITR for 15 weeks, 2091 hr of irradiation at
full reactor power. When the autoclave was opened,
most of the material was poured out readily as a
cream-colored slurry. The autoclave was washed
by adding 10 cc of water and shaking. After
washing, a plug of Th02 was found in the top of
the autoclave. It was apparently formed by drying
of slurry on the walls of the autoclave above the
liquid-vapor interface. This material, constituting
17% of the total solids in the autoclave, lost no
weight upon drying for 48 hr at 110°C. No evidence
of caking was found in the bottom of the autoclave
even though the slurry solids had been in a settled
condition for 15 weeks in the LITR.

Samples of the slurry that was poured from the
autoclave were analyzed for fission products,
corrosion products, protactinium, and U233. The
results (Table 20.1) showed all constituents ex
cept cesium to be with the solid phase, in agree
ment with the data from short-term irradiations.

The U233 content was 0.14%.

Table 20.1. Radiochemical Analyses of Irradiated Slurries

Slurry

C43-la 1.0

LITR-30fc 0.2

LITR-31C 0.2

LITR-33a 0.1

Decayed 35 days.

Decayed 32 days.

Decayed 26 days.

Grc

1.0

0.6

0.01

0.01

Total

Rare Earths

Amount in Supernatant

(% of Total)

Ru Nb I

1.6 2.2 1.1 15.1 2.2 1.2 0.2

0.2 10.0 1.4 24.6 0.1 0.1 0.3

0.4 3.8 0.1 12.7 0.01 0.01 0.01

0.5 2.5 2.2 4.4 0.1 0.2 1.0

,233
Pa

0.1 0.9
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Four short-term irradiation tests were carried out:
the first (LITR-31) on a slurry of 800°C-calcined
ThO2-0.5% U235 prepared from the coprecipitated
oxalates and containing 20,000 ppm of Mo03 and
3000 ppm sulfate, added as Th(S04)2. It was
irradiated 343 hr. The autoclave stirrer stopped
after 168 hr for no apparent reason. Unlike a
similar test (LITR-30) previously reported,2 there
was no decrease in the oxygen overpressure. The
slurries from both this and the previous test were
brown in color, poured readily from the autoclaves,
and settled slowly. The settled concentrations
were both 1300 g of thorium per liter, which was in
agreement with the control.

The second test (LITR-32) was on a slurry of
650°C-fired Davison Chemical Co. Th02 con
taining 750 g of thorium per kilogram of H20, with
no additives. The autoclave leaked, resulting in
the loss of all the water after approximately one
week in-pile and 140 hr of irradiation. The re
covered material was brown and lumpy.

The third test (LITR-33) was made on a slurry of
1600°C-fired Th02 which had been pumped for
268 hr at 300°C (runs BS-15 and -16). The con
centration of the sample was adjusted by density
measurement to 500 g of thorium per kilogram of
H20 for the in-pile test. The irradiation proceeded
at 300°C without interruption for 282 hr; then the
stirrer timing unit failed. After a lapse of one day
for repair the stirrer was restarted without difficulty,
but after 37 hr of operating time the unit again
failed, and the test was stopped. In all, the experi
ment was in-pile for 366 hr, was stirred for 330 hr,
and was irradiated at full reactor power for 336 hr.
The recovered slurry was quite thick, and it was
necessary to wash the autoclave to obtain good
recovery.

20.2.2 Postirradiation Analyses

Analysis of the irradiated slurries showed that
essentially all the fission products and corrosion
products were associated with the solid phase, in
agreement with previous results (Table 20.1).
Corrosion-product pickup was more than five times
as great in the irradiated samples as in the con
trols (Table 20.2).

2J. P. McBride et al., HRP Quar. Prog. Rep. July 31.
1957, ORNL-2379, p 145.
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Table 20.2. Corrosion Products in Irradiated Slurries

Time

(hr)

Corrosion

Products

Code (g/kg Th)

Fe Ni

*

Stirred Irradiated
Cr

LITR-30 265 247 120 16 6

LITR-31 168 343 44 8 5

Control for 226 0 9 1 1

30-31

LITR-33 330 336 74 15 0**

Control for 320 0 14 3 3

33

*No iron or chromium was found in the supernatant.
The nickel contents of the supernatants of LITR-30,
-31, and -33 were 3.1, 12.8, and 3.5%, respectively, of
the totals found.

**Sought repeatedly, but none found.

20.2.3 In-Pile Gas-Recombination Studies

Radiolytic-gas production and recombination
rates were determined in the ORNL Graphite
Reactor at 200 to 300°C for slurries of thorium-

uranium oxide containing 250, 500, and 750 g of
thorium per kilogram of H20. The oxide con
tained 2% U235 and was prepared by a 650°C
calcination of 10°C-coprecipitated thorium-uranium
oxalate.

Gas production rates measured by the initial
pressure buildup in the autoclave at temperatures
from 200 to 220°C were 1.6 x 10~4, 3.3 x 10~4,
and 4.9 x 10 mole of H2 per hour, respectively,
for slurry concentrations of 250, 500, and 750 g
Th/kg H20. Since the uranium/thorium ratio was
fixed, the production rate was directly proportional
to the slurry uranium concentration, with no change
in G value as a result of changing the Th02 con
centration. The G value obtained, assuming a
neutron flux of 5.3 x 1011 neutrons/cm2«sec and an
energy deposition in the slurry of 170 Mev/fission,
is 0.73.

Equilibrium pressures in excess of steam were the
same for a given temperature regardless of slurry
concentration (Fig. 20.2). Since the production rate
increased linearly with slurry concentration, it can
be inferred that the recombination rate was also a

linear function of slurry concentration. Further
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measurements are being made to confirm this and
to determine whether the available surface area

controls the recombination rate.

20.3 GAS-RECOMBINATION STUDIES

Efforts to develop a catalyst for the recombi
nation of radiolytic gas in thorium oxide blanket
slurries continued, with studies on the effects of
oxide calcination temperature and time and of
pumping on the catalytic activity of MoO, in
slurries of thorium and thorium-uranium oxide.

Oxides fired at 1000°C and above provide the more
effective support and promotion of MoO, catalytic
activity.

20.3.1 Effect of Calcination Conditions on the
Catalytic Activity of Aqueous

Thorium-Uranium Oxide Slurries

It has been shown in previous studies that the
reaction rates of stoichiometric H2-02 mixtures in
aqueous slurries of thorium-uranium oxide prepared
from the coprecipitated oxalate calcined at 1000°C
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for 24 hr and containing 0.05 m MoO, were much
greater than the required rate of 10 moles of H,
per hour per liter of slurry at 280°C and a partial
pressure of 500 psi H2> A study was made to
determine whether the calcination time could be

decreased. The results (Table 20.3) showed that
calcination times of 8 to 16 hr were required to
obtain satisfactory reaction rates in slurries
activated by heating with hydrogen. For the
slurries as prepared, calcination times greater
than 16 hr and up to 24 hr were necessary for
satisfactory reaction rates.

The data obtained with a slurry of a similar
mixed oxide calcined at 1000°C for 4 hr at Y-12

and an additional 12 hr at ORNL support the
results obtained with the 16-hr calcined oxide used

in the above experiments.

Additional experiments with the mixed oxide
showed that oxide calcined at 1200°C for 4 hr would

Chem. Tech. Monthly Prog. Rep. June 1957, ORNL-
2362 (classified).

Table 20.3. Effect of Calcination Conditions

on the Reaction Rates of Stoichiometric

H--0- Mixtures in Aqueous Slurries

of Thorium-Uranium Oxide

Slurry preparation: mixed oxide (0.5% U) prepared from

coprecipitated oxalates; 500 g Th/kg H,0; 0.05 m

MoO,

Calcination

Conditions

Combination Rate,

Pu =500 psi
"2

(moles H2/hr-liter)
Time

(hr)(°C)
Slurry as

Prepared

Activated

Slurry*

1000 4 0.1 (295°C) 0.1 (288°C)

8 0.1 (292°C) 0.1 (293°C)

16 0.1 (284°C) 91 (250°C)

24 59 (250°C) 41 (250°C)

1000** 16 0.5 (284°C) 42 (247°C)

1200 4 45 (200°C) 53 (200°C)

♦Slurry heated with H, (250 psi at 25°C) for 2 hr at
270°C.

**This sample was calcined at Y-12 (4 hr) and ORNL
(12 hr).
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be a satisfactory support for the catalyst. For a
slurry of this oxide, reaction rates of the stoichio
metric H2-02 mixture in both the slurry as prepared
and the hydrogen-activated slurry were well in
excess of 10 moles of H2 reacted per hour per liter
at 280°C and a hydrogen partial pressure of 500 psi
(Table 20.3).

The thorium-uranium oxide for these experiments
was obtained by calcining thorium-uranium oxalate
which had been coprecipitated at 10°C. The
slurries were prepared by tumbling the dry thorium-
uranium oxide and Mo03 for 1 hr and then heating
the mixture in water at 280°C for 3 hr in the pres
ence of a small oxygen overpressure.

20.3.2 Experiments with Pumped Oxide

An 800°C-fired thorium oxide slurry (950 g of
thorium per kilogram of H20) containing 0.05 m
Mo03 and 2000 ppm SO. (based on thorium) which
had been pumped in REED loop S (run S-98) for
403 hr at 290°C had very low catalytic activity.
Reaction rates in the slurry as prepared and in the
hydrogen-activated slurry were less than 0.1 mole
of H2 per hour per liter of slurry at 280°C and a
partial pressure of 500 psi H2.

The thorium oxide used in this run was prepared
in the Chemical Technology Division pilot plant by
precipitating thorium oxalate at 70°C and finally
calcining the oxide at 800°C for 4 hr. At the end
of the 403-hr circulation period, the slurry con
tained (based on thorium) 2360 ppm Fe, 475 ppm
Cr, and 380 ppm Ni as corrosion products. Low
catalytic activity in the experiments reported above
was characteristic of slurries prepared with thorium
oxides calcined below 900°C for 24 hr. Previous

experiments have shown that it is unlikely that
sulfate or iron affects the catalytic activity. It is
believed that the low catalytic activity in these
experiments resulted from low firing temperature
rather than pumping and corrosion-product pickup.

20.3.3 Mo03 Concentration Studies
with 1600°C-Fired Oxide

The catalytic activity of aqueous slurries con
taining l600°C-calcined Th02 and uranium added
as the oxide or coprecipitated in the oxalate pre
cipitation step is being studied as a function of

4J. P. McBride et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 157, esp 159.
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the MoO, catalyst concentration. The investigation
is prompted by the current interest in 1600°C-
calcined materials for use in Th02 breeder blankets.

(a) Studies with Simple Mixtures. — Reaction
rates were low with the pure 1600°C-fired ThO-
slurry (Table 20.4). They were not significantly
increased by the addition of U03-H20. Addition
of Mo03 to 0.024 m increased the reaction rate only
slightly, buta marked improvement was demonstrated
at 0.036 m. At 0.048 m Mo03 the reaction rate in
the hydrogen-activated slurry was 17.3 moles of
H2 per hour per liter of slurry at 291°C and a
partial pressure of 500 psi H2, which is slightly
greater than the required value. These experi
ments will be continued to higher MoO, concen
trations to determine the catalyst concentration at
which the increase in rate levels out.

The Th02 used in these experiments was cal
cined at 1600°C for 4 hr and then circulated as a

slurry for 268 hr at about 300°C in a REED loop
(run BS-16). After the addition of UO^HjO and
each 0.012 m Mo03 aliquot, the slurry was heated
at 280°C for 3 hr with a small oxygen overpressure.

Table 20.4. Reaction Rates of Stoichiometric H_-0,
Mixtures in Aqueous Slurries of Simple Mixtures of

1600°C-Calcined ThO_ and UO,-H-0'3 "2*

Thorium: 500 g/kg HjO (1600°C-4 hr calcined ThOj)
Reaction temperature: 291 C

Combination Rate,

Slurry

Composition

PH2
(moles

= 500

H2/hr

psi

•liter)

SI urry as H?-Activated

P repared Slurry*

Th02 <0.1 0.1

0.5% U, added <0.1 0.21

as U03-H20

MoO, additions

0.012 m 0.4 0.24

0.024 m 0.5 0.27

0.036 m 1.2 3.1

0.048 m 5.2 17.3

*Slurry heated with hydrogen (250 psi at 25 C) for 2 hr
at 270°C.



(o) Studies with Thorium-Uranium Oxide Pre
pared from Coprecipitated Oxalates. - The cata
lytic behavior of the coprecipitated oxide slurry
without added Mo03 was more complex than that
observed for the corresponding slurry of simple
mixed oxides (Table 20.5). Hydrogen activation of
the coprecipitated oxide slurry increased the rate
from 0.17 mole of H2 reacted per hour per liter of
slurry at 289°C to 1.29 moles of H2 reacted per
hour per liter of slurry at 251°C. The reaction rate
decreased in subsequent experiments at higher
temperatures, so that at 291°C only 0.45 mole of
H2 reacted per hour per liter of slurry at a partial
pressure of 500 psi H2.

The reaction rate of the stoichiometric gas mix
ture in the slurry as prepared was greatly increased
by the addition of 0.012 m Mo03# The reaction
rate was increased in the initial experiments to
29.9 moles of H2 reacted per hour per liter at 277°C
and a partial pressure of 500 psi H2. In a second
series of experiments with the same slurry, the
reaction rate increased to 57.0 moles of H2 reacted

Table 20.5. Reaction Rates of Stoichiometric H -O
22

Mixtures in Aqueous Slurries of 1600 C Calcined

Thorium-Uranium Oxide Prepared from

Coprecipitated Oxalates

500 g Th-0.5% U/kg HjO, coprecipitated oxide
calcined at 1600°C for 24 hr

Slurry

Condition

Reaction Combination Rate,

Temperature P|_| =500 psi

Slurry as prepared

H.-activated slurry*

0.012 mMo03 added
(not H--activated)

(°C) (moles Hj/hr-liter)

289 0.17

242 1.23

251 1.29

261 0.95

272 0.55

282 0.49

291 0.45

277 29.9

278 57.0

*Slurry heated with hydrogen (250 psi at 25°C) for 2 hr
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per hour per liter of slurry at 278°C. Tests with
the hydrogen-activated slurry may show whether the
slurry had become activated under the experi
mental conditions. The experiments will be con
tinued, with increasing catalyst concentration to
0.05 mMo03.

20.4 SLURRY CHEMISTRY STUDIES

20.4.1 Long-Term Hydrothermal Experiments

Two aqueous slurries of thorium oxide, D-16-650-
24 and LO-12 pilot-plant oxide,each at a concen
tration of 500 g of thorium per kilogram of H20,
were heated at 300°C for 1500 hr in rocking stain
less steel autoclaves. Samples were withdrawn at
intervals, and the particle sizes, x-ray crystallite
size, and specific surface areas were determined.
No significant change in these properties occurred
in either oxide as a result of the hydrothermal
treatment, except for a pronounced decrease in
average particle size in the D-16 oxide (Table
20.6).

Each of the oxide samples was refired at 900°C
for 24 hr, with no change in particle size. Surface
areas decreased as expected, with no significant
effect of hydrothermal treatment on the LO-12
oxide but slightly higher surface areas being
obtained with the D-16. Crystallite growth was not
so pronounced in the hydrothermally treated oxides
as has been observed in untreated oxides, and, at
least with the D-16 fired oxide, the crystallite
growth on refiring decreased with increasing time of
hydrothermal treatment. This suggests that the
failure of crystallites to grow on refiring is not
wholly the result of the absence of a relic structure
but may also be associated with the condition of
the thoria surface.

The results indicate that the lower fired oxide is
more reactive to high-temperature water than the
high-fired, since both a pronounced decrease in
particle size and change in crystallite-growth
characteristics occurred with the 650°C-fired
material as a result of the hydrothermal treatment.

20.5 THORIUM-URANIUM OXIDE STUDIES

Investigation of the effect of firing temperature
from 650to 1600°C for 24-hr firings on the properties
of thorium-uranium oxide prepared from the 10°C-
coprecipitated oxalates has continued. The mixed
oxide studied contained 0.5 and 5% uranium.
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Table 20.6. Effect of Wet-Autoclaving at 300°C on the Characteristic Properties of Thorium Oxide

Average Particle Size X-Ray Crystallite Size Surface Area

(m2/g)W (A)
Autoc laving

Oxide Time As Removed

(hr) from

After After After
As Removed „ , As Removed ,. .

Refiring Retiring Refiring
n from »„„o^. from n.-o-

at 900 C at 900 C at 900 C
Autoclave for 24 hr Autoclave for 24 hr Autoclave for 24 hr

D-16-650 0 2.5 2.8 130 619 35 8

100 2.6 3.0 121 375 35 9

250 2.0 2.7 124 388 35 13

500 1.6 1.8 125 257 33 10

1200 1.3 1.5 141 232 31 13

1500 1.1 1.3 129 261 32 13

LO-12-800 0 4.5 225 570 17

100 4.1 5.0 231 341 20 10

250 4.3 4.7 217 326 20 9

500 3.7 4.7 241 370 19 9

1200 3.5 5.0 243 318 19 10

1500 4.0 4.3 255 360 18 9

20.5.1 Uranium Content

It has been speculated that oxyacetylene firing
of a coprecipitated thorium-uranium oxide at 1400
or 1600°C might result in appreciable uranium
losses by volatilization. However, the uranium
content remained constant up to 1600°C for 24-hr
firings, with a mean value of 0.54 ± 0.05 g of
uranium per kilogram of thorium.

The result was similar with the thorium-uranium

oxide containing 5% uranium in the range 650 to
1300°C (Table 20.7). The average uranium con
tent was 5.07 ± 0.07 g per kilogram of thorium.

20.5.2 Tap Densities

Tap-density data were obtained by measuring
the minimum attainable volume of a weighed sample
of oxide by tapping it sharply on a firm surface
until no further volume change occurred. The tap
densities as a function of firing temperature of two
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Table 20.7. Effect of Firing Temperature on

Some Properties of Thorium-Uranium

10°C-Coprecipitated Oxides

Conditions: g U/100 g Th = 5.07

Initial decomposition of 10 C-coprec ipitated

oxalates at 650°C, 2-hr firing time

Firing

Temperature

(°C)

Uranium

Content

(a U/100 g Th)

X-Ray

Crystallite

Size
o

(A)

Specific

Surface Area

(m2/g)

650 5.08 94 17.0

800 4.99 140 7.3

900 5.16 535 2.3

1000 5.14 1764 1.5

1200 5.02 2500 0.91

1300 5.02 2500 0.62



thorium-uranium oxides, prepared from the 10°C-
coprecipitated oxalates, containing 0.5 and 5%
uranium are shown in Fig. 20.3.

The presence of uranium promoted incipient
sintering, since at low uranium content (0.54 g
U/100 g Th) the curve starts out much flatter in
the range 650 to 1000°C, whereas at tenfold higher
concentration the slope is considerably higher.

4.0

650 800
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950 1100 1250 1400

FIRING TEMPERATURE CO

1550 1700

Fig. 20.3. Tap Density of Thorium-Uranium Oxides

as a Function of Firing Temperature.

For a similar pure Th02 sample (TO-10) fired for
12 hr, the tap density was essentially unchanged
in the range 650 to 1300°C. The differences in
incipient sintering between the two thorium-uranium
oxides may be compared by observing from the
curves the temperature at which a 10% increase in
tap density is produced when compared with the
initial value at 650°C. The value 10% represents
about twice the estimated experimental error. The
sintering temperatures thus found were 1070 and
840°C, respectively, for 5.07 and 0.54 g of uranium
per 100 g of thorium. For the 12-hr-fired pure
oxide the sintering temperature was 1520°C.

The effect of firing time at 1600°C was investi
gated for oxide containing 5.07 g of uranium per
100 g of thorium and for TO-10 pure oxide for
comparison, since in the latter case the effect
was known to be slight. Figure 20.4 shows that for
the uranium-bearing oxide, firing time at 1600°C is

z
UJ

a 2.8

2.6

2.4
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OXALATES

i

T0-10-1600 ThO,
/ %

-•

"s^

•

^^ (5.07gU/100g Th)

I 12 16

FIRING TIME (hr)

Fig. 20.4. Effect of Firing Time on Tap Density of

Coprecipitated Thorium-Uranium Oxide.

a relatively more important variable than in the
case of extremely pure ThO,.

20.5.3 Particle Size

The mean Stokes diameters, as measured by the
neutron activation-sedimentation technique are
shown graphically in Fig. 20.5 for temperatures
in the range 650 to 1600°C (24-hr firings). The
data do not permit a quantitative estimate of
sintering temperatures to be made similar to those
determined by tap density. However, the same
general trend is established, namely that for the
uranium-rich sample sintering takes place even at
the lower end of the temperature range, as indi
cated by the steep slope of the curve at that
point. The slope of the curve for the low-uranium
sample (0.54 g U/100 g Th) is much flatter up to
about 1000°C, indicating relatively little particle-
to-particle sintering in the range 650 to 1000°C.

20.5.4 Crystallite Size and Surface Area

The results of Table 20.7 show the usual in

crease in crystallite size and decrease in surface
area which accompanied an increase in firing
temperature for the mixed oxide in the range 650 to
1300°C. The fact that changes were somewhat
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Fig. 20.5. Effect of Firing Temperature on the
Average Particle Size of Thorium-Uranium Oxides.

steeper than for the mixed oxide previously re
ported,5 which contained 0.54 g of uranium per
100 g of thorium, indicates again that increasing
the uranium content decreases the temperature at
which sintering occurs.

20.5.5 Abrasive Characteristics

The penetration rates on the abrasion tester
obtained with the two mixed oxides are shown in
Table 20.8. Both mixed oxides showed a sharp
increase in penetration rate with increasing firing
temperature. Abrasiveness as measured by the
penetration rate appears to increase with in
creasing uranium content.

5J. P. McBride et al., HRP Quar. Prog. Rep. April 30,
1957, ORNL-2331, p 157, esp 161.
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Table 20.8. Effect of Firing Temperature on

Jet Abrasion Rate of Coprecipitated

Thorium-Uranium Oxides

Conditions: Samples prepared by firing

10°C-coprecipitated oxalates

at 650°C for 2 hr; refired for

24 hr at temperature stated

Slurry concentration 250 to

300 g Th/kg H20

One-mil type 302 stainless steel
shim-stock target

Firing

Temperature

(°C)

650

800

900

1000

1170

1200

1300

1400

1600

Jet Abrasion Rate

(/iin./sec)

0.54 g U/100 g Th 5.07 g U/100 g Th

0.99

2.63

11.6

11.2

8.9

0.63

3.0

17.1

24.4

27.2

29.4

*Too low to be measured.

20.6 SLURRY VISCOSITY AND

HINDERED SETTLING6

Analyses of data obtained in measuring the
viscosity of thoria slurries indicate a straight-
line relation between the logarithm of the ratio of
viscosity of a thoria suspension and water at
specified reciprocal absolute temperatures. For
thoria concentrations of 200, 400, and 700 g per
kilogram of HjO, the viscosity-reciprocal-temper
ature curves parallel each other (Fig. 20.6). The
general equation fitting these curves is

H/T

b/T
ae

6Work supervised by J. M. Dalla Valle.
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2.6x10-

RECIPROCAL TEMPERATURE (°K x 105)

Fig. 20.6. Relation Between Slurry Relative Vis

cosity and Reciprocal Absolute Temperature.

where (77//*.)^, is the ratio of the viscosity property
of the slurry to the viscosity of water at absolute
temperature T, and a and b are constants.

The values of the constant a depend on the con
centration of the suspension:

Concentration

(g Th/kg H20)

200

400

700

Constant a

1.15

1.35

1.65

The viscosities of the thorium oxide slurries con

taining 200 to 700 g of thorium per kilogram of
H20 in the temperature range 25 to 90°C are related
to the hindered-settling rates by the equation

2.85 x 103
V = A Uo e /

where 77 is the viscosity in centipoises, I], the
settling rate in cm/sec, and T the absolute temper
ature. The proportionality constant, A, is charac
teristic of the oxide used and for the oxides tested

was 0.003.

PERIOD ENDING OCTOBER 31, 1957

20.7 SURFACE-CHEMISTRY STUDIES7

Isotherms for adsorption of carbon dioxide on
thoria were obtained for thoria which had been

degassed at 450°C. Rates of desorption were also
obtained for several temperatures. The desorption
rates show a linear decrease with the logarithm of
time. Attempts are being made to interpret the data
theoretically, and various significant constants
are being calculated. An interesting correlation
was made between some adsorption and desorption
constants. It is possible that the behavior of the
gas on the surface is associated with an over
lapping charge field built up following adsorption.
It seems possible that both enthalpy and entropy
play a part in adsorption, entropy becoming more
important as the temperature is increased.

In a study of adsorption on thoria from sulfuric
acid solutions, isotherms at 4°C showed an ap
parent surface saturation of four hydrogen ions and
two sulfate ions per surface site. This result is
tentatively explained as a displacement of two
hydroxyl groups per surface site by hydrogen
sulfate groups. The stoichiometry is complicated
by the dissolution of thoria in sulfuric acid so
lutions more concentrated than 0.02 N, even at
4°C. Studies in sodium hydrogen sulfate solutions
now under way should overcome this difficulty.

Differential infrared studies of thoria surfaces

show bands at 8.3, 8.9, and 9.6 p: which can be
attributed to adsorbed sulfates. Inspection of
available spectra shows most resemblance to
heavy-metal sulfates. The carbonate, hydrogen
sulfate, and sulfate of thorium were synthesized,
and the x-ray and infrared spectra of these com
pounds were obtained in addition to those of thorium
hydrogen sulfate and thorium nitrate. The spectra
of adsorbates on the thoria surface are very similar
to the thorium hydrogen sulfate spectrum. Carbon
dioxide adsorbed on thoria from the air was tenta

tively identified by infrared bands at 5.7 and
14.4 fi. Absolute identification of these spectra
depends on matching of x-ray reflection spectra
with spectra known to be characteristic of these
compounds.

Work done by M. E. Wadsworth, University of Utah,
under subcontract.
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21. IN-PILE SLURRY LOOP

W. E. Unger

T. A. Arehart B. B. Klima

L. J. King

One of the most important parts of the develop
ment of fluid-fuel power reactors is the testing of
fuels and materials of construction in environ

ments which duplicate as nearly as practical the
environments expected iti the reactor. The most
useful tool for performing these tests is the
forced-circulation in-pile loop. A strong mutual
interest in loops and Th02 slurry fuels by both
ORNL (HRP) and Westinghouse-Pennsylvania
Power and Light (PAR) served as a strong in
centive for the two projects to collaborate on a
common program.

A cooperative effort has been in effect since
January 1957. The PAR Project has assumed the
responsibility for designing, developing, and
fabricating a loop that will circulate slurries in
concentrations up to 500 g/liter. The PAR Project
will also provide the necessary auxiliaries. HRP
personnel will operate the loop in the ORR and
will conduct the postirradiation examination of
loops and contents.

21.1 SLURRY SAMPLING

An unsolved problem is that of taking a repre
sentative sample. ORNL has designed a sample
valve and is testing an ultrasonic agitator to keep
the Th02 suspended in the sample aliquot. The
unit is a magnetostrictive type manufactured by
Acoustica Associates, Inc., which operates at
25 kc and has a power output of 400 w. In glass
apparatus, the unit appears capable of maintaining
small quantities of slurry in suspension.

21.2 IN-PILE LOOP FACILITY DESIGN

The large size of the slurry loop requires a
special south reactor facility plug. A series of
shielded chambers are also to be provided to en
close the auxiliary equipment associated with the
slurry loop.

The primary slurry loop is located entirely
within reactor beam hole HS-1 (Fig. 21.1) and is
enclosed in a vapor-tight stainless steel container
designed to hold the pressure if the primary loop
and high-pressure coolant system should rupture.
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W. F. Schaffer

The vapor container is 128 in. long, with a major
diameter of 27 in. and a minor diameter at the

front of 9\ in.
The south facility plug, 77 in. long, 65 in. OD,

contains two beam holes, HS-1, and a smaller
10-in. hole, HS-2. Twenty inches of aluminum
pellets and ^ in. of boral make up the thermal
shield; the remainder is barytes concrete. The
whole assembly is water cooled.

A mockup of the loop vapor container and beam-
hole liner was fabricated and installed in Building
4501 to determine design feasibility. Preliminary
experimentation indicated that the 5600-1b loop
can be inserted into and removed from the beam-

hole liner of the ORR with ease.

Equipment chambers A, B, C, D, and E house
the loop auxiliaries (Figs. 21.1 to 21.3). These
chambers, individually shielded by lead ranging in
thickness from 8 to 12 in., are located outside the
biological shield of the ORR.

Chamber A houses the disconnects for the proc
ess, instrument, and service lines to the loop and
loop sampler. It is 5^ x 5^ x 1 /2 ft deep and is
located immediately behind the loop. Entrance is
gained by means of a 4-ft-thick 70%-iron-filled
concrete shield door.

Chamber B houses the loop off-gas system. It
contains the gas holdup tanks, the valves, and the
piping required to dispose of the radioactive gases
from the loop and to obtain samples of the gases.
The chamber is 5\ x4\ x 4 ft deep.

Chamber C contains the high-pressure cooling-
water system, which consists of two recirculating
pumps, an air-to-water heat exchanger and radia
tor, a water reservoir, a pressurizer, and the as
sociated valves and piping. The chamber is 5/2 x
5V2 x4V4 ft deep.

Chamber D houses the slurry dump system. It
contains the dump and wash tanks and associated
valves and piping. The cell is 8 x 5 x 3 /2 ft deep
and is the most heavily shielded chamber.

Chamber E houses the two vacuum pumps and is
separated from the other chambers to permit
servicing of the pumps as required. This chamber,
situated on top of chamber B, is 2 x 3/3 x 2 ft
deep.



21.3 SEGMENTING FACILITY

The dismantling cell (in Building 3026) for
power-reactor-development experiments (Fig. 21.4)
will be used for segmenting the loop for inspection
and removal of corrosion coupons. Detailed ex
amination of the coupons and pieces of equipment
will be done in other existing hot cells. The dis
mantling facility will consist of two large cells
equipped with manipulators, windows, and hoists,
plus additional implements provided for handling
the slurry loop:

1. a 12-ft-long, 3-ft-wide movable work table com
plete with rollers, vises, and other handling
equipment;

PERIOD ENDING OCTOBER 31, 7957

2. two abrasive-wheel cut-off saws, one with a
24-in. and one with a 16-in. blade;

3. decontamination equipment which consists of
tanks, sprays, and an ultrasonic cleaner.

21.4 SCHEDULES

June 1, 1958, has been established for the start
of in-pile operation of the slurry loop. Over-all
engineering design of the in-pile loop facility is
approximately 20% complete.

Engineering design of the segmenting facility is
proceeding according to schedule, and the bulk of
it will be completed by November 15, 1957, al
though some of the small-tool design could ex
tend into February 1958.
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SCALE IN FEET

Fig. 21.2. Elevotion of Equipment - Operating Floor.
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22. AQUEOUS SYSTEMS AT ELEVATED TEMPERATURES

W. L. Marshall

F. E. Clark J. S. Gill R. Slusher

22.1 TWO-LIQUID-PHASE TRANSITION

TEMPERATURES IN THE SYSTEM

CuS04-U02S04-H2S04-H20

Data are presented in Tables 22.1 to 22.5 to
show the two-liquid-phase transition temperatures
for the system CuS04-U02S04-H2S04-H20. These
data, in addition to the results previously re
ported, give essentially a complete representation
of the liquid-liquid immiscibility occurring in the
temperature range 285 to 374°C. Furthermore, the
regions are defined in which one of the two liquid
phases is replaced by a solid or solids. The
solids in general are basic (as opposed to acidic)
single and double salts of copper and uranium.
The general nature and composition of these basic
salts are described in detail in a previous report.
In general, the mode of formation of the solid was
found to be the same as described previously.
There is a relatively long induction period before
precipitation starts, and the rate of approach to
equilibrium is relatively slow. In contrast to this
behavior of the solids, the formation of two
immiscible phases occurs in less than a second
at the specified phase transition temperature and
is reversible with equal rapidity. The transition
temperatures presented in Tables 22.1 to 22.5 for
two-liquid-phase behavior are believed to be
accurate to ±1°C, which is approximately the
accuracy of temperature measurement using an
iron-constantan thermocouple connected to a re
cording potentiometer.

The experimental methods were essentially the
same as reported previously. Solutions of known
composition were prepared, and portions of these
solutions were sealed in individual 2-mm-ID silica

tubes with silica rod extensions. A silica tube

containing solution was inserted into a liquid salt
bath of an NaNOg, KN03, and LiN03 eutectic
mixture, and the top end of its extension was
connected to an on-off vibrator unit as used previ
ously. The temperature of the bath was raised or
lowered, and the temperature was determined at

'C. H. Secoy et ah, HRP Quar. Prog. Rep. Jan. 31,
1957, ORNL-2272, p 163.

which a second liquid phase appeared or dis
appeared. Thermal gradients were kept to a mini
mum by the use of an efficient stirrer within the
liquid salt bath. Gradients were found to exist
in several types of aluminum-cylinder heater units
used previously, and consequently the change to
a liquid salt bath was considered desirable to
eliminate this particular uncertainty. The previous
data at 29.11 mole % excess sulfuric acid were

redetermined, and the revised values are included
in Table 22.4. The difference in recorded transition
temperature between the past and revised data for
any particular composition was in the range of
0to+3°C.

The actual experimental data are given in Tables
22.1 to 22.5. The preparation of the master and
dilute solutions has been described in detail in
the previous report. Briefly, the primary solutions
of various weight ratios, CuSO /UOjSO , were
obtained by mixing exact weights of the master
solutions. Consequently, the dilutions were pre
pared by exact weight dilutions with HjO of the
various primary solutions. All reported temperature
values are for the appearance or disappearance of
a second liquid phase. In the few data in which
both a solid phase and a temperature are listed, a
very small amount of the specified solid was ob
served in addition to the two liquid phases.

The blue-green solid listed inthe tables apparently
is antlerite, 3CuO.S03«2H20. As yet, however,
no x-ray diffraction patterns have been obtained
from the small amounts of solid to compare with
the established pattern for antlerite. This solid
would appear in the more dilute solutions at tem
peratures more than 100°C below the two-liquid-
phase temperatures, thus substantiating previous
observations of the existence of a steep cliff near
the dilute region. The red solid appearing at
low H2S04 and CuS04 concentrations does not
coincide with previous observations on the behavior
of the system U03-H2S04-H 0, and at present its
identity is unknown. Presumably, it is a uranium-
containing solid phase which is either zippeite,
2U03-S03-5H20, a form similar to zippeite, or a
questionable reaction product of the silica-tube
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Table 22.1. Phase Transition Temperatures C^)i Port A

j3 Master solutions: (a) 17.17% CuS04, 0.00 mole %excess H2S04 *
(b) 47.64% UOjSO , 0.00 mole %excess H2S04 O

— • ~ >

Weight Ratio, CuSO ./UO-SO . 2Weight Ratio, 4 2 4 H
Solution/H20 8/2 7/3 6/4 5Hi/4H! 5/5 4/6 3/7 2/8 1/9 0/10 *

. • _ ' ' ' -<
Blue-green Blue-green 287 287 287 287.5 288.5 289.5 291 t,

solid solid O
O

Blue-green Blue-green 286 286 287 290 rn
<s>

solid solid "»
70

Blue-green Blue-green 285.5 285.5 286 289 f*

10/0

9/1

8/2

7/3

6/4

5/5

4/6

3/7

2/8

lid solidso

Blue-green Blue-green 285 285.5 288
solid solid

Blue-green 284.5 285 287
solid

Blue-green 285 285 287
solid

Blue-green 286 286 287.5
solid

Blue-green 288 + red 289 289.5
solid solid

Blue-green Blue-green 292.5 + red 292.5 + red 293
solid solid solid solid

1/9 Blue-green Blue-green Blue-green 302 + red 302.7
solid and red solid solid

Blue-green Red solid Red solid Yellow solid
solid

lidso

0.75/9.25

q - in c Blue-green Red solid Red solid Red solid 312
and red solid

0.25/9.75
Red solid Red solid Red solid Yellow solid

O



Weight Ratio,

Solution/H_0

10/0

9/1

8/2

7/3

6/4

5/5

4/6

3/7

2/8

1/9

0.75/9.25

0.5/9.5

0.25/9.75

PERIOD ENDING OCTOBER 31. 7957

Table 22.2. Phase Transition Temperatures (°C); Part B

Master solutions: (a) 17.24% CuS04, 9.91 mole %excess H SO
(b) 47.05% U02S04, 9.91 mole %excess H2S04

Weight Ratio, CuSO./UO.SO,
4 2 4

8/2 7/3 6/4 5/5 4/6 3/7

Blue-green 306.5

solid

305.5 305 304.5 305

Blue-green

solid

305

301.5

Blue-green

solid

301.5

299.5

300

Blue-green

solid

303

300.5

300

297.5

297.5

297

299.5

302

Blue-green Blue-green Blue-green Blue-green 311

solid solid solid solid

Blue-green Blue-green Blue-green Blue-green 313

solid solid solid solid

Blue-green Blue-green Blue-green Blue-green 321

solid solid solid solid

Blue-green Blue-green Blue-green Blue-green 332

solid solid solid solid

313

320

332

2/8 1/9 0/10

305.5 307 308.5

301

297.5

296.5

300.5

309.5

305.5

303

300.5

298.5

297.5

297

298

300.5

309

313 313 313

319 319 319

331 331

container and U03. The amount of red solid pro
duced is very small and is somewhat difficult to
observe. Neither the blue-green nor the red solids
are observed to redissolve under the experimental
conditions. The qualitative description indicates
only the type of solid to be found near the isotherm
intersections of two-liquid-phase composition
curves with the particular solid.

The data in Tables 22.1 to 22.5 were plotted on
graphs of CuS04 vs UOjSO concentration, and
from these graphs temperature contour lines (iso
therms) were drawn. The resulting curves are

shown in Fig. 22.1 at each of the several concen
trations of excess H2S04 and in the system con
taining no excess H2S04> Also shown are the
areas in which blue-green and red solids are stable
and the approximate concentration lines of stability
between two liquid layers and solid. The figures
show graphically the regions of two-liquid-phase
stability for CuS04-U02S04-H2S04-H20 and indi
cate the maximum temperature limits for homo
geneous stability for various compositions in this
system. Also shown are the approximate concen
trations proposed for HRT operation and for an
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^1
Table 22.3. Phase Transition Temperatures (^C); Part C yg

TJ

Master solutions: (a) 16.90% CuS04, 19.25 mole %excess H2S04 0
(b) 46.29% U02S04, 19.25 mole %excess H2S04 £

. to
-t

Weight Ratio, CuSO,/UO.SO . m
4 2 4 Jo

r

•<

_ . t>
TO

10/0 326 324.5 323 322.5 321.5 320 320 321 320 321 321.5 324 324.5 327 O
70

9/1 323 320 318.5 317 316.5 322 rn
oi

8/2 Blue-green 319 318 314 313.5 317 50
solid 2

O
PD

7/3 Blue-green 314 313 312.5 310.5 313.5 -t
solid

6/4 Blue-green 314.5 311.5 310 309 310
solid

5/5 311.5 310.5 309.5 307 307.5

4/6 Blue-green Blue-green 308 306.5 308.5
solid solid

3/7 Blue-green 311 309.5 306 306.5

solid

2/8 Blue-green Blue-green 312 309.5 309 310.5
solid solid

1/9 Blue-green Blue-green 319 317.5 316 315
solid solid

0.75/9.25 Blue-green Blue-green Blue-green Blue-green 320 319 318 317 317 317
solid solid solid solid

0.5/9.5 Blue-green Blue-green Blue-green Blue-green 325 325 325 323 322 322
solid solid solid solid

0.25/9.75 Blue-green Blue-green Blue-green Blue-green 337 335 335 333 334 334
solid solid solid solid

Weight Ratio,

Solution/H20 0/1 8K2/IK2 8/2 7Vi/2Vi 7/3 6K2/3^ 6/4 5Vi/4h 5/5 4/6 3/7 2/8 1/9 0/10



Table 22.4. Phase Transition Temperatures (°C); Part D

Master solutions: (a) 16.64% CuS04, 29.11 mole %excess HjSO
(b) 45.63% U02S04, 29.11 mole %excess H2S04

Weight Ratio, Wei9ht Rati°- CuS04/U02S04
Solution/H20 ,0/0 9y2/yi 0/1 m/m 8/2 m/m ^ ^ 5/5 ^ 3/7 ^ ^g o/iq

10/0 347.5 342.5 341.7 339 338 337 337 334 335 336 336 336.5 339.5 343.5

334'/! 342-2 337 335.5 332 330.5 329.5 329.5

8/2 340 334 331.5 328.5

7/3 338.2 332 328 325

6/4 Blue-green 332.2 330 325.5 322
solid

5/5 Blue-green 328.5 324.5 323.5 320.5
solid

4/6 327 323.5 322.5 319.5

329

324

319

316

313.5

3/7 Blue-green 323.5 322 319 316 315 313.5 312.2
solid

2/8 Blue-green 323.5 318.5 316.5 313.5 313.5 313 T>
m
To

3
1/9 Blue-green Blue-green Blue-green 323 318 318 318.5 °

327 323.5 322.5

Blue-green 323.5 322

solid

Blue-green 323.5

solid

Blue-green Blue-green

solid solid

Blue-green Blue-green

solid solid

Blue-green Blue-green

solid solid

Blue-green Blue-green

solid solid

326 325 325

323 322 321

320.2 319 318.2

318 316.5 315.5

316 315 314

316 315 313.5

316.5 313.5 313.5

323 318 318

lidso

solid

m

D

0.75/9.25 Blue-green Blue-green Blue-green 327 327 325 325 322 320 320 5
O

O
o

0.5/9.5 Blue-green Blue-green Blue-green 331 331 331 329 329 327 327 o
solid 0)

m

0.25/9.75 Blue-green Blue-green Blue-green Blue-green 339 339 339 339 340 339 <-i
solid solid
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Table 22.5. Phase Transition Tern peratures (UC); Part E

Mas ter solutions: (a) 16.53% C uSO 38.75 mole % excess H2S04
(b) 45.36% U02S04, 38.75 mole %excess HjSO

Weight Ratio,
Weig ht Ratio, CuSo4/uo2so4

Solution/H„0 10/0 9/1 8/2 7/3 6/4 5/5 4/6 3/7 2/8 1/9 0/10

10/1 361 355 351.5 350.2 349 349.5 349 350.5 352.5 355 358

9/1 357.5 351 345 344 343.5 345 353.5

8/2 355 348 344 338 338 339 347

7/3 352 345 336.5 335 338.5

6/4 349.5 341.5 337.5 329.5 328 328.5 331.5

5/5 347 339 330.5 327.5 326 327.5

4/6 345 336.5 332 328.5 325.5 323.5 321.5 321 324

3/7 344 335.5 331 327 324 322 320 319.5 321.5

2/8 Blue-green

solid

Blue-green

solid

332 328 325 322.5 320.5 320 320

1/9 Blue-green

solid

Blue-green

solid

336.5 333.5 330 328 326 325 324.5

0.75/9.25 Blue-green

solid

Blue-green

solid

334 330 330 328 327 326 326 326

0.5/9.5 Blue-green

solid

Blue-green

solid

339 336 336 333 332 332 330 330

0.25/9.75 B lue-green Blue-green Blue-green 347 343 343 342 342 340 340

soi id sol id solid

arbitrary solution in the low-concentration range.
If D20 is substituted for H20 in this system, the
indicated transition temperature will probably be
lowered by approximately 10"^. This opinion is
based on previous investigations of U02S04-D20
two-liquid-phase transitions and on comparison
of solubility behavior ofD20 and HjO salt systems.

Immiscibility transition temperatures will, in all
probability, be changed by the addition of small

176

amounts of other components such as NiS04 and
fission products. Further investigations should
establish some degree of change and should esti
mate other effects incurred on this system by
additional components. In this respect, study of
HRT-solution composition regions is to be empha
sized.

C. H. Secoy, chap. 4.3, p 559, in Reactor Handbook,
declassified ed., ed. by J. F. Hogerton and R. C. Grass,
Technical Information Service, AEC, 1955.
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22.1. Phase-Transition Temperatures in Solutions Containing Cupric Sulfate, Uranyl Sulfate, and Sulfuric
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23. ANALYTICAL CHEMISTRY

0. Men is

R. G. Ball

C. M. Boyd
G. Goldstein

23.1 ANALYSIS OF SOLUTIONS OF

URANYL SULFATE

23.1.1 Determination of Arsenic

A spectrophotometric method1 has been applied
to the determination of very low concentrations
(5 to 100 fig/ml) of arsenic in solutions of uranyl
sulfate. Arsenic(V) is reacted in a 0.15 M sulfuric
acid solution with ammonium molybdate, thereby
forming a heteropoly arsenomolybdic acid. The
arsenomolybdic acid is reduced with 1,2,4-amino-
naptholsulfonic acid to "molybdenum blue." The
concentration of arsenic is calculated from the
absorbancy measurements, which are made at a
wavelength of 840 m/z. Uranium does not interfere
in this determination; therefore no prior separation
is required. From 0.2 to 4 fig of arsenic per
milliliter in the solution used for the absorbancy
measurement can be determined by this method
with a coefficient of variation of about 3%.

23.1.2 Pyrolytic Separation and Spectrophotometric
Determination of Ruthenium

A method was devised for the separation of
microgram quantities, 10 to 100 fig, of ruthenium
as a nitroso salt, chloride or sulfate, from uranyl
sulfate and its subsequent determination colori-
metrically. Decomposition of the nitroso salt and
separation of the ruthenium are accomplished by
pyrolysis for 1 hr at 1000°C in a stream of moist
oxygen. The ruthenium, which volatilizes as the
tetraoxide, is absorbed and reduced to the trivalent
state in a 1 M HCI solution saturated with sulfur
dioxide. /3-Nitroso-y-naphthol is added, after
which the solution is boiled for about 10 min to
accelerate development of a blue-colored ruthe-
nium-^3-nitroso-y-naphthol complex and to expel
excess sulfur dioxide. After cooling the solution,
the absorbancy of this complex, from which the
ruthenium concentration is calculated, is measured
at 560 m/i. From 0.2 to 6 ng of ruthenium per
milliliter in the solution used for the absorbancy

E. B. Sandell, Colorimetric Determination of Traces
of Metals, p 137, Interscicnce, Now York, 1944.

H. P. House

D. L. Manning
R. H. Powell

measurement can be determined by the method with
a coefficient of variation of approximately 3%.
This method is at least four times as sensitive as
the flame-photometric method for ruthenium.2 The
pyrolytic separation is more effective than the
conventional oxidation-distillation procedure, in
that the nitroso salts of ruthenium are more quanti
tatively separated by the pyrolytic method.

23.1.3 Determination of Cerium

A redox titration procedure3 for macro quantities
of cerium was adapted to the determination of
microgram quantities of cerium. Cerium(lll) is
oxidized to cerium(IV) by titration with 0.0002 N
potassium permanganate. The end point of the
titration is established photometrically. From
50 to 200 [ig of cerium in a titration volume of
40 ml can be determined by this procedure with a
coefficient of variation of about 6%. Uranium does
not interfere in the titration; consequently, no
separation is required.

23.1.4 Spectrophotometric Determination
of Antimony

A spectrophotometric method which was used by
Ward and Lakin for the determination of antimony
in soils and rocks has been applied to the estima
tion of small amounts (<10 ppm) of antimony in
uranyl sulfate. The method was found to be
applicable to the determination of 0.1 to 1 /xg of
antimony. Uranium in amounts equal to 10,000
times that of the antimony can be tolerated.

23.1.5 Spectrophotometric Titration of Bismuth

A volumetric titration procedure which was used
by Malat, Suk, and Ryba5 for the determination of

0. Menis et al., HRP Quar. Prog. Rep. July 31,
1957, ORNL-2379, p 171.

3
T. L. Marple, E. P. Przyblowicz, and D. N. Hume,

Anal. Chem. 28, 1892 (1956).
4F. N. Ward and H. W. Lakin, Anal. Chem. 26, 1168

(1954).

5M. Malat, V. Suk, and 0. Ryba, Collection
Czechoslov. Chem. Commun. 19, 258 (1954).
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macro amounts of bismuth was adapted to the
estimation of microgram quantities of bismuth in
uranyl sulfate. In titrating solutions of uranyl
sulfate which contain microgram amounts of
bismuth, a spectrophotometric method is used to
detect the end point, since the visual end point is
too indistinct, and, in addition, colored ions such
as U0,++ obscure the end point. As much as
30 mg of sulfate, as uranyl sulfate, can be toler
ated by utilizing a back-titration procedure. The
absorbancy measurements are made at a wave
length of 575 m/i. From 20 to 100 [tg of bismuth
can be titrated by this procedure with a coefficient
of variation of the order of 5%. Of the metals
which interfere in this titration, Fe(lll), Zn, Sb,
Hg, In, and Ga, only Fe(lll) is usually encountered
in solutions of uranyl sulfate and can be elimi
nated by reducing it to Fe(ll) with hydrazine
nitrate in a boiling solution which contains a trace
of Cu++ as catalyst.

23.2 ANALYSIS OF THORIUM OXIDE

23.2.1 Determination of Cobalt

A more sensitive method for the determination of
cobalt in concentrations of the order of 1 ppm or
less in slurries of thorium oxide was desired in
anticipation of excessive corrosion of pump com
ponents. A survey of chromogenic reagents for
cobalt revealed that l-(2-pyridylazo)-2-naphthol
(PAN) appeared to possess the specified degrees
of sensitivity and selectivity.6 These properties
were confirmed experimentally; it was found that
quantities as low as 0.5 fig of Co(lll) can be deter
mined by reacting cobalt with PAN at a pH of 5,
extracting the green-colored cobalt-PAN chelate
into 5 ml of chloroform, and then finally measuring
the absorbancy of the extract. Beer's law is
obeyed over the range of 0.5 to 7 ftg of cobalt in
the 5 ml of organic extract which is used for the
absorbancy measurement. The coefficient of
variation is of the order of 5%. With the exception
of copper, 100-fig quantities of common metals
which are ordinarily encountered in contaminated
slurries of thorium oxide do not interfere in the
method. By applying an anion exchange tech
nique7 for the removal of microgram quantities of

6K. L. Cheng and R. H. Bray, Anal. Chem. 27, 782
(1955).

7K. A. Kraus, F. Nelson, and G. W. Smith, /. Phys.
Chem. 58, 11 (1954).
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cobalt from a thorium matrix prior to its spectro

photometric determination, 0.1 ppm of cobalt can
be determined by this method when a 5-g sample of
slurry is taken for analysis.

23.2.2 Separation of Fluoride by Pyrolysis

For the purpose of determining fluoride in reactor
materials, Th02 and U03, and in clays which are
under test as possible suspending agents, de
velopment work has been continued on the applica
tion of a pyrolytic technique for the separation of
fluoride from these materials. The sample is
mixed with a selected oxide and pyrolyzed in a
stream of moist oxygen at 480 to 1000°C in an
apparatus of special design (see Fig. 23.1). The
temperature of pyrolysis is dependent on the oxide
which is used. The fluoride is volatilized from
the mixture, absorbed in an alkaline solution, and
then determined either by acidimetric titrimetry or
by a colorimetric method. The following oxides
have been demonstrated as being effective ac
celerators in releasing the fluoride at the tempera
ture indicated.

Accelerator
Opt! mum Temperature of

Pyrolysis (°C)

U3°8 1000

wo3 825

Nb205 750

M0O3 600

v2o5 480

Of these oxides, W03, V205, and U3Og have been
found to be the most satisfactory accelerators.
The fluoride can be removed by volatilization from
a number of readily decomposable inorganic fluo
rides, such as AIF3 and ZrF4, by direct pyrolysis
in moist oxygen without the addition of an ac
celerator.

A new principle was applied to a number of
clays and silicates which makes it possible to
release fluoride with relative ease from highly
refractory materials. This principle is based on
the fusion and metathesis of refractory materials,
whereby fluoride is converted to NaF which in the

L. M. Doney and C. D. Lynch, Clays as Suspending
Agents for Thoria Slurries. ORNL CF-57-10-23 (Oct. 4,
1957).

9R. H. Powell, Anal. Chem. Ann. Prog. Rep. Dec. 31,
1956. ORNL-2218, p 44 (classified).
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presence of the accelerator is then decomposed
and releases HF. The suspending materials,
which included montmorillanite, attapulgite,
ceramic and synthetic clays, were mixed with
a flux consisting of Na2W04 plus W03 and then
heated until fusion and pryolysis occurred. In all
cases, the fluoride was readily released and sub
sequently was determined by a colorimetric method.

10O. Menis, H. P. House, and C. M. Boyd, Particle-
Size Distribution of Thorium Oxide by Centrifugal
Sedimentation Methods, ORNL-2345 (Aug. 5, 1957).

23.2.3 Particle-Size Distribution in the Range of
10 to 50 n

The Andreasen sedimentation method for the
determination of particle-size distribution was ex
tended to include fractions of particulate matter
within the range of 10 to 50 ft. This was ac
complished by following the sedimentation rate of
thorium oxide in mixtures of water and glycerol.
The viscosity of such mixtures is higher by an
order of 10 centipoises, thus making it possible to
extend the upper limit to which measurements of
particle size can be made.
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