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REACTOR CHEMISTRY DIVISION ANNUAL PROGRESS REPORT

SUMMARY
PART I. MOLTEN-SALT REACTOR PROGRAM
1. High-Temperature Phase Equilibrium Studies

Extensive phase equilibrium studies were made of fluoride systems suitable for use as nuclear re-
actor fuels. Particular attention was focused on the quaternary system LiF-BeF2-ThF4-UF4 over the
concentration ranges of reactor interest. Phase diagrams of all the contained binary and ternary sys-
tems were completed and published. The characteristics of specific salt mixtures having special util-
ity in the reactor development program were established and described in detail.

Intensive phase studies were made of the quinary system LiF-BeF2-ZrF4-ThF4-UF4 in connection
with the possible incorporation of about 5 mole % ZrF ,, which appears to confer no unsuitable effects
upon the fuel system.

The system CrF2-CrF3 has been investigated because of the importance of chromium in connection
with the corrosion of structural material, such as INOR-8. The characteristics of the new compound,
3CrF2-2CrF3, the only intermediate compound in the system, were established through analytical, crys-
tallographic, and x-ray diffraction techniques.

{mprovements in the technique of petrographic microscopy, important in the study of fivoride phase
equilibria, were achieved by the compounding of immersion oils that had indices of refraction from 1.292
to 1.411 and were free from many difficulties associated with previously available oils.

Crystal properties and crystal structure were determined for the following compounds, of interest to

programs concerned with radiolysis of solids, chemical processing of reactor fuel elements, and fivoride

phase equilibria: NaFaBeF2-3ThF4, NoF-BeF2-3UF4, LiSbe, and LiBrO3.

2. Precipitation of Oxides from Molten Fluorides

Precipitation of oxides from the system LiF-BeF2-ZrF4-ThF4-UF4 by the addition of oxide ions (as
BeQ) was studied to determine whether inadvertent precipitation of UO2 could be avoided by the prior
addition of ZrF,. It was established that @ Zr:U ratio in excess of 3.0 prevented precipitation of uo,;
the precipitate was ZrO, uncontaminated by uo,. Other studies established that uranium and zirco-
nium coprecipitated when the Zr:U ratio fell to about 1.5. At a ratio of 1.0, UO, was precipitated. Ad-
dition of BeO in an amount calculated to precipitate all the uo, and Zr0, did not cause the precipita-
tion of ThO2 from a mixture containing ThFA.

Small-scale experiments at both tracer and macro levels demonstrated that it was possible to pre-
cipitate both protactinium and uranium from fluoride melts by the addition of small amounts of solid
beryllium or thorium oxides. The protactinium could be precipitated from solution either by the addi-
tion of UO2 or in the presence of 1000 to 2000 ppm uranium. This suggests that the protactinium oxide
is much less soluble than the uranium dioxide and provides a basis for the development of a process

for selectively removing protactinium from the blanket of @ molten-salt thorium-breeder reactor.



3. Solubility of Gases in Molten Salts

An attractive possibility for reactivity control in molten fluoride systems is presented by the con-
sideration of the properties of BF,. It is a volatile gas whose cross section could easily be increased
by the use of B!?, and its concentration in a molten-salt reactor fluid could be controlled by adjusting
the partial pressure of the gas over a free surface of the molten fluoride system. The solubility of BF3
was determined at 500 to 700°C in a typical reactor fuel composition of LiF-BeF2-ZrF4-ThF4-UF4;
Henry's law was followed up to 1.9 atm pressure, and the measured solubilities at 500 and 700°C were
0.267 and 0.035 mole of BF, per liter of salt per atm pressure respectively. The enthalpy of solution
was calculated to be ~15.1 kcal/mole. Since adsorption of the BF3 on graphite would complicate the
use of this gas as a soluble poison in unclad graphite systems, the extent of irreversible sorption of
BF by graphite was examined experimentally. After exposure to BF, at 10 to 15 psig and 800°C for
2 hr, the BF, was removed in a helium sweep stream for 2 hr at 1 atm pressure. A mean residual con-
tent of only 10 ppm boron was found in the graphite; this amount was independent of exposure temper-
ature and BF3 pressure, suggesting that it was deposited by reaction with traces of water not removed

in the preliminary degassing treatment.
The solubility of HF in a molten fluoride mixture (LiF-Ber-ZrF4-ThF4-UF4) was determined.

Henry's law was obeyed over the pressure range 1.4 to 2.4 atm. Henry's law constants were 17.0 x
1074 and 8.0 x 10=¢ mole of HF per cc of solution per atm at 500 and 700°C respectively. The en-

thalpy of solution was calculated to be ~5.65 kcal/mole over the temperature range studied.

4. Xenon Poisoning in Molten-Salt Reactors Containing Graphite

The parameters likely to affect the seriousness of xenon poisoning in the Molten-Salt Reactor Ex-
periment were reviewed. |f xenon were not otherwise removed, appreciable poisoning could occur as a
consequence of the diffusion of the xenon into the pores of the unclad graphite moderator which is in
contact with the circulating fuel. The effects of various combinations of xenon generation, burnout, de-
cay, removal via helium stripping, and diffusion into graphite were calculated and related to the graph-
ite porosity, permeability, and xenon diffusion coefficient. Incorporation of a facility to permit stripping
of a large fraction of the total flow, coupled with the use of graphite of low permeability, would effec-
tively remove the xenon poisoning problem; this problem cannot, however, be solved by the use of im-

proved graphite alone.

5. Thermodynamic Studies in Molten Salts

In further development of the quasi-lattice model theory of molten salts, generalized theoretical
calculations were made for stepwise association constants. A method was developed for the evalua-
tion of these constants at infinite dilution for the association of Ag* and C1™ in KNO,. Experimental
measurements of the activity coefficients of AgNQ, in dilute solutions of AgNO, and NaCl in an equi-

molar mixture of NaNO,-KNO, were made at five temperatures between 233 and 528°C. The tempera-

ture dependence of the first association constant was that predicted by the theory.



Significant effects on the freezing-point depression of sodium fluoride by added solutes were attri-
3 and ThF4,

which have cations of the same charge and size), and to

buted to cation charge (by comparing CaF,, YF which have cations of similar sizes), to

polarization (by comparing MgF, and ZnF,
cation size (by comparing BeF ,, MgF,, CaF,, SrF,, and BaF,, which have identical charges). The
importance of cation size in relation to the achievement of eightfold coordination was shown by studies
of the isostructural tetrafluorides as solutes.

Many intermediate, congruently melting compounds have been found in phase equilibrium studies of
fused-salt binary systems, but very little is known about the thermodynamic properties of these com-
pounds. To obtain such information as would be of ultimate assistance in the calculation of ideal
phase diagrams for comparison with experimental results, the heats of fusion of certain intermediate
compounds in fluoride systems are being measured with the use of a Bunsen ice calorimeter. A value
of 13,940 +50 cal/mole has been established for the compound 3LiF+ThF
568 to 569°C.

The previously determined values of density vs composition in the systems LiF-Ber, NaF-BeF,,
LiF-BeF,-UF,,

composition was revealed for these simple systems, which suggested that the volume contribution of

4+ which melts in the range

and NoF-BeF2-UF4 were examined. A linear relationship between molar volume and

BeF2 might be associated only with its fluoride ions. Extension of this point of view led to equations
from which molar volumes could be calculated for other and more complex systems over wide ranges of

temperature, with average deviations from observed results being less than 3%.

6. Radiotracer Techniques in the Study of INOR-8 Corrosion by Molten Fluorides

The self-diffusion coefficients for chromium in Inconel and INOR-8 alloys and the applicability of
these values to alloys in contact with molten fluoride salts under corrosive conditions have been eval-
vated. Large-scale tests in polythermal circulating-fluid loops under corrosive and noncorrosive con-
ditions gave results which were in good agreement with those predicted from previously measured dif-
fusion coefficients, suggesting that corrosion rates for large systems can be successfully predicted

even for cases in which the affected portions of the alloy have been drastically altered.

7. Behavior of Fission Products in a Graphite~Molten Salt System

A specimen of S-4 graphite exposed at 700°C for 1600 hr in the Materials Testing Reactor to LiF-
BeF2-ThF4-UF4 (67-18.5-1.5-13 mole %) showed penetration by the salt to the extent predicted from
out-of-pile studies. Gross fission product activity appeared on the salt only where the intrusion of
fuel was observed in regions of high porosity. Except for these regions where fuel had intruded, the

graphite was free of fission product activity except for Cs'34 and Cs'¥7.




8. Purification and Handling of Molten Salts

A facility for the large-scale production of purified molten fluoride mixtures has been maintained
and operated as a service to the over-all program. A total of approximately 6000 Ib of fluoride mix-
tures was produced during the year. Additional services rendered to various engineering and research
groups included filling, sampling, and emptying test loops, preparing in-pile irradiation-test capsules,
consulting on the handling of molten salts, and similar services connected with the handling and pro-

duction of liquid metals.

PART ll. AQUEOUS REACTOR PROGRAM
9. Aqueous Systems at Elevated Temperature

The determination of simultaneous solubilities at 325 and 350°C of Cu0+3UQ, and 3CUO-SO3-2H20
in solutions of H,0 and H,50,, 0.02 to 0.03 m in total sulfate, gave results quite similar to analogous
values at 300°C.

Solubilities of 3CUO'$O3'2DZO at 300, 325, and 350°C were determined in solutions of D20 and
D,S0,. The results showed an almost undetectable change with temperature in the saturation molal
ratio, Cu?*: total sulfate, at constant total sulfate. Comparison with saturation molal ratios at 300°C
showed higher values in the D,0 then in the analogous H,C system.

The system NiO-SO3-H20 was investigated at temperatures above 300°C in an attempt to find
liquid-liquid immiscibility and to define this subsystem of the multicomponent system UO3-CUO-NiO-
503-H20. Apparently, liquid-liquid immiscibility does not exist in this system at saturation vapor pres-
sure. The solubility of NiO above 400°C in the supercritical fluid may exceed 0.6 m in 6 m H,S0,.
Solid-liquid equilibria as well as critical temperatures were determined for this system.

Temperature-composition boundaries for liquid-liquid immiscibility and critical phenomena (i.e.,
disappearance of the meniscus between liquid and vapor) were determined for the systems UO,-CuO-

503-D20, mUO 2+/mCuer =1, U03-503-D20, and Cuo-so3-D20. These data showed a rising temper-
3
ature for the appearance of liquid-liquid immiscibility as the molal ratios, metal ions: total sulfate,

were decreased and the total sulfate was kept constant. At ratios between 0.2 and 0.4, both UG,s0,
and CuSO, became soluble in the supercritical fluid.

The temperatures for the appearance of liquid-liquid immiscibility were determined for several aque-
ous homogeneous reactor fuel solutions and their concentrates. From these and previous data a method
was developed, for estimation of the minimum two-liquid-phase temperatures, which makes use only of the
acidity molal ratio, D2504: total sulfate.

The precise measurement of the pH of intensely radioactive solutions by use of a glass electrode
is difficult because of radiation effects on glass. If the radioactive solutions are diluted considerably
and then the pH of the diluted solution determined, the effect of radiation on the electrode would be re-

duced. The pH of dilutions of compositions approximating aqueous homogeneous reactor fuel solutions




was measured. These data showed, to a close approximation, that a single measurement of pH of a di-
luted, synthetic fuel solution could be related to the free-acid concentration of the undiluted solution.
The method may be of potential use for determination of free D,50, in homogeneous reactor composi-
tions.

Three-dimensional models representing solubility relationships in the system UO3-CUO-NiO-SO3-
D20 at 300°C were constructed for solutions having total sulfate concentrations of 0.06, 0.10, 0.20,
0.30, and 0.50 m. The results of previously reported solubility studies were used to establish the lo-
cation of the surfaces of saturation for the several solid and liquid phases which appear at the bound-
ary limits of the region of unsaturated solutions.

Solubility information for the system UO,-N,0.-H,0 was revised to incorporate the results of ad-
ditional studies at temperatures of 325 and 350°C.

Previous studies of thorium nitrate solutions were extended by an investigation of the solution-
solid equilibrium boundaries of the system Th02-N205-H20 at 200 and 300°C. Saturation molal ratios,
Th**: total sulfate, in solutions containing 9.0 M nitrate were 0.20 and 0.18 at 200 and 300°C respec-
tively. In 2.0 M total nitrate the ratios were 0.18 and 0.03, illustrating the pronounced tendency toward
hydrolysis of thorium at higher temperatures. The rapid rates at which solubility equilibria were estab-
lished at these temperatures, in marked contrast to the very slow dissolution of refractory thoria at tem-
peratures below 100°C, suggest applications to the chemical processing of solid fuel elements incorpo-
rating refractory oxides.

The construction of cells for the measurement of electrolytic conductance at high pressure and
high temperature, as well as an assembly for the generation of high pressures, was completed. Pre-
liminary measurements on a 0.01 m KCI solution were made at 800°C and at pressures up to 4000 atm.
This work represents a new record for reproducible measurements at extremes of pressure and temper-

ature.
10. Reactions in Aqueous Solutions

The rates of peroxide decomposition in uranyl nitrate solution were measured to determine the ef-
fects of temperature, acidity, and known catalysts on the decomposition. The results were quite simi-
lar to those previously obtained with sulfate and perchlorate systems. Extrapolation of the results to
higher temperatures suggested that the rate of peroxide decomposition would prove adequate under hy-
pothetical reactor conditions.

Measurements were made of the relative dissolution rates of various solids at 250°C in oxygenated,
well-stirred, synthetic HRE-2 fuel solution. The solids tested were U02, U, 04, UO3, CUO-3UO3, and
reactor-fuel solids prepared by evaporating fuel solution to dryness and calcining at 500°C. The solids,
representing those which could conceivably have existed in the HRE-2 under conditions of off-design
operation, dissolved rapidly, with half-lives of from less than 0.5 to 2.5 min. These results indicate
that such solids, if formed, should redissolve promptly under the conditions of good agitation and re-

moval from regions of neutron flux, which are provided by the present modifications in the reactor flow

pattern.




Tracer-level experiments showed that protactinium was coprecipitated with thorium from aqueous
acidic thorium nitrate solutions when hydrogen peroxide was added in an amount sufficient to precipi-
tate no more than 2% of the thorium. The experiments covered ranges of thorium concentration from 1.0
to 3.0 M and NO,: Th ratios from 4:1 to 5:1. Unconfirmed experiments indicate that uranium was not co-
precipitated with thorium under similar conditions when the uranium was in the range 70 to 80 ppm; pro-
tactinium, however, was coprecipitated in the presence of this concentration of uranium.

The solubilities of H, in water and D, in deuterium oxide were determined from room temperature to
250°C.

[t was found that protactinium could be recovered from the salt system LiF-BeF2-ThF4-UO2 by a
two-step process. This process includes exposure of the melt to the oxides of beryllium or thorium,
which adsorb the protactinium, production of a partially water soluble system by addition of KF and hy-
drofluorination, and, finally, extracting the aqueous material with diisobutyl carbinol. The protactinium
was removed from the organic phase by stripping with 18 N H2504.

In preliminary studies of the characterization of thorium peroxide, the peroxy salts precipitated from

solutions of thorium salts by H,C with and without added acid, always contained the original anion. A

2’
ratio of two thorium atoms to three peroxide molecules was consistently found.

The temperature dependence of peroxide decomposition catalyzed by iron showed an interesting
anomaly over the range 190 to 210°C. This is presently interpreted as the inactivation of iron by hydro-

lytic processes.

11. An Investigation of Uranium({VIl) Hydrolysis at Elevated Temperatures,
Using the Glass Electrode

A study of uranium(VI) hydrolysis at 94 and 25°C has been completed. The principal hydrolysis

steps appear to be
2+ — + +
Uo,*" +H,0 ==UO,0H" +H",

2U0,%" +H

,0=—U,0,2% + 2H" .

Equilibrium quotients were calculated for 25 and 94°C. Estimates were made of the enthalpy, free en-

ergy, and entropy of each reaction. The importance of the reaction
2+ — + +
3U0,“" +5H,0=— (UO,),(OH) ™ + 5H
at higher hydrolysis numbers was established. The importance of the monomeric hydrolysis product,
UO2OH+, at higher temperatures was suggested.
12. Isopiestic Studies at Elevated Temperatures

A modified high-temperature isopiestic apparatus was used to measure the osmotic coefficients of

seven representative electrolytes (vs NaCl as a working standard) at temperatures from 100 to 142°C.
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The osmotic coefficients for 1-1 electrolytes at 121.1°C showed a concentration dependence quite sim-
ilar to that found earlier at 25°C. The isopiestic ratios of the 1-1 electrolytes were essentially inde-
pendent of temperature over the range 100 to 142°C; those of the 2-2 and 2-1 electrolytes showed a

linear decrease with increasing temperature.

13. Surface Chemistry of Thoria in Dilute Aqueous Electrolytic Solutions

Theoretical estimates of the electrical surface potential required to give an arbitrarily defined de-
gree of stability to a slurry at selected values of temperature, ionic concentration, ionic valence, par-
ticle size, and slurry concentration have been made. Experimental determination of ionic adsorption
equilibria on ThO2 surfaces in various aqueous systems is in progress. Surface potentials will be cal-
culated from these data, thus providing a basis for the prediction of slurry stability in terms of the di-
rectly determinable parameters listed above.

Engineering design of a precision adiabatic calorimeter has been completed and construction is in
progress. The instrument will be capable of precise determination of thermal quantities on aqueous sys-
tems at temperatures up to about 250°C. The intended initial use will be the measurement of heats of

wetting and heats of adsorption (ionic) on thoria surfaces.

14. Corrosion by Solutions

The corrosion of types 347 and cast CD4MCu stainless steel was investigated in a simulated fuel
solution containing 0.04 m UO,S0, and 0.025 = H,SO, at 250 and 300°C. At 250°C, critical veloci-
ties were about 10 fps for type 347 stainless steel and less than 10 fps for cast type CD4MCu; at
300°C, respective critical velocities were 45 to 50 fps and about 30 fps. Pretreatment of the type 347
stainless steel specimens in water at 280°C for two days before exposure to the 250°C solution re-
sulted in a critical velocity of 15 to 20 fps. When the specimens were pretreated in water at 280°C and
then exposed to the fuel solution at 300°C for about 300 hr, a relatively thick, adherent oxide film de-
veloped on the specimens at velocities up to about 50 fps. Subsequent exposure of these specimens to
the fuel solution for 560 hr at 250°C did not cause disintegration of the oxide film, and essentially no
corrosion occurred over the entire velocity range. No pretreatments were attempted with the type CD4MCu
specimens,

An all-titanium pump loop was constructed to study the chemical stability of uranyl sulfate fuel so-
tutions and the corrosion resistance of various materials at temperatures and pressures up to 370°C and
3000 psia. Preliminary runs with water and simulated reactor fuel solutions showed that the loop and
control systems functioned properly. In the latter runs, at least a part of the heavy phase that formed at
temperatures greater than the two-liquid-phase temperature was separated by the hydroclone. As the tem-
perature of the system was increased beyond the two-liquid-phase temperature, the salt concentration of
the light phase decreased, and the acid concentration increased. The mole ratios of uranium to sulfate,
uranium to copper, and uranium to nickel decreased in the same proportion in the temperature range 330

to 365°C. Corrosion of titanium and Zircaloy-2 specimens was negligibly small.



Corrosion tests with Coors aluminum oxide in water at 100 and 300°C and in a simulated fuel so-
lution at 100°C showed the material to have good corrosion resistance in water at both temperatures
and poor resistance to the fuel solution at 100°C. Rates between 20 and 30 mils/yr were observed in
the fuel solution. Specimens in which aluminum oxide was brazed to titanium with zirconium-base al-
loys showedreasonably good corrosion resistance to a simulated fuel solution at 100°C and to oxygen-
ated water at 300°C during 1500-hr tests. Neither corrosion nor thermal cycling resulted in the alumi-
num oxide being detached from the titanium.

Corrosion tests of aluminum alloys in water for ten-day periods at temperatures from 170 to 290°C
and at water flow rates between 20 and 107 fps were conducted. At temperatures from 170 to 200°C,
aluminum alfloys 1100, 5154, 6061, and X8001 exhibited similar behavior, with corrosion rates increas-
ing with coolant velocity. At 230°C, no localized attack, except occasional shallow pits, was ob-
served, and at flow rates below 67 fps, rates were similar to those observed at the lower temperatures.
At 260°C, the corrosion rate of type X8001 alloy was nearly independent of flow rate below 67 fps; many -
specimens of other alloys showed significant localized attack. Only type X8001 was free from cata-
strophic corrosion at 290°C. Any of the alloys could be used in ten-day service if the average tempera-
ture of the oxide film were below 230°C and coolant flow rate were below 65 fps. None of the alloys
would be useful at 100 fps at any temperatures tested.

The influence of water temperature, pH, and velocity on corrosion and on corrosion-product forma-
tion on the surface of aluminum alloys subjected to a very high heat flux was determined. At a heat flux
of 1.5 x 108 Btu hr™! ft=2 and with cooling-water temperatures and velocities in the ranges of 131 to
223°F and 32 to 48 fps, respectively, a tightly adherent layer of corrosion products (aAl,0,+H,0)
formed on the surface of the aluminum specimens at alinear rate during ten-day tests. The rate at which
the corrosion product formed (and the rate of temperature increase in the aluminum) was markedly in-
fluenced by the pH of the coolant. With high-purity water as the coolant, oxide films as thick as 1.5
to 2.0 mils formed in ten days. When the pH of the cooling water was adjusted to 5 with nitric acid,
oxide films less than 0.5 mil formed under the same conditions. From measured oxide thicknesses and
temperature drops across the corrosion-product films, a thermal conductivity of 1 Btu hr™! ft=2 (°F)~ 1 {3
was calculated for the aluminum oxide film. The rate of oxide formation was independent of the alloy
and the velocity in the range investigated. The temperature of the cooling water was a significant fac- d
tor: the lower the water temperature, the slower the rate of film formation. Because of the manner in
which the specimens were fabricated, quantitative corrosion measurements were not possible. However,
it was qualitatively established that corrosion was not severe, and, except in one case, evidence of lo-
calized attack was not found. It was concluded that under the conditions expected to exist during op-

eration of the High Flux Isotope Reactor, aluminum would be a suitable material for cladding fuel ele-

ments.




15. Corrosion by Solutions Under {rradiation

The large amount of data obtained at ORNL on corrosion of Zircaloy-2 in uranyl sulfate has been
reviewed and correlated. A model for this corrosion has been developed. The data can be well corre-

lated by the equation

1 K, 1
— +—,
R KPa K

where R is the corrosion rate, P is the fission power density in solution, a is the factor by which the
effective power density of the corroding surface exceeds that in solution, and K, and K are constants
which are evaluated from the experimental data.

The program of testing zirconium alloys in uranyl sulfate solutions in in-pile loop assemblies has
been augmented by use of facilities in the ORR. With this reactor, maximum fluxes were obtained which
were greater by about 1.5 than those previously available in the LITR. Tests to ascertain the effects
of surface treatments of Zircaloy-2, the effect of stagnant films of solution on portions of the surface,
and the behavior of special zirconium alloys have been conducted in a D,0 solution of urany! sulfate.
Surfaces which were chemically polished, overground, or sandblasted and chemically polished corroded
to about equal extents; surfaces exposed after sandblasting with no further treatment performed less
well. Substantially greater corrosion rates were observed on surfaces which were covered during the
exposure; values for a may have been as high as 15 for these surfaces exposed to a nearly stagnant
film of solution.

The apparatus for the electrochemical measurement of corrosion rates was modified to permit
measurements to be made above 250°C. The potentiai-time and current-potential behaviors are similar
to previous observations on the Firth-Sterling Zircaloy-2 at 208°C. The rate-time results obtained gave
further support to the logarithmic oxidation kinetics for Zircaloy-2.

The value of a in equations which predict the corrosion behavior of zirconium clloys under irradia-
tion is almost certainly dependent on sorption of uranium in the corrosion film. Accordingly, sorption of
uranium from aqueous uranyl sulfate solutions on zirconium oxides has been investigated. Most of the
work employed a 110°C-air-dried (AF) material of high surface area, but some data obtained with a
material of lower surface area autoclaved in water at 300°C (WF) are also reported. In tests at 280°C,
the AF material showed a loss of surface area and marked decreases in uranium and sulfate sorption
per gram of ZrO2 during the first 2 to 4 hr exposure. Little or no time dependence on area or sorption
was noted with the WF material. Sorption isotherms with the AF oxide show uranium sorption on a per-
grum-of—ZrO2 basis to be 30 to 40% greater at 280°C than at 250°C. Data at 300 and 325°C show ura-
nium sorption in about the same amounts as that found at 250°C. Elution of oxide residues from sorp-
tion tests with aqueous reagents indicates that the WF oxide can be readily washed free of uranium,

whereas the AF oxide retains significant amounts.

A rocking-autoclave experiment was performed in which a D,O solution of uranyl nitrate (0.032 m)

with Cu(NO,), and excess DNO, was exposed in Zircaloy-2. Exposure at 280°C to the full reactor

xi




power was made in five periods, the total irradiation time being 134 hr. The value of Ke, (225°C) was

estimated to be 1600 to 1700 liters mole™" hr=1; that of G, was estimated to be 1.3 to 1.4. The vari-
2

ous pertinent pressure and analytical data were not completely interconsistent but allow an estimated
range of Zircaloy-2 corrosion rates of 6 to 12 mils/yr (mpy) during most of the exposure. The corrosion
rate appeared to increase during the last 30 hr of exposure, and the final rate was probably 30 mpy or

more. From various features of the pressure data, estimates of Gy of 2 x 10=3 t0 2.5 x 10~2 were made,
2

which are 7 to 70 times larger than reported values from fission-fragment irradiations of Cc(Noa)2 solu-
tion. Recombination of nitrogen and oxygen was indicated, the apparent rate corresponding to a vapor-

phase recombination with a G - value of T to 3, which is within the range of values for vapor-phase

NO3

fixation previously reported by others.

16. Slurry Corrosion and Blanket Materials Tests

A variety of empirical test procedures, including exposure in static and rocking autoclaves, ball
mills, spouted beds, and fluidized beds, have been developed and applied to evaluation of thoria pellets
prepared by several methods.

Corrosion of Zircaloy-2 and other alloys, as well as efficiency of the palladium recombination cata-
lyst, has been studied in in-pile autoclave tests with thoria-urania slurries. In-pile tests to date have
been of short duration largely because of difficulty in plugging capillary leads to auxiliary equipment. A
new and more effective filter assembly to prevent this difficulty has been developed. In tests to date no
effect of radiation on corrosion has been observed.

Hydriding of zirconium-base alloys has been shown to occur when the alloys are exposed to thoria-
urania slurries circulating under conditions of slug flow in toroids. Under these quite severe test condi-
tions, hydride formation does not occur at 200°C but is important at 280°C and above. At 280°C the ex-
tent of hydriding decreases with flow velocity; at 330°C, hydride formation is apparent even under an
overpressure of oxygen and is observable on exposure to D,0 without slurry particles.

Specimens exposed in in-pile autoclaves under a variety of conditions, however, show little effect
of atmosphere or irradiation on hydrogen pickup of Zircaloy-2.

An in-pile loop assembly was developed and was operated with a thoria-urania slurry for more than
2200 hr in the LITR. Operation of the stainless steel loop was at 280°C with flow rates of 6 to 8 fps
in the piping and with oxygen overpressure. The loop assembly, sampling system, and auxiliary equip-
ment were quite satisfactory, and the experiment was terminated according to plan. Postexposure ex-
amingtion is incomplete in many regards; a substantial degradation of the slurry during the exposures

was observed.
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PART ill. SUPPORT FOR HIGH-TEMPERATURE SOLID-FUELED REACTORS
17. Transport of Noble Gases in Graphites

A mutual-diffusion coefficient for argon and helium in a relatively porous graphite has been ob-
tained from experiments at 25 and 100°C and at uniform total pressures from 1 to 6 atm. The control-
ling diffusion mechanism was classical; surface diffusion and Knudsen diffusion effects were negligi-
ble. The ratio of over-all diffusion rates of helium and argon was inversely proportional to the square
roots of the atomic weights.

Diffusion of argon through a relatively porous septum opposed by a flow of helium through the sep-
tum has been examined experimentally. Some contribution from the Knudsen diffusion mechanism was
observed at high values for pressure differential across the septum. However, at low flow rates of he-
lium through the graphite, behavior is successfully predicted by relatively simple equations.

Interdiffusion of argon and helium in low-permeability graphites has been shown to follow mecha-
nisms very similar to those obtained with more porous materials.

Surface diffusion has been shown to be negligible by experiments at +30, 0, and —65°C with argon
at 1.5 to 4 atm.

Routine testing of porosity and permeability of moderator graphites and coated and uncoated fuel-

element sleeves of interest to the Gas-Cooled Reactor Project has been performed.

18. Evolution of Gas from Graphite

The amounts and compositions of gases and their rates of evolution from moderator graphite ma-
terials have been determined experimentally to temperatures as high as 2000°C. A very approximate
correlation of gas content and analysis with ash content of the graphite is observed. Rates of evolu-

tion for most specimens fit the equation
V=Alogt+B,

where V is the volume per 100 ecm® of graphite, ¢ is in minutes, and A and B are constants. Some
graphites, whose ash is high in calcium oxide, evolve considerable CO, at 600°C. For these cases
the gas evolution rate is initially high at this temperature and drops abruptly, after CO,, evolution

ceases, to values similar to those for graphites which evolve little Co,.

19. Measurement of Temperature in Reactor Environments

Selective oxidation of the Chromel-P wire is responsible for large negative errors in emf of
Chromel-P=Alumel thermocouples in mildly oxidizing environments. For example, selective attack in
the region at about 800°C has been demonstrated with bare wire thermocouples whose hot junctions
were at 1000°C in a stagnant helium atmosphere. Alloys such as Geminol-P, Chromel-A, and Chromel-

AA, which are 80% Ni—20% Cr, do not generate erroneous emf's under these conditions.
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Abnormal emf readings have been obtained when Chromel-P~Alumel couples sheathed in stainless
steel were exposed at high temperatures to helium contaminated with gases desorbed from graphites.
The errors are again associated with selective attack on the Chromel-P wire at a certain critical tem-
perature interval. Couples sheathed with types 310 and 347 stainless steel were less susceptible than
those sheathed with type 304.

Preliminary studies have not been sufficient to show correlation of thermocouple emf with predicted
oxidation of Chromel-P in HZO-H2 mixtures.

An |BM 704 program has been prepared by the MIT Engineering Practice School for calculation of
theoretical error in thermocouple assemblies due to loss of insulation resistance at high temperatures.
Preliminary calculations have given satisfactory results for simple assemblies. The program will be
modified to allow calculation of errors in more complicated applications.

Calculations and experimental study of corrections for the cooling action of gas on thermocouples
used to measure the temperatures of gas-cooled surfaces were continued. Experimental study has in-
cluded the effects of the length of the lead wire and of a dimension (effective diameter) of the coolant
channel. From these tests it is possible to predict the accuracy of attached thermocouples under vari-
ous cooling conditions expected in nuclear reactors.

The changes in composition produced by transmutation in six pairs of thermocouple materials have
been calculated for a thermal neutron flux of 1014 nv and for periods up to 20 years. The results indi-
cate that Chromel-Alumel should be the most stable thermocouple, with iron-Constantan the next most
satisfactory combination. Copper-Constantan, Pt vs Pt—10% Rh, tungsten-rhenium, and W vs W—26% Re
thermocouples are expected to undergo composition changes which would seriously affect the output

emf.

20. Removal of Radioactive Gaseous Fission Products from Other Gases

Studies were conducted on the removal of iodine vapor from air-steam mixtures at 75 to 118°C, from
air at 100°C, and from helium at 300, 320, and 430°C. At 100°C in tests 2 hr in duration, radioiodine
was removed from air by activated charcoal 3/4 in. deep with efficiencies of 99.95%, somewhat less ef-
ficiently than at room temperature (99.99%). Similar tests with air-steam mixtures resulted in efficien-
cies of 99.9%, somewhat less than the efficiency in air alone at the same temperature. The efficiency
was further reduced at higher velocities, such as 290 fpm.

In other tests, at 300 to 430°C, activated charcoal exhibited high initial efficiency for removal of
radioiodine from helium, but with continued gas flow the iodine migrated slowly through the charcoal
adsorber bed. A wide variation in iodine retention was found among different charcoals. Whetlerite
charcoal, which is designed for use in gas masks for protection against war gases and which contains
salts of copper, silver, and chromium, removed and retained more than 99.99% of the iodine for at least
216 hr at 325°C in a bed only 1/4 in. thick. These results may be applied in the design of systems for
removal of radioiodine from recirculating helium streams without reducing the temperature of the helium.

Dynamic adsorption measurements were made for krypton on charcoal in helium up to 420 psig. The

dynamic adsorption coefficient, &, decreased only slightly with increased helium pressure, while the
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number of theoretical plates per foot decreased appreciably. In other dynamic adsorption studies, no
large differences in behavior were observed among several different charcoal types. In low-temperature
tests, k increased from about 55 cm®/g at 25°C to about 500 cm®/g at —33°C. Static adsorption meas-
urements have been made on a variety of materials with krypton and xenon at various temperatures. The
results of these experiments provide a convenient means for obtaining xenon adsorption information,
since the xenon tracer is not as conveniently available as that of krypton. The static adsorption iso-
therms were fitted to the Freundlich equation.

Transport of noble gases by gas-phase diffusion assumes importance at low carrier gas velocities.
Diffusion measurements were made by using radiokrypton in activated charcoal beds filled with stagnant
helium; effective diffusion coefficients for krypton were measured over the temperature range 0 to 60°C.
These coefficients were approximately inversely proportional to the slopes of the adsorption isotherms,
since the quantity of krypton available for gaseous diffusion is determined by the extent of adsorption.
No significant difference was observed between the different adsorbents studied.

Adsorption measurements were made for determining the amount of radiocactive noble gas contamina-
tion which will be released when Linde molecular sieves, types 4A and 5A, are regenerated after use
in the removal of water and carbon dioxide from reactor coolants. Measurable adsorption of noble gases
occurred in type 5A containing H2O or CO2 and in type 4A alone, indicating that provision for radioac-
tive decay may be required prior to venting regeneration gases to the atmosphere. In measurements of
the adsorption of xenon alone, on Linde molecular sieve type 4A, the adsorption at 60°C was greater
than that at 25°C. Since the equilibration times were relatively long, it appears that the rate of ap-
proach to equilibrium is the controlling factor.

A number of proposed fission gas or iodine adsorption systems were reviewed for technical feasi-
bility and safety. These systems have included the emergency iodine adsorption system for the NS
“Savannch,” and the gas cleaning systems for the High Flux Isotope Reactor, the Molten-Salt Reactor

Experiment, the Low-Intensity Test Reactor, and several in-pile experiments,

21. Release of Fission Products on In-Pile Melting of Reactor Fuels

A program has been initiated to determine the release of fission products when oxide fuels are
melted by nuclear heating. The in-pile facility has been designed and fabricated and was installed
in the ORR. |t was tested during measurement of the gamma heat profile. The first material to be
tested will be a stainless-steel-clad UO, fuel specimen in a helium atmosphere. Operation of the
first experiment has been approved by the various safety committees; the experiment is expected

to be inserted shortly.

22. Effect of Radiation on Beryllium Oxide :

Irradiation of cylindrical specimens (0.6 to 1.0 in. in diameter) of BeO to integrated fast-neutron
dosages of 102! nut has been accomplished in the Engineering Test Reactor at Arco, Idaho. Hot-cell

examination of these materials is quite incomplete.
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Specimens receiving an exposure of 7 x 1020 nut exhibited cracks, and severe deterioration was ob-
served in materials receiving heavier dosages. The capsule cladding of 400 series stainless steels in-
creased in dimension up to 3%; BeO irradiated at lower temperatures tended to enlorge more than that at
higher temperatures for similar dosages. Thermal conductivity apparently decreases with increased dos-
age. While the major cause of the damage is not yet known, it is apparent that additional information is

required before BeO can be used with confidence in long-lived reactors.

PART IV. PREPARATION AND PROPERTIES OF REACTOR MATERIALS
23. Chemistry of Organic Moderators and Coolants

A program has been initiated to determine the chemical kinetics of the pyrolytic and radiolytic de-
composition of potential moderators and/or coolants. Initial studies will be limited to pyrolysis of

biphenyl, under conditions of low conversion to allow determination of intermediates.

24. Preparation of Refractory Oxides from Molten Salts

Reaction with water vapor admitted at low partial pressure to the vapor space above molten salt
mixtures has been used to precipitate single crystals of BeO and UO2 from solutions of their fluorides.
Uranium dioxide prepared in this way shows a unit-cell parameter a, of 5.472 £0.002 A and corresponds
to UOz.ooto.ooa‘ Precipitation from solutions containing both BeF2 and UF, produces some uo, which

is completely encased in BeO.

25. Preparation of Pure Beryllium Compounds by Solvent Extraction

A liquid-liquid extraction process has been developed for preparation of extremely pure beryllium
hydroxide for conversion to the oxide or to other compounds. Distribution coefficients for many con-
taminant ions have been evaluated, and several gram-size preparations more pure than the available

spectrographic standards have been prepared.
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1. HIGH-TEMPERATURE PHASE EQUILIBRIUM STUDIES

R. E. Thoma
H. Insley! J. H. Burns C. F. Weaver
T. N. McVay' H. A. Friedman G. M. Hebert
B. J. Sturm

The phasebehavior of fused-salt materials of possible interest inhigh-temperature reactors is the
subject of a continuing program of study.23

The experimental data from which phase diagrams have been derived were obtained from thermal
gradient quenching experiments, thermal analysis of melts using both heating and cooling cycles, and

visual observation of phase changes during heating and cooling. Phases in samples from all these ex-

periments were identified by use of the optical microscope and the x-ray diffractometer.

SYSTEMS FOR USE AS NUCLEAR REACTOR FUELS

The System LiF-BeF,-ThF,-UF,

The Molten-Salt Reactor Experiment will be a one-region reactor designed to demonstrate reliable
operation of such a high-temperature, low-pressure system and, at the same time, provide appreciable
conversion of Th232 to U233, The fuel solvent is to be a mixture of LiF and BeF, with the lithium
enriched in Li’. As a consequence of these decisions, the quaternary system has been carefully eval-
vated over the concentration ranges of reactor interest.

Examinations of all the containedbinary andternary systems have been completed. Phase diagrams

; 41 50 6 , 8 [ 8
for the LiF-UF,,* LiF-ThF,,* LiF-BeF,,?, BeF,-ThF ¢ BeF,-UF,,>7 UF,-ThF 2 LiF-ThF,-UF,,

LiF-BeF2-UF4,2'9 LiF-BeFZ-T}1F4,6 and BeF2-UF4-ThF4 10,11 gy stems have been published else-
where,
Phase equilibria in the LiF-BeF ,-UF ,-ThF , system have been described'? in detail for mixtures

having compositions within the regions (55-72 mole % LiF, 0~18 mole % ThF,, and 0-5 mole % UF )

47

]Consulfanf.

Phase Diagrams of Nuclear Reactor Materials (ed. by R. E. Thoma), ORNL-2548 (Nov. 2, 1959).
R. E. Thoma et al., Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 3.

C. J. Barton et al., J. Am. Ceram., Soc. 41(2), 63—69 (1958),

R. E. Thoma et al., . Phys, Chem. 63, 1266 (1959).

R. E. Thoma et al., J. Phys, Chem. 64, 865 (1960).
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7T. B. Rhinehammer, P. A. Tucker, and E. F. Joy, Phase Equilibria in the Sysiem Ber-UF4, MLM-1082,
to be published.

8C. F. VWeaver et al., J]. Am. Ceram. Soc. 43, 213 (1960).

’L. B. Jones et al., Phase Equilibria in the LiF-BeF ,-UF ; Temary System, MLM-1080 (Aug. 24, 1959).
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of potential use as molten-salt breeder reactor fuels. The phase behavior of the systems limiting the
quaternary system LiF-BeF2-UF4-ThF4 was reviewed.

Liquidus temperatures in the quaternary system at the fixed LiF-BeF2 concentrations 65-25,
67.5-17.5, 70-6, and 70-10 (mole %) were below 550°C and were nearly linear functions of the

thorium/uranium concentration ratio.'?2

In each of these composition sections the ThF ,-containing
end member exhibited the maximum liquidus temperature.

Implications of the extensive solid solutions occurring in the limiting systems were discussed,
and experimental information supporting the conclusions was presented.'?2 Crystallographic proper-
ties of the phases occurring in the various related systems were tabulated. Characteristic phase
transitions were described in detail for specific salt mixtures which have special utility in the re-

actor development program.

The System LiI:-Be|:2-2r|=4-Th|=4-UF4

Uncertainties regarding possible precipitation of UO2 through contamination of the fuel system by
oxide ion has led to incorporation of ZrF, in the fuel mixture (see Chap. 2). This inclusion of ZrF,
in appreciable quantities greatly complicates the problem of a complete and systematic representation
of the phase behavior of the system. The problem is, fortunately, somewhat alleviated by the simi-
larity of ZrFA, UFA, and ThFA.

Studies of this quinary system and of its included simpler systems are still in progress. The fol-
lowing conclusions are supported by the studies performed to date.

Incorporation of 5 mole % ZrF,, asiin LiF-BeFZ-Zer-ThFd-UF4 (70-23-5-1-1 mole %), has a
slight beneficial effect on the liquidus temperature over the region of probable interest as MSRE fuel.
The composition shown above, which is probably close to the fuel composition, melts at 442 +3°C,
When mixtures of this composition are permitted to freeze slowly, the first two phases which precipi-

tate contain no UF, or ThF ,; one of these phases does contain ZrF,. When the fuel freezes com-

pletely (under near-equi|ibriAUm conditions), much of the UF4 and ThF‘1 appears as solid solution in a
familiar phase whose stoichiometry is 7LiF-6(U,Th)F4. The UF“/ThF4 ratio in the solid solution is
lower than that inthe equilibrium liquid; a reliable estimate for the UF4 content of fhefirsf7Li|:n6(U,Th)|:4
which precipitates is 15 mole %.

The phase diagram, complicated by the existence of a ternary compound of LiF, BeF,, and ZrF ,

can be elucidated only after much additional study. It appears, however, that phase behavior of the

quinary system will be suitable for use in the MSRE.

The System CrF,-CrF,

The chemistry of chromium fluorides is of particular relevance to the technology of molten-salt

reactors, because molten-salt-fluoride reactor fuels must be contained in alloys, such as INOR-8,




which contain substantial percentages of chromium. The corrosion of these alloys appears to be lim-
ited by the rate at which chromium diffuses through the metal to the metal-salt interface.'® The ther-
modynamic behavior of CrF, in molten fluorides has been the object of considerable investigation.'?
In the study of methods for preparing pure fluorides of chromium for such investigations, a new com-

pound, of the composition 3CrF2'2CrF was disclosed to contain both Cr(ll) and Cr(i11).15:16

3

The system Cer-CrF3 was brought under investigation in order to provide more information con-
cerning the behavior of chromium in fluoride media. As a first step, the temperature-composition char-
acteristics of the solid-liquid equilibria were delineated. The melting point of the component CrF,
was determined as 894 +6°C; that of CrF, was estimated to be above 1400°C. A single eutectic
point was found at approximately 830°C and 30 mole % CrF3. The single intermediate compound
3CrF2~2CrF3 was found in the system. At a peritectic invariant point (1000 +4°C), it melts incon-
gruently to CrF, and liquid. Crystals of the compound yield a reproducible x-ray diffraction pattern
and are characteristically twinned, biaxial negative, with 2V = 55° N =1.518, and N, = 1.534.

IMMERSION OILS WITH HIGH INDICES OF REFRACTION'’

Stable homogeneous mixtures of perfluorotributylamine and polymers of chlorotrifluoroethylene
have been compounded for use as immersion oils for refractive-index measurements in the range
1.292 to 1.411. These liquid mixtures possess convenient viscosities, maintain constant indices of
refraction for long periods of use and storage, are noncorrosive to glass equipment, and are nontoxic.
Surface-tension, viscosity, and vapor-pressure problems encountered with immersion oils, previously

described in the literature, are essentially absent with these mixtures.

CRYSTAL PROPERTIES AND CRYSTAL STRUCTURE
The Compounds NaF:BeF,:3ThF, and NaF:BeF,:3UF,'8

The ternary compounds NaF-BeF2-3ThF4 and NaF:BeF ,:3UF , were prepared by reaction of the
anhydrous components at high temperature and isolated as pure solid phases. Their characteristic
optical properties, x-ray diffraction data, and melting-freezing relationships were determined. Crys-
tals of these compounds are uniaxial positive, with N =1.544 and 1.598, and N_ = 1.552 and 1.608 re-

spectively. These ternary compounds are isostructural with each other and have tetragonal unit cells,

wReactor Chem. Div. Ann. Progr. Rept. jan. 31, 1960, ORNL-2931, chap. 4.

MC. M. Blood, W. R. Grimes, and G. M. Watson, ‘‘Activity Coefficients of Ferrous Fluoride and of Nicke!
Fluoride in Molten Sodium Fluoride-Zirconium Fluoride Solutions,’’ presented before the Division of Physical
and Inorganic Chemistry, 132nd National Meeting of the American Chemical Society, New York, September 1957,

ISB. J. Sturm, ‘‘Synthesis of Chromium(ll) and Chromium(I1,111) Fluorides,’’ paper presented at the 136th
Meeting of the American Chemical Society, Atlantic City, N.J., September 1959.

Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 186.
7 Am. Mineralogist 45, 469 (1960).

]8]. Am. Ceram. Soc. 43, 608 (1960),
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of the dimensions @, =11.82 A, ¢; =10.29 A for NaF:BeF :3ThF , and q) = 11.61 A, ¢, =10.12 A
for NoF~BeF2-3UF4.

The composition-temperature relationships of these ternary compounds have been described by
the Nch-BeFZ-ThF‘1 and NaF-BeF,-UF, phase diagrams. The compound NaF-Ber-3'|'hF‘1 melts
semicongruently to a ThF , solid solution and liquid at 745°C. The compound NaF:BeF ,:3UF , melts
semicongruently to UF, and liquid at 548°C.

Crystal Structure of LiSbF

Asaresult of the study of solvents for rare-earth and alkali fluorides, a new compound was produced
by addition of LiF to a solution of 20% SbF, in HF.'9 The formula was established by chemical anal- «
ysis to be LiSbF . The crystal-structure investigation was undertaken because this compound provides
a means of comparing the configuration of fluoride ions about the cation in LiSbF6 with that in NchF6
(ref 20) and in the hexafluoroantimonates of T1%, NH4+, Rb*, and Cs* (ref 21) with which the lithium-
containing compound is not isostructural.

The unit-cell dimensions and space-group symmetry of this compound were determined by a single-

crystal x-ray diffraction study. The unit cell is rhombohedral, with

a, =543 A, a=56°58".

The corresponding hexagonal triply primitive cell has the following dimensions:

aH=5.'|8A, CH=]3.60A.

If the unit rhombohedron contains one formula weight of LiSbF, the crystal density is 3.83 g/cm3,
The Laue symmetry is 3m. Three space groups, R3m, R32, and R§m, not distinguishable by diffrac-
tion, are consistent with the systematic extinctions.

The infrared absorption spectrum suggests that the crystals of LiSbF, contain Li* and SbF =
ions. A strong absorption band was observed at approximately 675 cm™"! for this compound in KBr.

A value of 660 cm™! for the ¥ vibration of the SbF ™ octahedron has been previously reported.22

X-Ray Diffraction Study of LiBrO, *

X-ray diffraction measurements of lithium bromate were made in order to obtain data from which
the crystal “free space’” could be estimated. This parameter is needed for calculations in the study

of radiolysis of alkali-metal bromates.?® Single-crystal and powder diffraction methods were employed

in the determination.

WD. O. Campbell, Chemical Technology Division, personal communication.
2ON. Schrewelius, Z. anorg. w. allgem. Chem. 238, 241 (1938),
2.IN. Schrewelius, Arkiv. Kemi, Mineral. Geol. 16B, No. 7 (1942).

22F’. D. Peacock and D. W. A. Sharp, J. Chem. Soc. 1959, 2762,
2

3G. E. Boyd, personal communication.




The results of the measurements were interpreted as follows: LiBrQ, is primitive orthorhombic

with the following unit-cell dimensions:
a=46.000 £0.01 A,
b=7.845 10.01 A,
c=5.055+0.01 A.

Systematic absences indicate that the probable space group is D;ﬁ-ano. A determination of the ap-
proximate density by a pycnometric method using xylene as the liquid gave a value of 3.62 g/cm?,
corresponding to the presence of four formula weights per unit cell (calculated density: 3.76 g/cm®).
X-ray reflections of the general bkl type were observed to be strong only when 5 + [ is even and
k is even; this observation requires that the bromine and lithium atoms occupy unit-cell positions
analogous to those of iodine and sodium in NalO, (ref 24) (with which LiBrO, appears to be isostruc-
tural). The determination of the exact positions of the bromine atoms and of the oxygens would re-

quire quantitative measurement of the x-ray intensities.

24|. Naray-Szabo and J. Neugebaver, J. Am. Chem. Soc. 69, 1280 (1947).



2, PRECIPITATION OF OXIDES FROM MOLTEN FLUORIDES

PRECIPITATION OF OXIDES FROM MSRE FUEL

J. H. Shaffer R. E. Thoma
J. E. Eorgan H. A. Friedman G. M. Hebert C. F. Weaver

The ease of precipitation of UO, upon the addition of BeO, H,0, or other reactive oxides to
LiF-BeF,-UF, mixtures has been described, ! and the following section describes a potentially
useful separation scheme based on such precipitation. However, in the operation of the Molten-
Salt Reactor Experiment with a fuel of LiF-BeF,-ThF,-UF,, precipitation of UO, by inadvertent -
contaminants might result in unstable reactor operation and, possibly, in localized hot spots if
UO, deposits formed in the core. Oxide contamination could result from (1) impurities in the
cover gas used in the reactor, (2) incompletely removed oxide films on the reactor metal, and,
especially, (3) gases desorbed from the moderator graphite. Precipitation of oxides from the
system LiF-BeF ,-ZrF ,-ThF ,-UF , by addition of reactive oxides has been studied to determine
whether inadvertent precipitation of UO, could be avoided by the addition of ZrF,.

Equilibration of LiF-BeF,-ZrF ,-UF, mixtures with BeO and careful examination of the
products has established that a ZrF“/UF4 ratio in excess of 3 prevents precipitation of UO,;
from such melts the precipitate is ZrO, uncontaminated by UO,. From the results of these
studies it was recommended that the MSRE be fueled with LiF-BeF2-ZrF4-ThF4-UF4 (70-23-5-
1-1 mole %). Experimentation with this mixture demonstrates that a ZrF4/UF4 ratio of 3 or more

prevents the formation of UO.; when sufficient BeO is added to adjust the ZrF4/UF4 ratio to

2/
unity (by precipitation of Zr0,), precipitation of UO, occurs. Addition of BeO in an amount cal-

culated to precipitate all the UO, and ZrO, did not cause precipitation of ThO,.

Subsequent experiments have been performed in larger-scale equipment to verify this behavior
of uranium and zirconium in the MSRE fuel. Addition of BeO in increments to such a melt with
subsequent equilibration and filtration of samples for analysis gave the results shown in Fig. 2.1, .
These data indicate that the uranium and zirconium coprecipitate as oxides when the Zr4*/U4*
ratio falls to about 1.5. Further studies are in progress to evaluate the effect of temperature and

of solution composition on this selective precipitation.

It is anticipated that the MSRE system can be cleaned sufficiently well to prevent precipitation
of any oxide within the system. It appears from this study, however, that the relatively safe pre-

cipitation of small quantities of ZrO, can be readily substituted for the precipitation of uo,.

]J. H. Shaffer et al., Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 84.
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RECOVERY OF URANIUM AND PROTACTINIUM FROM MOLTEN FLUORIDE SYSTEMS
BY PRECIPITATION AS OXIDES?

J. H. Shaffer G. M. Watson D. R. Cuneo J. E. Strain M. J. Kelly

In the conceptual two-region molten-salt breeder reactor, fissionable U233 will be recovered

233, Because of half-life and neutron absorption cross-

233

from the blanket as the decay product of Pa
section values, equilibrium concentrations of Pa in the blanket mixture would result in appre-
ciable parasitic neutron absorptions. Therefore, if the thermal breeding potential of a molten-salt
. nuclear reactor is to be exploited, a method for removing protactinium as well as uranium from the
blanket is desirable. A method of precipitating uranium and protactinium as oxides from solution
in a molten fluoride solvent has been examined for application to the molten-salt reactor program.
Small-scale experiments clearly indicated that it is possible to remove protactinium from molten
fluoride solutions by what appears to he surface precipitation of protactinium on beryllium oxide or
thorium oxide particles. In these experiments, protactinium was repeatedly removed from molten
i mixtures of LiF-BeF,-ThF, (67-18-15 mole %) by the addition of 1to 2 wt % solid beryllium or
| thorium oxides. Typical results of these experiments are shown in Figs. 2.2. and 2.3. The re-
moval was equally successful when the initial concentration of protactinium varied from tracer
levels (1=2 ppb) to macro levels (50-75 ppm).
Similar procedures were successful in the removal of uranium from solution in molten fluorides.

For example, Fig. 2.4 illustrates the effective removal of approximately 2000 ppm uranium from

2. H. Shaffer et al., paper presented at the First Conference on Nuclear Reactor Chemistry, Gatlinburg,
Tenn., Oct. 12-14, 1960.
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solution in molten LiF-BeF -ThF, (67-18-15 mole %) by the addition of 3 wt % beryllium oxide.
Comparable results were obtained by using ThO, as the solid oxide precipitant.

Mixtures of protactinium and uranium dissolved in the molten fluoride solvent LiF-BeF,-ThF,
(67-18-15 mole %) demonstrated a dissimilar behavior in reacting with beryllium oxide. While these
results, illustrated in Fig. 2.5, showeda coprecipitation of protactinium and uranium, a consideration
of the magnitudes of the initial concentrations of these ions in solution suggests that the solubil-
ity of protactinium oxide may be much less than that of UO,. A subsequent experiment, see Fig.
2.6, illustrated the ability of UO, to displace or precipitate protactinium dissolved in the molten
fluoride solvent.

By using concentrations comparable with those contemplated for uranium and protactinium in
the proposed blanket of a two-region molten-salt breeder reactor, the experimental results demon-
strate the application of oxide precipitation reactions to the molten-salt breeder reactor program.
Of further interest to this program was the experimental observation that protactinium was precipi-
tated from solution in the presence of approximately 1000 to 2000 ppm uranium. In addition to
illustrating the removal of uranium and protactinium from salt mixtures containing high concen-
trations of thorium, the experimental results show that protactinium can also be separated from

uranium by these oxide precipitation reactions.
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3. SOLUBILITY OF GASES IN MOLTEN SALTS

BORON TRIFLUORIDE AS A SOLUBLE POISON IN MOLTEN FLUORIDE REACTOR FUELS

G. M. Watson

Control of a reactor by adjusting the concentration of some neutron absorber which can be
readily added and removed has, for years, been an attractive possibility. Such chemical control
of a molten-salt reactor might be obtained by use of BF, (enriched in B'0 if necessary); the con-
centration of BF, in the molten fluoride fuel solution could be controlled by controlling the partial
pressure of this gas over a free surface of the circulating system.

To assess the possible use of this material in the Molten-Salt Reactor Experiment, and molten-
salt reactors generally, the solubility behavior of BF ; has been determined in a simulated reactor

fuel mixture, and the extent of reaction of BF, with moderator graphite has been examined.

Solubility of BF, in Simulated MSRE Fuel
J. H. Shaffer

The solubility of BF3 in the molten fluoride mixture was determined by a method very similar
to that described! for determination of the solubility of HF. The melt, which consisted of LiF-
Ber-ZrF“-ThF4-UF4 (65-28-5-1-1 mole %), was saturated by sparging with BF at a predeter-
mined temperature (500-700°C) and pressure (1.2~1.9 atm BFS)' A measured portion of the satu-
rated liquid was transferred, by melting a frozen seal, to an isolated section of the apparatus,
where the dissolved BF ; was recovered by sparging with helium. The recovered BF, was ab-
sorbed in aqueous NaCl solution and was measured by the Analytical Chemistry Division using
a method described by Booth and Martin.?2

The solubility of BF; was shown to obey Henry’s law and to decrease with increasing tem-
perature. The solubilities, in moles of BF, per liter of salt per atm of BF,, are 0.267, 0.132,
0.083, and 0.035 at 500, 550, 600, and 700°C respectively. From the temperature dependence of
solubility it is seen that the enthalpy of solution is independent of temperature and equal to —15.1
kcal/mole.

These relatively high values would permit a B/U?35 ratio of 0.4 in the MSRE fuel at the higher
reactor temperature with 1 atm of BF3; it should be possible to achieve the desired reactor control,
therefore, at quite modest pressures of BF,.

Intrusion of gaseous BF into the void volume in the unclad graphite moderator of the MSRE
would complicate use of this poison. The solubility of BF; in the liquid is sufficient, however,

so that, if the physical adsorption of BF; on graphite is negligible and if equilibrium distribution

]J. H. Shaffer, W. R. Grimes, and G. M. Watson, J. Phys. Chem. 63, 1999 (1959).
2y, S. Booth and D. R. Martin, Boron Trifluoride and Its Derivatives, chapt. VII, Wiley, New York, 1949,
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of BF, between moderator pores and the molten fuel is maintained, 85% of the boron content of the
core will be in the molten fuel.

Additional information concerning reversible adsorption of BF ; by graphite, rates of diffusion
of BF ; in graphite pores, and rates of solution of BF; in flowing salt streams will be required be-

fore this method of chemical ¢ontrol can be recommended.

Retention of BF, on Graphite

A. R. Saunders

The extent of reaction of BF ; with moderator graphite or of irreversible sorption of BF ; by
graphite has been examined® as a step in the evaluation of this gas as a chemical poison for the
Molten-Salt Reactor Experiment.

. The test specimens were Speer No. 2 reactor-grade graphite. The samples were degassed by
heating to 2000°C in an induction furnace under a pressure of 0.1 i over a 16-hr period and were
then cooled under helium gas. After insertion into the test apparatus, with a short unavoidable
exposure to the atmosphere, they were again degassed in a current of helium at 800°C. Speci-
mens were then exposed to BF, at 10 to 15 psig for 2 hr at temperatures of 600 to 800°C. After
exposure, the BF; was stripped from the specimens by sweeping with dry helium gas at atmos-
pheric pressure for a 2-hr period. Boron content of the specimens was determined by spectro-
graphic analysis and, in some cases for which B“:)F3 had been used, by measurement of neu-
tron cross section with the pile oscillator.?

The experimental data obtained indicate a mean residual boron content of 10 ppm in the graph-
ite after treatment; this retention is independent of exposure temperature and BF3 pressure over
the small pressure range studied. It is clear that no appreciable reaction of BF ; with graphite
occurs; the small quantity of boron retained may be by chemisorption on the active surfaces or,
possibly, by reaction with small quantities of adsorbed water not removed by the final degassing

treatment.

THE SOLUBILITY OF HF IN MOLTEN FLUORIDES
J. H. Shaffer G. M. Watson
As part of a systematic study of gas solubilities in molten fluoride mixtures, the solubility of

HF in molten LiF-BeF,-Z¢F ,-ThF ,-UF, (65-28-5-1-1 mole %) was determined. By simulating the
MSRE fluoride fuel mixture, the HF solubility data should indicate the distribution of HF in the

3A. R. Saunders, Retention of Boron Trifluoride on Graphite in a Molten Salt Reactor, ORNL CF-60-11-21
(Nov. 4, 1960).
40RSORT Reactor Pbysics Laboratory Manual, TID-5262 (July 1955).




polythermal reactor fuel circuit. In addition, a comparison of these data with the solubility be-
havior of HF in other fluoride solvents'+3 might be useful to the understanding of the liquid state
of molten fluoride systems.

The solubility of HF, measured over the temperature and pressure ranges 500 to 700°C and 1.4
to 2.4 atm, respectively, was found to obey Henry’s law and to decrease with increasing tempera-
tures. Henry’s law constants, expressed in moles of HF per cc of solution per atm, were found to
be 17.0 x 10~6, 13.3 x 10~%, 10.8 x 10~¢, and 8.0 x 10~ at temperatures of 500, 550, 600, and
700°C respectively. The temperature dependence of the Henry's law constants illustrates that
the enthalpy of solution is constant and equal to approximately —5.65 kcal/mole over the tem-

perature range studied.

5J. H. Shaffer and G. M. Watson, Reactor Chem. Div. Ann. Progr. Rept. Apr. 29, 1960, ORNL-2584, p 31.
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4, XENON POISONING IN MOLTEN-SALT REACTORS CONTAINING GRAPHITE
R. B. Evans 1l

Since the Molten-Salt Reactor Experiment will be moderated with unclad graphite which is to be
in contact with the fuel, the possibility exists that appreciable poisoning of the reactor will occur
through diffusion of fission product xenon info the pores of the moderator. Burch, Watson, and
Weeren, who examined this problem,] concluded that such poisoning could be avoided if a gas-
expansion dome (of roughly half the volume of the fuel) were included in the circulating system.
Spiewck2 has pointed out, however, that the case will be considerably different in the MSRE, where
the flow of fluid through the pump bowl will be less than 10% of the total flow through the reactor
system. Accordingly, estimates have been made of the xenon poisoning to be expected in a hypo-
thetical molten-salt reactor operating at steady-state conditions near those proposed for the MSRE. >

Xenon transport rates were considered for various combinations of generation, burnout, decay,
removal via helium stripping, and diffusion into graphite. Particular attention was given to a dis-
cussion of the graphite porosity, permeability, and xenon diffusion coefficient. These parameters
govern the rate of xenon diffusion into the graphite moderator.

Figure 4.1 shows a family of curves for poison fraction as a function of recycle rate (i.e., per-

centage of flow which is equilibrated with a stripping gas such as helium) and DA. For orientation

1W. D. Burch, G. M. Watson, and H. O. Weeren, Xenon Control in Fluid Fueled Reactors, ORNL CF-60-2-2
(July 6, 1960).

2|. Spiewak, ORNL interoffice correspondence, Oct. 7, 1960.

3G. M. Watson and R. B. Evans Ill, Effects of Xenon Absorption in Molten Salt Reactors Containing
Graphite, ORNL CF-61-2-59 (Feb. 15, 1961).
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with these curves the estimated DA values for CEY and AGOT graphites are 5 x 107% and 6 x 10~4
cm/sec respectively. For DA values within this region, increasing the recycle rate is by far the
most effective method of decreasing the poison fraction. Figure 4.1 clearly indicates that decreasing
DA from 6 x 1074 10 5 x 10~% offers no real advantage when the recycle rate is kept below 10%.
Incorporation of a facility to permit stripping of a large fraction of the total flow coupled with
graphite of low permeability effectively removes the xenon poisoning problem. However, the problem

cannot be effectively solved by improved graphite alone.
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5. THERMODYNAMIC STUDIES IN MOLTEN SALTS

EXPERIMENTAL AND THEORETICAL STUDY OF MOLTEN RECIPROCAL SALT SOLUTIONS

A. R. A. Funes' M. Blander J. Braunstein? D. G. Hill3

Additional theoretical and experimental studies were made of the thermodynamic properties of
molten salt systems containing at least two cations and two anions (reciprocal salt systems). Theo-
retical calculations,? based on the quasi-lattice model for dilute solutions of AY and C~ ions in the
solvent BD, were made for the associations

+ -
A" +CT=AC,
AC+C™=AC,™,
+
AC+AT =ACT,
where the ionic binding is nondirectional. They provided the association constants K, K,, and

K, for the respective associations:

K, =Z(B, -1, (1
z(z - 1)

KIKZ = 2 (31182“'2,8]4‘]), (2)
Z(z - 1)

KIKIZZT(B]B]2’2B]+]): (3)

where Z is a coordination number, 8, = exp (—AAI/RT), in which AA_is a specific bond free
- energy.5 For associations in which the change of the internal degrees of freedom of the ions

involved is negligible, AA; ZA E, and is independent of temperature.

Electromotive Force Measurements in the System AgNO, and NaCl in
Molten Equimolar Mixtures of NaNO, and KNO,
and Their Comparison with the Quasi-Lattice Theory®

Using a concentration cell which has been described previously,”*® measurements of the activity

coefficients of AgNO,, yAgNog, in dilute solutions of AgNO; and NaCl in an equimolar mixture of

Fellow of the Consejo Nacional de Investigaciones Cientificas y Tecnicas of Argentina.

N

On sabbatical leave from the University of Maine, Orono, Maine.

Duke University, Durham, N. C., consultant to the Reactor Chemistry Division, summer 1960.
M. Blander, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 43.

M. Blander, J. Chem. Phys. 34, 432 (1961).

B W

D. G. Hill and M. Blander, to be submitted to the Joumal of Physical Chemistry.

M. Blander, F. F. Blankenship, and R. F. Newton, J. Phys. Chem. 63, 1259 (1959).
J. Braunstein and M. Blander, . Phys. Chem. 64, 10 (1960),

o N O




NaNO ;-KNO,; were made at five temperatures ranging from 233 to 528°C. The concentration depend-
ence of log yAgNO3 was compared with the results of calculations based on the asymmetric approxi-
mation and led to the values of K, and AE, listed in Table 5.1 for values of Z =4, 5, and 6. These
values probably cover the entire range of possible coordination numbers. The values of AE, for any
one value of Z are constant at all temperatures within the estimated experimental error. This further
demonstrates over much wider ranges of temperatures and values of K the fact, observed previously
in the pure NaNO, and pure KNO, solvents,? that Eq. (1) with a constant value of AA, (AE)) leads

to a correct prediction of the temperature dependence of K.

Table 51. Values of AE] and K, for the Association of Ag+ and Cl~ in an Equimolar Mixture of -
NaNG, and KNOj as Obtained from the Comparison of the Data with the Theory

—AE] (kecal/mole)

Temperature .
€K) 7 =4 7 =5 Z=6 K, [(moles/mole solvent) ™ ']
506 5.6 5.4 5.2 1051
551 5.57 5.33 5.13 644
658 5.67 5.38 5.15 302
752 5.72 5.40 5.13 180
801 5.6, 5.28 5.00 133

The solvent effect on Kyis illustrated in Table 5.2. The calculated values of AE, in Table

5.1 for the mixture are the averages of the values for pure NaNO, and KNO, and conform to the

expression

AE, (NaNO,-KNO,) = N,  AE, (NaNO,) + N, AE, (KNO,) . (4)

Table 5,2, Comparison of the Values of Ky and AE.I for the Association of Ag+ and CI” in -
NaNO 3, NaNO4-KNO 4 (50-50 mole %), and KNG, at 385°C

NaNO,-KNO
NONO3 (50-50 mole %) KN03
K, [moles/mole solvent)™'] 205 302 456
—AE] (kcal/mole)
z=4 5.17 5.67 6.18
z=35 4.88 5.38 5.89
z=6 4.65 5.15 5.68




For values of 3, appreciably larger than unity a linear relation of a type first suggested by Flood

and co-workers,’

In K, (NaNO4-KNO,) = N In K| (NaNOy) + N, In K, (KNO,) , (5)

Na

is consistent with the results.

A Critical Evaluation of Association Constants in Reciprocal Salt Sysi’ems]0

A method was developed to evaluate stepwise association constants at infinite dilution. It
consisted of the expansion of the activity coefficient of a component in powers of the stoichiometric
concentrations of the solutes in a series in which the coefficients were combinations of the accumu-
lative association constants, K,

L2y 2 2
KRy + (KyKy = 5 KY) Ry + (2K Ky = KPR

=In VAgNO, T KXRAgNO3+"" (6)

and were also the coefficients of a MacLaurin expansion of ~In yAgNO3' Thermodynamic associa-
tion constants were obtained by extrapolation of the derivatives of the experimental activity coef-
ficients to infinite dilution of the solutes and comparing these with the coefficients of Eq. (6).
Precise data at low concentrations of the solutes were required for this extrapolation. Association
constants in molten salts reported previously by other authors show large discrepancies. The method
used here makes it clear that these discrepancies probably arise because of the lack of data at suf-
ficiently low concentrations to permit a reliable evaluation of the association constants at infinite
dilution of all solutes.

For the association of Ag+ and Cl ™ ions in molten KNO, for example, the stepwise constants
for the formation of AgCl, AgCl,~, and Ag2C|+ at 385° were found to be K, = 456 * 10, K, =
169 £20, and K, =70 + 15 (moles/mole KNO3)_] respectively. For the association of Ag’
and Br~ ions in KNO,, K, and K, were evaluated and compared with Egs. (1) and (3). The re-

sults of the comparison are shown in Table 5.3. The constancy within the estimated experimental

9H. Flood, T. Forland, and K. Grjotheim, Z. Anorg. u Allgem, Chem, 276, 289 (1954).

IOJ. Braunstein, M. Blander, R. M. Lindgren, and A. R. A. Funes, submitted to XVIil IUPAC Montreal,
Canada — written in conjunction with the University of Maine.

+ -
Table 5.3. Values of Kl and KIZ’ AE.I and AE'IZ' for the Association of Ag and Br™ lons in KNO3

-AE, (kcal/mole) ~AE, (kcal/mole)
T(°K) K, Z=4 Z=5 Z=6 K12 Z=4 Z=5 Z=6
675 925 7.3] 7.0] 6.77 289 7.07 6.70 6.39
711 772 7.44 7.12 6.87 210 7.00 6.59 6.28
725 737 7.53 7.20 6.‘3’4 208 7.12 6.7] 6.39
747 598 7.44 7.1] 6.85 174 7.07 6.65 6.33
773 540 7.54 7.20 6.‘3’3 145 7.04 6.6] 6.27




error of the values of AE | and AE,, for any one value of Z demonstrates the potential usefulness
of the theoretical expressions in predicting the temperature coefficients not only of K, but also of

Kyope

FREEZING-POINT DEPRESSIONS IN SODIUM FLUORIDE

S. Cantor

This work is part of a general program whose purpose is to establish the effects of structural
parameters on the thermodynamic properties of fused fluoride solutes. Many binary fluoride mixtures
containing more than 75 mole % of sodium fluoride yield pure crystalline NaF as the primary phase
on cooling from the liquid state. Accordingly, structural differences among several families of
fluoride solutes can be deduced from their effects on the freezing point of sodium fluoride. Studies
of the effects of alkaline-earth fluorides and the 3 transition metal difluorides (MnF,_,, FeF,, CoF,,
NiF,, ZnF,) have been reported previously. ' The present work reports studies of effects related

to ion size, cation charge, and polarization.

Effect of lon Size

When the isostructural tetravalent fluorides, in concentrations up to 15 mole %, were dissolved
in NaF, the freezing-point lowering followed the order ThF > UF, > HfF, = Zr F, the depressions
of the freezing point were less than would be consistent with ideal behavior. This behavior is con-
sistent with the assumptions that eightfold coordination of the tetravalent cation exists in solution
(as it does in the crystalline state) and that the cation size determines the extent to which all eight
fluoride ions are in contact with the cation. As the tetravalent ion size increases, more fluoride
ions will be in contact, and, therefore, greater work will be required for the sodium ions to attract
fluorides and establish long-range order, that is, crystallize. In fact, it is only in the case of Th**
that all eight fluorides can have points of contact.

The nature of the relationship between the depression of the freezing point of NaF and the tetra-
valent cation radius is shown in Fig. 5.1. A test of whether this linear relationship holds when two
tetravalent fluorides are in solution at the total concentration for which the lines are drawn is indi-
cated in Fig. 5.2, in which the radius for the pair was taken as an arithmetic average of the two
cationic radii. At the higher concentration (15 mole % solute) the two tetravalent cations appear to

have a synergistic effect for fluoride attraction; that is, the freezing point of NaF is lower than ex-

pected.

s, Cantor, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 48; paper submitted
to Joumnal of Physical Chemistry.
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Effect of Cation Charge

Three fluorides whose interionic distances approximate that of NaF are CaF,, YF, and ThF .

The significant structural difference among these solutes lies in their cationic charge. ltis clear

from the results indicated in Fig. 5.3 that the larger the cation charge of the solute, the greater its

freezing-point depression. Stated differently, the stronger the electric field of the solute cation,

the greater will be its attraction for fluoride ions, which, in turn, will make the establishment of

long-range order for NaF (crystallization) more difficuit. In addition it would seem from the data

that the excess freezing-point depression caused by the trivalent fluoride is approximately half way

between those of the divalent and tetravalent fluorides.

Effects Related to Polarization

If a set of solute cations have the same charge and size, the cation with the greater polarizing

power would be expected to have a greater fluoride affinity, thereby causing a greater freezing-
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point lowering of NaF. For MgF , and ZnF,, whose cation sizes and charges are about the same,

a significant structural difference is the greater polarizing power of the d'° electronic configuration
(Zn2*) over that in the inert-gas configuration (Mgz+). Re-examination of the data''! shows that,
indeed, as revealed by Fig. 5.4, ZnF, does depress the NaF freezing point somewhat significantly
more than does MgF,.
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HEAT OF FUSION OF 3LiF-ThF4

R. A. Gilbert'? R. E. Thoma

As part of the continuing program of research on the chemistry of fused salts, the phase diagrams
of many binary systems of the AX-MX, type LA = alkali metal, M = heavy metal (Th, U, Zr, Hf)] have
been determined.’® Within these diagrams, many intermediate congruently melting compounds have
apreared. While melting points and some information on crystal structure are usually available,
little is known about the thermodynamic properties of these intermediate compounds. This informa-
tion would be of value in calculating ideal phase diagrams for comparison with experiment results.
in making such thermodynamic calculations for binary fused salt mixtures, Chu and Egun]4 were
forced to estimate entropies of fusion because such data were not available.

As the first stage in such a thermodynamic study, the heat of fusion of the compound 3LiF.ThF,
was determined using the Bunsen ice calorimeter. The material chosen for study was 3LiF-ThF,
because of its relatively low melting point (approx 570°C) and because no solid decomposition occurs

below the melting point. Figure 5.5 presents the experimental data, along with equations for the

]2Chemisfry Division.

phase Diagrams of Nuclear Reactor Materials, ORNL-2548 (Nov. 6, 1959).
Mann. N.Y. Acad. Sci. 79 (Art. 11), 908 (1960).
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solid and liquid lines. Over the relatively short temperature ranges shown, the heat capacities ~f
the solid and liquid can be considered constant within the experimental precision; linear equations
can therefore be used.

It is evident from the data in Fig. 5.5 that a small amount of premelting has occurred, probably
because of the presence of some impurities in the sample. Thus, the melting point is seen to be in
the range 568 to 569°C. Because the solid and liquid lines are so nearly paraliel, the effect of this
1€ uncertainty on the heat of fusion is negligible; at 568°C the calcuiated value is 13,938 ca) and
at 369°C, 13,942 cal.

When all uncertainties are taken into account, the heat of fusion is considered to be 13,940 + 50

cal/mole.

CALCULATION OF DENSITIES OF MOLTEN FLUORIDE SYSTEMS

F. B. Bien S. Cantor F. F. Blankenship

As part of the larger general problem of understaiiding and predicting the thermodynamic proper-
ties of fused fluorides, the experimentally determined densities of the systems LiF-BeF,, 5 NaF-
BeF,, 16 LiF-BeF,-UF , 17 and Na F-BeF ,-UF, 16017 \were examined. The specific objective was
to derive equations for these systems relating density or molar volume to composition. it was
hoped that these equations might be useful (with suitable modifications) for calculating the densi-
ties of related systems,

Plots of the molar volumes in LiF-BeF, and NaF-BeF, melts revealed a linear relationship with

mole fraction, expressed by the equation
V=NV, +(0=N)V,, (1
where V,is the molar volume at temperature ¢ (°C), V, and V, are the molar volumes of pure liquid

alkali fluoride and BeF,,

fluoride. The assumption that the volume contribution of BeF,, in these melts is only associated

respectively, at temperature ¢, and N, is the mole fraction of the alkali

with its fluoride ions (because the Be2* jon is relatively small) allows the molar volume to be
equated to mole fraction and ion volume:
V, =NW ,+@2=N)V _, (2)
A F
where V. and V _ are the volumes of a gram ion of alkali and fluoride ions respectively (herein-

F
after referred to as ‘‘jonic molar volumes’’). The ionic molar volumes were calculated from the

15, C. Blanke et al., MLM-1086 (December 1956).
165, C. Blanke et al., MLM-1079 (April 1956).
178, C. Blanke et al., MLM-1076 (April 1956).
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literature values for the alkali fluorides '® and BeF, ' and are expressed by the following equations:

Vo =(10.32 + 2.25 x 1073) cm?

7

F

Vo, =(5.48 +3.55x1073%) cm?, (3)
Na

Vo, =(0.046 + 1.53 x 1073) cm® .
Li

At 600 and 800°C, volumes calculated from Egs. (2) and (3) deviated from the observed results by
an average of 2%.

When the same assumption made for BeF , was applied to UF ,, that is, when the volume contri-
bution was assigned to the fluoride ions alone, then it was a simple matter to derive an equation
analogous to (2). If the mole fractions of alkali fluoride and UF , are N, and N, respectively, then

the equation for the ternary melt (containing Ber) is given by

V¢=N1VA++V (2428, -N)). (4)

F
Molar volumes in the ternary systems calculated by means of Eqgs. (3) and (4) differed from the
observed molar volumes by an average of 2.5%.

An equation similar to (2) was also derived for the molar volume of the MSRE fuel system, LiF-
BeF ,-UF ;-ZrF ,-ThF ,, under the assumption that the partial molar volumes for all three tetravalent
fluorides are due to fluoride ions alone. This volume equation for MSRE fuel (70-23-5-1-1 mole %
LiF-BeF ,-ZrF ,-U F4-ThF4) gave a value which corresponds to a density expression, d =2.77 —

6 x 104 thisis in good agreement with the experimental equation d = 2.84 — 5.6 x 10=% (ref 20),

The relatively good agreement between calculated and observed densities provides confidence
in the soundness of the assumptions. The significance of the agreement i s that densities of fluoride

melts are predictable if the components are sufficiently similar to those treated in this study.

Y8E M. Jaeger, Z. anorg. Chem. 101, 177-78 (1917).

]9J. D. MacKenzie, J. Chem. Pbys. 32, 1150 (1956).
205. S. Kirslis, MSRP Quart. Progr. Rept. Feb. 28, 1961 (to be published).
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6. RADIOTRACER TECHNIQUES IN THE STUDY OF INOR-8 CORROSION
BY MOLTEN FLUORIDES'2

G. M. Watson J. H. DeVan?® R. B. Evans lil

When INOR-8 (nominal composition: 7% Cr, 16% Mo, bal Ni) is exposed to a molten fluoride
mixture containing reducible material, chromium is selectively oxidized and removed from the

alloy. When FeF, serves as the oxidant in a polythermal test system the corrosion reaction

FeF, + Cr®—> CrF, + Fe®

is essentially complete at all practical temperatures; use of FeF, as the oxidant removes chro-
mium from all portions of the system. The rate of corrosion is controlled by rates of diffusion of
chromium within the alloy since the other metals are not oxidized.
The self-diffusion coefficients for chromium in Inconel and INOR-8 and the applicability of
these values to alloys under corrosive conditions have been evaluated by use of radiotracer cel.
Over-all coefficients have been obtained by measuring the total radioactivity of exposed alloy
specimens and that of the salt to which they were exposed.? In addition, coefficients were ob-

tained from measurement of tracer concentration profiles through successive electropolishings of

A portion of this summary is an abstract which appears in Intern, J. Appl. Radiation and Isotopes 9, 170
(1960).

2Complefe tabulation of the experimental INOR-8 data is given in the following: J. H. DeVan, a thesis,
Effect of Alloying Additions on the Corrosion Bebhavior of Nickel-Molybdenum Alloys in Fused Fluoride
Mixtures, pp 74—-106, Department of Chemical and Metallurgical Engineering, University of Tennessee,
August 1960,

3Mefcﬂlurgy Division,

4R. B. Evans I, J. H, DeVan, and G. M. Watson, Self-Diffusion of Chromium in Nickel-Base Alloys,
ORNL-2982 (Jan. 20, 1961).
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coefficients was obtained (as demonstrated by Fig. 6.3). This agreement suggests that the self-
diffusion coefficient for chromium can be used to predict corrosion rates — even when the content
in the affected portions of the INOR-8 is drastically altered.
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7. BEHAVIOR OF FISSION PRODUCTS IN A GRAPHITE-MOLTEN SALT SYSTEM
R. E. Adams W. E. Browning, Jr.

A graphite specimen from experiment 47-2, conducted by personnel from the Reactor Division,
was examined in the hot cells at Battelle Memorial Institute. This specimen of graphite (type
S4A) had been irradiated in the MTR at about 1300°F for 1600 hr in contact with LiF-BeF -

ThF -UF, (67-18.5-1.5-13 mole %). The graphite-salt assembly was contained in a flexible
capsule of INOR-8, and the contents of the capsule were maintained under 100 psia through ex-
ternal pressure transmitted through the liquid sodium in the bath surrounding the capsule.

Weight-change data indicated that the graphite specimen had absorbed molten salt to the
extent of 0.9 vol %; this value agrees well with that obtained for similar specimens out of pile.
Optical examination of the graphite (at magnifications up to 34X) showed the surface to be un-
affected; a small amount of molten salt adhered to the bottom surface of the specimen.

The graphite specimen was sectioned in several places, and an autoradiographic study was
made of each of the cut faces. The high radiation levels of the graphite sections, which had
contact readings in the range of 50 to 100 r/hr, required special autoradiographic techniques to
be developed. All evidence, from both the autoradiographs and the core-drilling tests to be de-
scribed later, indicates that the interior regions of high activity were not merely on the cut
diametral surfaces, but extended longitudinally through the graphite. It is postulated that the
graphite specimen contained planes of high porosity {(visible in cross sections as chords) which
had channels to the circumference and possibly to the bottom, into which molten-salt fuel in-
truded.

Core-drilling apparatus, consisting of a Dumore high-speed bench drill and modified No. 16
hypodermic-needle drills, were used to obtain samples of graphite in specific areas selected from
observation of the autoradiographs. Because of the high level of radioactivity it was necessary
to conduct the drilling remotely in a hot cell.

Samples were taken along the high-activity chord and along a number of radii for the measure-
ment of activity as a function of distance from the circumference. An enlarged autoradiograph of
the drill face is shown in Fig. 7.1. Upon completion of drilling, the specimen was again auto-
radiographed; a definite reduction in total radioactivity was noted, especially along the chord.

The cores were removed from the drill needles, weighed, and their relative gross gamma
activities determined. There was a great variation in unit activities among these cores, which,
however, correlated quite well with the location of the hole and activity of the region. With the
radial cores, activity increased rapidly as the periphery of the graphite was approached. Interior
cores, when located in areas shown by the autoradiograph to be relatively free of activity, were
characteristically low, 2000 to 6000 counts min~' mg™".

Several typical cores were analyzed with a multichannel gamma spectrometer. Peripheral
cores showed principal peaks indicating Ce]“-Ce]“, Pa'33, Ruw3-Ru‘°6, and Zr95-Nb9s,

similar to those exhibited by the fused-salt fuel. Cores from the high-activity chord showed
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8. PURIFICATION AND HANDLING OF MOLTEN SALTS
F. A. Doss J. E. Eorgan

In support of the molten-salt reactor program and other programs utilizing molten fluorides, a
facility for the production of purified fluoride mixtures has been maintained and operated by the
Reactor Chemistry Division. The method used in this production process has been previously
described.! By this process various fluoride mixtures are heated to 1500°F and treated alter-
nately with flowing hydrogen and anhydrous hydrogen fluoride. Hydrogenation serves to reduce
sulfur compounds to sulfides, and extraneous oxidant impurities to lower valence states; hydro-
fluorination serves to volatilize sulfides and chlorides and to convert oxides and oxyfluorides
into fluorides. A final hydrogenation is used to reduce structural-metal fluorides to metals for
subsequent removal by filtration.

As a batch process, the production facility accommodates virtually all fluoride mixtures which
melt below 1500°F, in quantities varying to 250 Ib per batch. During 1960, approximately 6000 Ib
of fluorides was processed for the reactor programs which utilize molten fluoride media. Of this
quantity approximately 2300 |b of zirconium-based fluoride mixtures, principally mixtures of LiF,
NaF, and ZrF,, was processed for the Chemical Technology Division. The balance of the fluo-
ride production supplied the molten-salt reactor programs of the Reactor Division and the Reactor
Chemistry Division with salt mixtures composed primarily of LiF, BeF,, ZrF,, ThF,, and UF,.

In addition to the production process, a handling service for molten fluorides is rendered to
assist in the various engineering tests? and in the eventual fueling operations of the MSRE. This
service includes such operations as filling, sampling, and emptying test loops, and preparing in-
pile irradiation-test capsules. Technical advice is furnished to various groups which handle
molten salts. The equipment and techniques required for handling molten salts permit similar
operations with liquid metals to be provided routinely.

While the 1960 production does not illustrate the full capacity of the fluoride processing fa-
cility, the versatility of this operation has been demonstrated. A continual surveillance of proc-
essing techniques is also maintained by a production-research program. This experimentation
will provide a basis for process improvement as well as improvements in handling techniques

for high-temperature liquid systems.

'Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 64.
2MSRP Quart, Progr. Rept. for Periods Ending Jan. 31 and Apr. 30, 1960, ORNL-2973, p 80.
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9. AQUEOUS SYSTEMS AT ELEVATED TEMPERATURE
W. L. Marshal!l

E. U. Franck! J. E. Savolainen
J. S. Gill R. Slusher
E. V. Jones F. J. Smith?2

Investigations of phase equilibria in systems suitable for use in aqueous homogeneous reactors
have continued. A major part of these investigations deals with the definition of solubility equi-
libria in the five-component system UO,-Cu0O-Ni0-50,-D,0 and its accessory four- and three-com-
ponent systems at temperatures between 300 and 374°C, an upper temperature range of current in-
terest for aqueous homogeneous reactors. Other phase-equilibrium work included the determination
of the solubility of UO, and ThO, at high temperature in solutions of HNO, and H,0. A new
program was initiated for the determination of electrolytic conductances of aqueous systems to
800°C and 4000 atm of pressure. Most of the investigations reported have been discussed in
homogeneous reactor progress and laboratory reports over the past year.3'4 These studies are re-

|
|
viewed briefly in this section. ‘

SOLID-LIQUID EQUILIBRIA IN SULFATE-BASED SYSTEMS: 300-350°C

Investigations on the System UO ;-Cu0-50,-H,0

Previous work had established the simultaneous solubility of 3Cu0+50,:2H,0 and Cu0:3UO, at
300°C as a function of concentration of total sulfate in the system U03-CUO-SOB-H20.5 The intent
of this present work was to determine simultaneous solubilities for these two solids in this system
at 325 and 350°C in order to establish the magnitude of the temperature coefficient of solubility.
These experiments have been described in detail elsewhere.® Results at 325 and 350°C are com-
pared in Fig. 9.1 with a curve at 300°C extrapolated from values at higher concentrations of sulfate.
These datq, plotted in terms of the saturation molal ratios, U022+: total sulfate and Cu2*:total sul-

fate, appear to indicate an almost undetectable change in solubility between 300 and 350° for the two

solids, 3Cu0-503-2H20 and Cu0-3U03, in concentrations of total sulfate between 0.02 and 0.03 .

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

2Summer employee, 1960. Now at Louvisiana State University, Baton Rouge.

3H. F. McDuffie et al., HRP Quart. Progr. Repts.: Jan. 31, 1960, ORNL-2920, pp 53-75; Agril 30, 1960,
ORNL-2947, pp 47-59; July 31, 1960, ORNL-3004, pp 45-60; Nov. 30, 1960, ORNL-3061, pp 50-60.

4W. L. Marshall and E. V. Jones, Temperatures of Second Liquid Phase Formation for Two Aqueous Homo-
geneous Reactor Compositions and Their Concentrates, HRP-60-142 (1960); W. L. Marshall and J. E. Savolainen,
HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, pp 62-63.

5W. L. Marshall and J. S. Gill, Investigation of the System UOB-CuO-NiO-SOB-HZO at 300°C, ORNL CF-
59-12-60, rev 1 (December 1959); HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, pp 64—68.
W. L. Marshall and J. S. Gill, HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, pp 58-59.
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Investigations on the System Cu0-50,-D,0

The solubility of 3Cu0:50,+2H,0, antlerite, was determined previously at 300°C in solutions
varying from 0.0025 to 2.0 m in total sulfate.® The present investigation extended the study to the
analogous D20 system at 300, 325, and 350°C and attempted to locate the points of intersection be- -
tween the solid-liquid region and the region of liguid-liquid immiscibility. The solubilities were de-
termined by the method of direct sampling and subsequent analysis used previously.® In Fig. 9.2,
the results at 300°C for the solubility of deuterated antlerite, 3CU00303‘2D2O, in D2SO4 solution
are compared with the results obtained in the H,0 system.5 The saturation molal ratio, Cu2™: total
sulfate, is plotted against the molality of total sulfate on a logarithmic scale to show its variation
over a wide range of concentration. The fact that 3CUO-303'2D20 in the D, 0 system showed a
greater solubility than in the corresponding HZO system is analogous to the behavior of NiSO4-D20
and NiSO4-H20 at 300°C in D_S0O,-D,0 and H,50,-H,0 solutions.

Several saturation molal ratios, Cu2*: total sulfate, were found to have an approximate value of
0.34 at a 0.0014 molality of total sulfate, although the initial solution compositions contained widely

different concentrations of D2$O all greater than 0.0014 m. This point is believed to constitute an

47
isothermal invariant at which solution, 3Cu00303.2D20 solid, and an unidentified solid are stable
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phases. Going to lower concentrations than 0.0014 m total sulfate, that is, moving from the invariant
point, would be expected to eliminate antlerite as a stable solid.

The absence of change within experimental error in saturation molal ratio, as the temperature is
raised to 325°C, is shown in Fig. 9.3. These solubility data are compared with the previously de-
termined values at 300°C, The invariant point for the simultaneous existence of the unidentified
solid and 3CuO-SO3-2D20 appears to be nearly the same at 300 and 325°C, At 350°C the second
liquid phase is believed to exist at high concentrations of solutes and may intersect the ternary
L + S curve in the vicinity of 0.06 to 0.1 m total sulfate. At this point, two liquid phases and
3CuO-SO3-2D20 solid would be in equilibrium,
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The saturation molal ratio, Cu2™: total sulfate, at constant molality of total sulfate over the range
of concentration in which 3Cu0+50,:2D,0 is a stable solid, shows very little decrease as the temper-
ature is raised from 300 to 325°C. As the second liquid phase appears, the decrease in the molal ra-

tio with temperature is considerably greater.

Investigations on the System NiO-S0,-H,0 Above 300°C

Another important subsystem of the multicomponent system UO ,-Cu0-Ni0-50,-H,0 is NiO-50,-H,0.

Solid-liquid equilibria were previously investigated from 10~4 to 3 m total sulfate at temperatures as
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high as 300°C.”7 No second liquid phase was found. In view of the existence of heavy liquid phases
in the UO,-S0,-H,0 and Cu0-50,-H,0 systems, it was desirable to know whether, under saturation
vapor pressure, and at higher temperatures, a second liquid phase might be found in the NiO—SOS-HZO
system.

Experimental data were obtained by using a synthetic method which entailed sealing in a silica
tube a solution of known concentration, inserting the tube in a variable-temperature salt bath, mixing
the solution by a vibration technique, and visually observing phase changes.® The results of the
earlier study on the nickel system’ suggested that the molal ratio, Ni2*: total sulfate, would have to
be kept below approximately 0.3 in order to achieve stability much above 300°C., The over-all ex-
perimental results are shown in Fig. 9.4, plotted as saturation molal ratio, Ni2*: total sulfate vs tem-
perature, for several concentrations of total sulfate. Included as terminal points in the figure are
critical temperatures for solutions of H,50, in H,0 obtained previously by Stuckey and Secoy.B
The present results must extrapolate to the values of the earlier work as the molal ratio, Ni2* total
sulfate, approaches zero. The combined data show that no two-liquid-phase region was observed.

It was found, however, that the solubility of NiO in the supercritical fluid extended to molal ratios,

“w. L. Marshall, J. S. Gill, and R. Slusher, HRP Quart. Progr. Rept. July 31, 1958, ORNL-2561, pp 308-11.

8J. E. Stuckey, Critical Phenomena in Binary Aqueous Solutions in the System SOB-H2O, Ph.D dissertation,
University of Oklahoma, Norman, 1957.
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NiZ* total sulfate, a little greater than 0.1, at least for solutions from 0.5 to 2 m in total sulfate.
The location of the point of intersection of the critical curve with the solid-liquid curve suggests
that the solubility of NiO is greater than 0.2 m but less than 0.3 m in a supercritical fluid 2 m in
total sulfate.

Application of these findings to the multicomponent system UO3-CUO-NiO-SO3-H20 suggests that
there must be a portion of the system, adjacent to the NiO-SO3-H20 edge, which is saturated with a
nickel-containing solid phase; consequently, no complete definition of the five-component system at

saturation vapor pressure in terms of liquid-liquid-vapor equilibria appears possible.

. LIQUID-LIQUID IMMISCIBILITY AND SOLUBILITY IN THE SUPERCRITICAL FLUID
IN THE SYSTEM U0 ;3-Cu0-50,-D,0 AND ITS THREE-COMPONENT SUBSYSTEMS,
U0 4-504-D,0 AND Cu0-50,-D,0

The determination of liquid-liquid immiscibility boundaries and critical temperatures in the sys-
tems UO,-Cu0-50,-D,0, U0 ,-50,-D,0, and Cu0-50,-D 0 forms a part of the over-all study of the
five-component system UO3-CUO-NiO’SO3-D20 at temperatures above 300°C. A previous study
presented information up to 300°C on solid-liquid equilibria in the system NiO-SO3-H20,7 another
important subsystem of the five-component system, and in its D0 analog.? The investigation of
the system NiO-SOB-HZO above 300°C, reported in this section, indicated the temperatures at which
supercritical fluids are formed (i.e., the temperature at which the meniscus between the vapor and

liquid phases disappears ) and presented evidence of the solubility of the NiO component in the su-

percritical fluid. Other studies showed the nature and composition of the heavy-liquid phases in
equilibrium with the light-liquid phases in the system UO,-CuO-NiO-50,-D,0 and its four- and three-
| component subsystems at 285, 300, 325, and 350°C.'0 A desirable goal of this work is the develop-
| ment of an equation to express the two-liquid-phase and critical-temperature boundaries as a function
of the concentrations of the various solution components.

- In this investigation, using a synthetic method previously described,!! critical temperatures and
the temperatures of formation of a second liquid phase were determined for a set of solution composi-
tions containing CUSO4, UOZSO4, D2504, and D20 in which the molal ratio, Cu2™: U022+, was kept
at unity. The set of solutions was divided into several series; the molal concentration of total sul-
fate was held constant for each series, and the molal ratio [(Cu2* + U022+): total sulfatel, R, was
varied from 0 to 1. This procedure was used since in previous work R values for the formation of a

second liquid phase for any series appeared to be nearly linear with temperature. The resulits are

displayed in Fig. 9.5 and show approximately linear relationships.

9W. L. Marshall, J. S. Gill, and R. Slusher, HRP Quart. Progr. Rept. Apr. 30, 1959, ORNL-2743, pp 235-37.

]OE. V. Jones and W. L. Marshall, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, pp
100-103.

e, . Barton, G. M, Hebert, and W, L. Marshall, Liquid-Liquid Immiscibility Above 300°C in the System
U0 350 3N ;0 5-H ,0, ORNL CF-59-11-64 (November 1959); Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960,
ORNL-2931, p 111.
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The two-liquid-phase regions in the subsystems UO3-SO3-D20 and CuO-SO3-D20 were investi-
gated by using the same experimental methods and techniques. These data are presented in Figs.
9.6 and 9.7.

The results in Figs. 9.5, .6, and 9.7 show considerable solubility for both U022+ and Cu2*
ions in the supercritical fluid region, as might have been expected from previous preliminary ob- .
servations in the system UO3-503-H20.1 2 |f hydrodynamic pressures greater than the critical
pressures of liquid phases having a low molal ratio, metal oxide: total sulfate, are maintained on
fuel systems at lower temperature and the temperature is raised, the solution phases may be phase
stable to temperatures somewhat above 400°C. Critical phenomena, that is, disappearance of the
meniscus, are not observed in these cases since a pressure greater than the critical pressure never
allows the existence of a vapor phase. On a long-range basis, this means that a sulfate-based re-

actor fuel might be available for aqueous homogeneous reactors operating at temperatures above

400°C.

00 If(v)v L. Marshall and G. M. Hebert, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, pp
—-103.
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AQUEOUS HOMOGENEOUS REACTOR FUEL STUDIES
Estimation of Minimum Temperatures of Second Liquid Phase Formation in
- Homogeneous Reactor Fuel Concentrates: Use of the Acidity Ratio
The temperatures for the appearance of a second liquid phase were determined for two aqueous
. homogeneous reactor fuel compositions (series A and B) and for three sets of solutions of U02504,
CuSOA, and DZSO4 in DZO (series C) and their concentrates. In series C the molal ratio, U022+: Cu??,

was kept constant at 1.0. The data are intended to supplement those given previously.!® Comparison

of the results herein with those previously presented suggests a more general criterion for estimation

of the minimum liquid-liquid immiscibility temperatures for homogeneous reactor fuel concentrates.
The experimental details have been reported elsewhere.'* Temperatures for the appearance of

liquid-liquid immiscibility were determined by visual observations in the conventional manner,'!

By, L. Marshall, R. E. Moore, and J. S. Gill, Two Liquid Phase Temperature Limits for the Homogeneous
Reactor Fuel Solution and Its Concentrates, ORNL CF-59-8-41 (August 1959) and ORNL CF-59-11-27 (November
1959); Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, pp 103-5.

4w, L. Marshall and E. V. Jones, Temperatures of Second Liquid Phase Formation for Two Aqueous Homo-
geneous Reactor Compositions and Their Concentrates, HRP-60-142 (1960); W. L. Marshall and J. E. Savolainen,
HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, pp 62--63.
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Experimental results are plotted in Fig. 9.8 for series A and B and in Fig. 9.9 for series C, The
concentration factor x, when multiplied by the concentration of a component at x = 1, gives the molar
{at 25°C) concentration of that component in the concentrate. This concentration factor was converted
to unity at approximately 0.0258 M (or the equivalent 0.0218 m U022+) for comparison with results

13 Molar concentrations (at 25°C) at x = 1 are given in Table 9.1. A solution

presented previously.
of series A at x = 1 corresponds closely to a homogeneous reactor fuel composition used recently,
whereas in series B the relative concentration of free acid is a little higher,

In Fig. 9.10 the lowest temperature for the appearance of liquid-liquid immiscibility upon concen-
tration of a fuel composition is plotted against the molal ratio, DZSOA: total sulfate. Figure 9.11

shows the variation in the molar concentration factor at the minimum temperature as a function of this
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Table 9.1, Molar Concentrations of Solution Components at x = 1 for Solution Series A, B, and C

Molarity (at 25°C)

Species A B C
Set 1 Set 2 Set 3
Uo,s0, 0.0258 0.0258 0.025 0.025 0.025
CusO, 0.0131 0.0134 0.025 0.025 0.025
NisSO, 0.00852 0.00878 0 0 0
D,S0, 0.0247 0.0347 0.025 0.037 0.050
. Total sulfate 0.0721 0.0827 0.075 0.087 0.100
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same molal ratio, hereafter called the acidity ratio. For these curves, prepared from data in ref 13,
the molal ratio, UO22+: Cu2*:Ni?2", is 1:0.492:0.232, as compared with 1:0.506:0.330 for series A
and 1:0.519:0.340 for series B. The two-liquid-phase minimum temperatures obtained from the curves
in Fig. 9.8 are 1°C lower for series A and 2°C lower for series B than the curve in Fig. 9.10 would

indicate at the corresponding acidity molal ratios (D,30,: total sulfate) of 0.343 and 0.420. Doubling
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the relative concentration of Cu2* and eliminating Ni2* to give a molal ratio, UO22+: Cu2*:Ni2*, of
1:1:0 (series C, Fig. 9.9) raised the temperature at the minimum by only 8, 6, and 4°C at acidity molal
ratios (D2504: total sulfate) of 0.33, 0.43, and 0.50 respectively. These latter changes in temperature
are small, considering that the relative Cu2* concentration was increased by 100% and Ni2* was elim-
inated.

Large differences in temperature for small changes in the acidity ratio, D,S0,: total sulfate, and
small differences in temperature for moderately large changes in molal ratios, Cu?™: UO22+ and
NIE U022+, substantiate the belief that relative acidity is the most important variable in the range of
current homogeneous reactor fuel compositions. As secondary effects, an increase in the molal ratio,
Ni2*: U022+, appears to lower by a small amount the temperature for occurrence of immiscibility,
whereas an increase in the molal ratio, Cu2™: U022+, for most ranges of composition raises this tem-
perature (see Fig. 9.9 and ref 15).

As a first approximation, the curve in Fig. 9.10 may be used to estimate two-liquid-phase minimum
temperatures within 2 or 3°C for solution concentrates of current homogeneous reactor fuel composi-
tions showing moderate variations in molal ratios, Cu?*: U022+ and Ni2*; U022+, and large variations

in the acidity ratio, D,SO,: total sulfate.

The pH of Solutions Containing U02504, CuSO4, NisSO,, H,S0,, H,0, and DZO: Its Use in the

Determination of Free Acid in Homogeneous Reactor Fuels

The precise measurement of pH of intensely radioactive homogeneous reactor fuel solutions by use
of glass electrodes is difficult because of the detrimental effect of radiation on glass. The glass elec-
trode must be replaced frequently, a procedure which may become difficult, since the electrodes and

part of the equipment are used in ‘*hot cells.”

However, if the intensely radioactive solution were di-
luted considerably with H20, it was believed the pH of the resulting solution of lowered radioactivity
might be measured with less difficulty. A study was made for determining the pH at 25°C of various
dilutions of solutions simulating the HRT fuel composition and of similar solutions containing varying
concentrations of the major fuel components.

Hopes for the ultimate usefulness of the method were predicated on the expectation that the pH
measurements of diluted fuel solutions would, to a close approximation, give values the same as those
for sulfuric acid at the same concentration as that of the free acid in the test solutions, that is, that
the diluted U02504, CUSO4, and NiSO4 would have little effect on the pH of the diluted H2504. More-
over, dilution by H,0 of solutions initially in D,0 would convert the measured solutions to dilute H,0
solutions and substantially eliminate any effect on pH due to DZO'

The experimental technique was similar to that used for the determination of free nitric acid in

uranyl nitrate solutions, reported previously.'® Five aliquots from each of four stock solutions A, B,

'5E. E. Clark et al., . Chem. Eng. Data 4, 1215 (1959).
]6W. L. Marshall and R. Slusher, HRP Quart. Progr. Rept. Oct. 31, 1959, ORNL-2879, pp 119-21.
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C, D, containing in A, 0.025 M UO,SO,, 0.0125 M CuSO,, and 0.006 M NiSO; in B, 0.025 # UO,SO,,
0.025 M CuSO,, and 0.006 M NiSO; in C, 0.025 M UO,SO,, 0.0125 M CuSO,, and 0.12 M NiSO,; and
in D, 0.05 A UO,S0,, 0.0125 ¢ Cu30O,, 0.006 M NiSO,, were made 0.01, 0.02, 0.03, 0.04, and 0.05 M
in D2$O4 respectively. The measured pH’s for these 20 solutions, each diluted 1:10, 1:100, and 1:1000,
have been reported.!” These values are plotted in Fig. 9.12 vs the known concentration of free acid

present in each dilution. It is obvious that the original expectation was justified except for the 1:1000

dilutions of solutions which initially had low concentrations.
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Three-Dimensional Models for Representation of Solubility Equilibria

Three-dimensional models representing the solubility relationships in the system UO,-CuO-NiO-
503-D20 at 300°C were constructed for solutions having total sulfate concentrations of 0.06, 0.10,
0.20, 0.30, and 0.50 . The results of previously reported solubility studies'® were used to estab-
lish the location of the surfaces of saturation for the several solid and liquid phases which appear
at the boundary limits of the region of unsaturated solutions. The particular saturating phases
shown in these models are the solids 3Cu0+50,:2D,0, Ni504'D2O, UO3-U02504-5D2O, CuO-2UO2SO4-
7D20, CUO'3U03, NiO-3UO3 and a second liquid phase of variable composition.

Allfive models are shown in Fig.9.13 for comparison. The unit of length, M ol oxide’ ™otal sulfate’

on all axes is the same for all models; therefore, dimensional changes as a function of sulfate concen-

7. L. Marshall and R. Slusher, HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, pp 68-70.

By, L. Marshall and J. S. Gill, Investigation of the System U0 3-Cu0-Ni0-50 3-H ;0 at 300°C, ORNL CF-
59-12-60, rev 1 (December 195%); HRP Quart. Progr. Rept. jan. 31, 1960, ORNL-2920, pp 64-68.
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tration are directly comparable. A series of these models shows the change in surface area for satu-
rating solid phases as the total sulfate concentration is varied. In general, there appear to be several
concentration ranges over which different types of solids are stable. At very low sulfate concentra-
tions, hydroxides and oxides are stable — the areas of saturation may become independent of anionic
solvating species and should appear the same in a nitrate as well as in a sulfate system. At moder-
ately low concentrations of total sulfate, oxysulfates appear, for example, 2Ni0+S0,+H,0, 3Cu0:30,+
2D20, and UOB-UOZSO4-5D20, whereas at higher concentrations the stoichiometric salts, such as the
solid NiSO+D, 0 or the liquid pseudosalt U0,S0,+D,0, engulf the oxysulfate surfaces. At the high-
est concentrations, the acid salts should appear.

These models are useful for selecting fuel compositions for homogeneous reactors and for antici-
pating solid phases which may precipitate from solution if boundaries of saturation are violated. They

form a background of information from which to make further studies.

SOLID-LIQUID EQUILIBRIA IN NITRATE-BASED SYSTEMS
The System UO-N,0,-H,0 from 25 to 350°C

Investigations on the system UO3-N205-H20 were essentially completed.!® Figures 9.14 and 9.15
show the over-all collection of data for this system. Both figures include new information at 325 and
350°C at very low and very high concentrations. In Fig. 9.15 the curves taken from the data in Fig.
9.14 are shown on the same scale for saturation molal ratio, U022+: total nitrate vs logarithm of the

molality of the total nitrate at the various temperatures.

The System ThO,-N,0,-H,0 ot 200 and 300°C

Investigations of the thermal and hydrolytic stability of Th(NO,), in H,O solution at elevated tem-
perature were among the first solubility studies to be made on the Aqueous Homogeneous Reactor Proj-
ect.20 These earlier investigations were carried out in sealed tubes, using the synthetic method. The
renewed interest in Th(NO,),-DNO,-D,0 solutions as a breeder blanket suggested that the earlier in-
vestigations of the Thoz'Nzos'Hzo system be extended.

Pressure vessels used for the study of solution-solid equilibria in other systems were employed.'®
These vessels were equipped with capillary tubes for direct sampling to permit analysis of the liquid.
They were charged with selected levels of nitrate and an excess of thorium, either by the use of
Th(NO3)‘1 solutions or mixtures of ThO2 and nitric acid solutions. The vessels were then sealed and
rocked at 200 or 300°C for 2-, 20-, 24-, and 48-hr periods. After each period the rocker was stopped,
the excess solid allowed to settle, and the solution sampled. The solution sample was analyzed for

its Th** and NO,™ content. Experimental results are shown graphically in Fig. 9.16. The solid ThO,

wW. L. Marshall and R. Slusher, Reactor Chem. Div. Ann, Progr. Rept. Jan. 31, 1960, ORNL-2931, pp 108-10.

20W. L. Marshall, J. S. Gill, and C. H. Secoy, HRP Quart. Progr. Rept. Nov. 30, 1950, ORNL-925, pp 279-90.
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used in these experiments was selected from three different batches of the oxide, each prepared by
precipitation from thorium nitrate solution as the oxalate and then calcined at a different temperature.

The data are listed below:

ThO2 ORNL Pilot Calcination
Product Plant No. Temperature (°C)
A DT-58-650 650
DT-58-1100 1100
C DT-15-1600 1600

These three batches of oxide, having different surface areas and chemical reactivities as a result
of the differences in calcination temperatures, were tested to establish whether equilibrium conditions
were truly being established in the solubility experiments. The results in Fig. 9.16 show that at
300°C, the HNO,-H,0 solutions were saturated at the end of the runs to approximately the same extent
by all three different preparations of ThOz. Furthermore, in the majority of runs, the solutions became
saturated or precipitated solid to reach a stable saturation concentration after a 2-hr period at both 200

and 300°C.

Examination of the solubility data for ThO, in HNO,-H,O at 300°C showed a sharp decrease in the
saturation molal ratio, Th**: total nitrate, at concentrations of NO,~ below 10.0 M (25°C molarity),
whereas forthe analogous system, U03-N205-H20, the decrease was very much less (see previous part
on system UO3-N205-H20). At 200°C, this very sharp decrease in saturation molal ratio was not evi-
dent, but the studies have not been extended to very low concentrations of NOB—' The analogous D,0

systems should show relatively little difference in solubility relationships from the H, O systems.
P 2 Y

The rapid rate at which the various forms of refractory Th02 dissolved in HNO,-H,0 solution at
200 and 300°C may be of considerable interest. At temperatures up to 100°C the dissolving rate is
very low; consequently, in the chemical reprocessing of ThO2 fuel elements, a small amount of HF is
customarily added to HNO, to promote the dissolution. In these studies, no HF or other complexing .
agent was present, but the rates of solution were fast. Methods by which refractory ThO2 or other re-
fractory oxides can be rapidly dissolved in pressure vessels at 200°C, 300°C, or higher should be of

general interest in chemical processing.

ELECTROLYTIC CONDUCTANCE OF AQUEOUS SOLUTIONS AND SUPERCRITICAL
FLUIDS AT HIGH TEMPERATURE AND PRESSURE

The construction of cells for the measurement of electrolytic conductance of aqueous solutions and
supercritical fluids at high temperature and pressure and associated high-pressure generating equip-

ment was completed. The electrolytic conductivities for a 0.01 m KCl solution were determined at
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pressures up to 4000 atm at 800°C as well as at lower temperatures. Some preliminary results at
800°C are shown in Fig. 9.17, plotted as conductance, 1/R, against the pressure. The cell constant
was estimated as 0.32 ( £4%) from conductance measurements of the 0.01 m KCl solution at the ambi-
ent temperature 27 +2°C. A constant-temperature bath, which was not available for the preliminary
work, will be used later for the accurate determination of the cell constant. The conductivity values
are to be converted to equivalent conductivities by making use of estimated densities of the super-

critical KCI-H20 fluid and a precisely measured cell constant.
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The construction of the apparatus shown in Fig. 9.18 and preliminary measurements were carried
out under the direction of E. U. Franck. These measurements are believed to be the first made at
800°C and 4000 atm. The previous record, conductance measurements at 700°C and 2500 atm, was
achieved by Franck in Gottingen.
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10. REACTIONS IN AQUEOUS SOLUTIONS

DECOMPOSITION OF PEROXIDE IN URANYL NITRATE SOLUTIONS

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

A study was made for determining whether the decomposition of peroxide in uranyl nitrate
solutions was sufficiently rapid to support consideration of uranyl nitrate solutions as potential

! The experimental work was restricted to uranium concen-

aqueous homogeneous reactor fuels.
trations of 0.034 M, but both H,0 and D,0 were tested as solvents, and several possible catalysts
and promoters were studied within the temperature range 40 to 100°C. Most studies were made in
solutions containing 0.05 M excess HNO,.

The problems caused by the radiolytic production of peroxide in reactor fuel solutions, the equi-
librium between H,0, and uranium peroxide, and the relatively low solubility of uranium peroxide
have been discussed in connection with studies of the kinetics of the decomposition of peroxide in
uvrany! sulfate solutions.?3

In all previous work the decomposition of peroxide in uranyl solutions was found to be first-
order with respect to peroxide; most of the results of this study followed the same pattern. Ex-
perimental data and figures showing the effects of temperature, acidity, and catalysts have been
reported.4

The effect of promoters {mixed iron and copper salts) was studied in more detail than in pre-
vious work.Z The results obtained show that:

1. Promotion increased with increasing copper concentration, reaching a plateau or saturation
value at about 0.0005 M Cu?* (30 ppm). These results are shown in Fig. 10.1, where, for fixed-iron
concentrations, values of k£ (the decomposition rate constant) are plotted vs the copper concentra-
tion.

2. The rate of decomposition was first-order (with respect to H,0,) only at low copper concen-
trations but became complex at high concentrations.

3. The activation energy of the ‘‘promoted’’ system was the same as that of the original proc-
ess, approximately 25,000 cal/mole, suggesting that the mechanism of decomposition is probably
the same and lending strong argument to the belief that minute amounts of iron are responsible for
the catalysis in ‘‘purified’” solutions.

4. The promotion factor, Ak/ko, seemed to decrease with increasing iron concentration (see

Fig. 10.2).

1W. L. Marshall, Consideration of UOZ(NOB)Z'HNOS'HZO (D20) as a High Temperature Homogeneous Re-
actor Fuel, ORNL CF-59-5-100 (May 26, 1959).

2. D. Silverman, G. M. Watson, and H. F. McDuffie, Ind. Eng. Chem. 48, 1238 (1956).

3. 0. Gilpatrick and H. F. McDuffie, HRP Quart. Progr. Rept. July 31, 1958, ORNL-2561, p 313.

4M. J. Kelly, M. D. Silverman, and G. M. Watson, HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947,
p 47.
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Extrapolation of these results to higher temperatures suggests that peroxide decomposition

rates should prove adequate under hypothetical reactor conditions for systems based on uranyl

nitrate.

DISSOLUTION OF INORGANIC SOLIDS IN HRE-2 FUEL

M. J. Kelly

D. R. Cuneo L. O. Gilpatrick

M. D. Silverman

A study was made for determining the dissolution rates of solids in simulated HRE-2 fuel in
well-stirred autoclaves at ~250°C. This study was limited to those solids which could conceiv-
ably have existed within the HRE-2 core as a consequence of off-design operation. The solids
tested were UO3, uo,, U308’ Cu0- 3UOQ,, and reactor-solution solids prepared by drying simu-
lated fuel solution and calcining at 500°C. Under the test conditions these solids dissolved
rapidly, generally following apparently first-order kinetics. The experimental details are dis-
cussed elsewhere.®

In every experiment the rate of solution of the solid was fast; the apparent half-life varied

from less than 0.5 min to 2.5 min.

SM. D. Silverman et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 45.
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Experiments using UO, and solids prepared by evaporating simulated reactor fuel and calcining
these solids at 500°C showed rates of solution so rapid that calculation of the rate constant was
impractical. Experiments using CuO- 3UQ, as the initial solid seemed to indicate that the uranium
and copper dissolved at different rates. The apparent half-life was less than 2.0 min for both com-
ponents, with uranium returning to solution more quickly.

The most refractory components in this group of solids (USOB and UO,) were investigated more
thoroughly. Figure 10.3 shows a plot of the results, based on the assumption of a first-order proc-
ess.

The results suggest that the solids tested, if formed in the reactor, should redissolve promptly
under conditions of good agitation such as have been provided by the present modifications to the
HRE-2. This conclusion is predicated upon the availability of excess acid and oxygen at the re-

action site. Since all these solids are rich in uranium, the local area of high fission density and,
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therefore, high temperature created by the solid could result in an inability of the solution to make

contact with the solid particle as long as it remained in a high-intensity neutron flux.

REMOVYAL OF PROTACTINIUM AND URANIUM FROM THORIUM
NITRATE=NITRIC ACID SOLUTIONS

| M. J. Kelly G. L. Johnson® D. R. Cuneo

| Successful use of thorium nitrate as a breeder blanket component would be dependent, in part,
on the continuous removal of protactinium to maintain a low steady-state concentration in the blan-
ket solution. This would prevent excess neutron loss by capture and allow decay of the PaZ33 to
U233, q fissionable product.

Previous work on the removal of protactinium from molten salts? by precipitation on thorium
oxide suggested the investigation of the adsorption of protactinium on thoria. At low (<0.5 M) -
concentrations of thorium nitrate adsorption did occur. Increasing the thorium concentration or
the addition of nitric acid caused this effect to disappear.

The most promising alternate seemed to be the coprecipitation of protactinium and uranium
with a thorium compound.® Coprecipitation with thorium peroxide appeared feasible? and pro-
vides so many advantages that it was the second system investigated. The experimental proce-
dures are reported in some detail elsewhere.'?

A clear-cut example of the success of the technique in removing protactinium from solution
is shown in Fig. 10.4. The shaded area represents that fraction of the total peroxide which was
in the form of thorium peroxide precipitate and had been removed from the supernatant fluid by
centrifugation. Based on a 2-to-3 correspondence between hydrogen peroxide and thorium perox-
ide it was calculated that some 2% of the total thorium had been precipitated. At the same time,
nevertheless, 96% of the tracer protactinium had been removed!

When the soluble peroxide level fell below 0.2 M (at ~275 min) the protactinium began to re-
turn to solution; it appears likely that enforcement of a steady-state level of 0.225 M soluble
peroxide would have also effectively precipitated the protactinium.

The effect of temperature on the rate of peroxide decomposition is shown in Fig. 10.5. The
energy of activation calculated from these data corresponds to 22 + 2 kcal/mole, a value which

is very close to those for the catalyzed decomposition of peroxide in uranium solution systems.

éResearch participant from Duke University.

7). H. Shaffer et al., The Recovery of Uranium and Protactinium from Molten Fluoride Systems by Pre-
cipitation as Oxides, paper 37 presented at First Conference on Nuclear Reactor Chemistry, Gatlinburg,
Tenn., Oct. 1214, 1960.

8T. F. Connolly, Bibliograpby on Nuclear Reactor Fuel Reprocessing and Waste Disposal, ORNL-2971,
vol 2 (Sept. 19, 1960).
L. I. Katzin (ed.), Production and Separation of y?33, TiD-5223, part 1, pp 318-47.
10

M. J. Kelly, G. L. Johnson, and D. R. Cuneo, HRP Quart. Progr. Rept. Oct. 30, 1960, ORNL-3061,
p 43.
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It was noted that increasing the acidity, with all other conditions constant, caused an in-
crease in the rate of reaction. This result was contrary to the usual experience in uranium sys-

tems.

The concentration of peroxide necessary for precipitation apparently varied with the ratio of
thorium to acid. For 2 M thorium solutions the threshold level of peroxide for precipitation was
a function of the stoichiometric acid concentration, as shown in Table 10.1. The small change w
between the 0.922 M value and the stoichiometric value may be rationalized by the comment that

the measured pH of 2.0 M thorium nitrate solution was approximately zero.
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Table 10.1. Threshold Level of Peroxide for Precipitation

Solution: 2 M Th(NO3)4°5H20
Temperature: 55°C

Peroxide Concentration

Acid Concentration (M) for Precipitation
(M)
0.00 0.085 £0.01
0.922 0.105 £0.01
1.892 0.20 £0.01
3.544 0.40 10.02

Whenever sufficient peroxide was added to cause precipitation of particulate material which
could be satisfactorily centrifuged from the solution, the protactinium was removed with the pre-
cipitate. The protactinium did not reappear in solution so long as any observable precipitate was
present. |t seems reasonable to assume that the protactinium peroxide is more insoluble than the
thorium peroxide and that quantities greater than 5 ppm could be removed by precipitating a very
small quantity of the thorium. Protactinium-231 is available for experiments to test this assump-

tion.

A single experiment was run at 48.9°C with 2 M thorium nitrate, 2 M HNO,, and ~75 ppm ura-
nium, using the technique described above. Uranium was not removed from the solution when a
portion of the thorium was precipitated. Another experiment, identical to this one except for the
initial addition of protactinium tracer, showed that the protactinium was removed as successfully
in the presence of uranium as in the experiments with no uranium present.

The results seem to indicate that protactinium could be held at an arbitrarily low steady-state
concentration in a thorium nitrate—nitric acid breeder blanket solution. This could be accomplished
by coprecipitating the protactinium together with a small percentage of the thorium by means of per-
oxide addition in a side-stream operation. The peroxide remaihing in solution will decompose, leav-

ing no undesirable contaminants in the blanket solution.

AQUEOUS RECOVERY OF Pa?3! FROM A FLUORIDE MIXTURE

M. J. Kelly D. R. Cuneo J. E. Strain'!

Following studies of protactinium removal from the mixture LiF-BeF ,~ThF, (67-18-15 mole %), 12

231

attempts were made to recover the Pa which had been added to the mixture to simulate the concen-

tration range of Pa?®3 formed in a breeder blanket.

”Analytical Chemistry Division.
]ZSee chap 2, this report.
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The protactinium removal studies were concluded, leaving a mixture of LiF-BeF,-ThF ,-UQ,-

231 233 As afirst step in Pa231 recovery,

UF, plus some 50 ppm of Pa and a trace amount of Pa
the melt described above was hydrofluorinated to convert all constituents to their fluorides and
then exposed to either BeO or ThO, in the form of small pellets contained in a wire-mesh screen.
The gamma activity of the melt before and after such exposure indicated this to be a valid method
of removing the protactinium from the multicomponent system to a smaller volume of a single com-
pound, that is, either BeO or ThO,. Successive exposures of the melt to fresh oxide reduced the
protactinium content, as indicated by gamma counting, to a relatively low level.

The oxides containing the protactinium were added to a water-soluble KF melt to which suf-
ficient BeF, had been added to reduce the melting point to below 750°C. The system was then
hydrofluorinated to remove the oxide. The fluoride salts formed were treated with fuming sul-

furic acid to remove the fluoride. Complete removal of the fluoride was impractical, so AICI,

Table 10.2. Material Balance for Protactinium Recovery as Determined by Pa233 Gamma Activity

Activity of initial salt mixture: 21.5 X 104 counts min=! g"']

Activity

(counts/min)

x 107
Total activity of salt sample used? 8.49
Activity removed by sampling 2.99
Theoretical activity remaining in reaction vessel 5.50
Activity lost on exterior of sample sticks and in samples not returned 3.75
to vessel (only more active material returned)
| Activity after returning portion of sampled material to vessel (available 4.74
. for recovery by BeO, ThOz)
Activity left in reaction vessel after BeQ, ThO2 contacted with melt 0.88
’ Activity available for aqueous recovery attempts (contained in 218 g 3.86
- of salt)
Activity recovered by aqueous processing [contained in 51 mg of 3.01
| solids = chiefly as P02(504)5]
| Summary of pa23! usage:
| Physically recovered 35.5%
‘ Lost in aqueous recovery 10
1 Left in reaction vessel 10.4
| No attempt to recover — left in samples and other 44.2

portions of removal experimentation

100.1%

233

“Composition: LiF-Ber-ThF4 ( added via irradiated

ThO, plus ~50 ppm Pa23! added as the oxide fused with NH,F+HF.

67-18-15 mole %) plus trace amounts of Pa
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was added to complex the remaining fluoride ion. An extraction with diisobutyl carbinol fol-

lowed. When repeated contacting of the salt solution yielded little more Pa?33

231,233

activity into
the organic phase, the Pa was stripped from the organic phase with 18 N H:,SO4 con-
taining a small amount of HF. Repeated extractions and strippings yielded some 79% of the

protactinium believed to be in the system at the start of the aqueous recovery attempts.

Table 10.2 presents a summary of the protactinium content and recovery at various stages.

SOLUBILITY OF H, IN H,0 AND D, IN D,0

L. O. Gilpatrick H. H. Stone

The recombination reactions existing in the homogeneous reactor require precise data on gas
solubilities so that these will not be exceeded under particular reactor overating conditions. Some
data are available,'3 but they are not of sufficient scope to supply information either for a wide range
of reactor operating conditions or for the precise calculations required to delineate the mechanism of

the recombination reaction.

This study was initiated to supply the data needed. The solubility of gases of interest over a
wide range of chemical systems and temperatures is being determined. The data reported here were
obtained to test the feasibility and precision of the technique, but they are of sufficient interest to
warrant reporting them at this time. The experimental details are reported elsewhere.14

The results obtained to date are shown in Table 10.3. The H,-H,0 data are in essential agree-
ment with that of Wiebe and Gaddy'% below 100°C and with the data of Pray et al.14 above 100°C.
The D,-D,0 data vary by several per cent from those reported by Stephan et al.l3

13E. F. Stephan et al., The Solubility of Gases in Water and in Aqueous Uranyl Salt Solutions at Ele-
vated Temperatures and Pressures, BMI-1067 (Jan. 23, 1956).

'4L. 0. Gilpatrick and H. H. Stone, HRP Quart. Progr. Rept. Oct. 30, 1960, ORNL-3061, p 47.

T5R. Wiebe and V. L. Gaddy, J. Am. Chem. Soc. 56, 76 (1934).
Vopray et al., Ind. Eng. Chem. 44, 1146~51 (1952).

Table 10.3. Solubility of H, in H,0 and D, in D,0

H2-H20 System D2-D2O System
Temperature
°C) Number of Solubility Number of Solubility
Samples (std cc g"] ofm"]) Samples (std cc g"'I ofm"])
x 1072 x 10~2
25 5 1.766 £0.014 6 1.816 £ 0.011
40 5 1.690 1£0.021 3 1.683 £ 0.006
50 3 1.676 £0.019 3 1.631 £0.006
60 27 1.689 £0.027 5 1.621 £ 0.008
70 13 1.693 £0.018 3 1.653 £0.011
80 5 1.735 1 0.007 6 1.667 £0.010
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Table 10,3 (continued)

Hy-H,0 System D,-D,0 System
Temperature
©C) Number of Solulii]lity y Number of soluliilny _
Samples (std ccg  atm ) Samples (std cc g atm )
x 1072 < 1072

90 8 1.795 £0.028 3 1.727 £0.001

100 6 1.863 £0.024 5 1.802 £0.012

110 10 1.933 £0.031 3 1.881 £ 0.010

120 5 2.065 £0.036 3 1.981 +0.002 |
130 6 2.196 £0.035 3 2.096 £0.013 |
140 9 2.365 £0.023 10 2,188 £0.020 |
150 26 2.491 £0.054 13 2.343 £0.026

160 10 2.688 £0.017 5 2.515 £0.020

170 3 2.848 £0.013 4 2.691 £0.016

180 5 3.109 £0.022 3 2.930 £0.004

190 6 3.385 £0.017 3 3.165 £0.018

200 3 3.865 £0.051 4 3.449 £0.016

210 2 3.975 £0.014 4 3.763 £0.025

220 3 4.266 £0.009 2 4.074 £0.010

230 5 4.802 £0.020 3 4.540 £0.074

240 5 5.301 £0.034 6 4.976 £0.037

250 9 5.892 £ 0.067 4 5.492 +£0.046

These data compared favorably with available literature values. With the technique used it was
possible to obtain data of an internal consistency better than that reported by others. The bulk of

the data on the D,-D,0 system is not available from the work of others.

CHARACTERIZATION OF THORIUM PEROXIDES

M. J. Kelly D. R. Cuneo

The removal of protactinium from thorium solutions by peroxide precipitation aroused questions
concerning the nature of the precipitate. Hamaker and Koch'7 have reported an approximate com-
position of Th(o_)s.z(A-—)O.s(Oz—)o,15'2°5H 0 where A~ stands for the anion of the original sol-
ute, for peroxides formed from several soluble salts of thorium. Their results seemed subject to

some ambiguities; therefore, experiments to resolve those questions were initiated.

17Hamaker and Koch, pp 318-47 in Production and Separation of U233, ed. by L. I. Katzin, TiD-5223,
part 1.
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Precipitations of the peroxy salts of thorium nitrate, sulfate, and chloride were made with H,0,
from solutions which were neutral or acid. A more easily filterable precipitate was formed when ex-
cess acid was present. In the case of thorium chloride without excess acid a gel was formed. Pre-
cipitates formed in unacidified sulfate and nitrate solutions required washing with acetone for sat-
isfactory filtering. Precipitates formed with excess acid were filterable but were sometimes dehy-
drated with acetone to speed the filtration and washing steps. All samples were vacuum-dried for
several hours.

In every system the ratio of two thorium atoms to three titratable (direct titration with ceric
ion) peroxide molecules was observed. In every case the original solution anion was present in

the solid, dried precipitate. The anion, regardless of charge, was close to the stoichiometric

ratio Th2(00)3(An_) + xH,0.

DECOMPOSITION OF H,0, IN ACID AT ELEVATED TEMPERATURES

M. J. Kelly D. R. Cuneo

The formation and subsequent decomposition reactions of peroxide in aqueous homogeneous re-
actors continue to be of considerable interest. Work at elevated temperatures (i.e., above 100°C)
on the simple system H,0,-H,S0,-H,0 with the decomposition reaction catalyzed by added iron
has shown an interesting anomaly occurring at 190 to 210°C.

Equipment used for recombination studies'® was adapted so that small quantities of 30% H,0,
could be injected rapidly into the reaction bombs and samples withdrawn serially; this made it pos-
sible to follow the course of the decomposition reaction. After peroxide injection and the establish-
ment of equilibrium, sampling was begun. A 1-ml| sample drawn through a 20-mil capillary, surrounded
by a cold trap, could be taken in less than a second. Samples could be withdrawn within 10 sec of
each other. Cooling by the cold trap reduced the decomposition rate so that standard analytical
techniques could be used for the peroxide determination without the introduction of appreciable
error.

Figure 10.6 shows the only significant results to date. |t should be noted that thermal decom-
position of the peroxide does occur in the titanium reaction bombs without added iron. The slope
shown in Fig. 10.6 for the experimental points at 220°C and above corresponds to the slope ob-
served for the uncatalyzed process. This is probably a heterogeneous decomposition process
occurring by wall catalysis. At the temperatures of the experiment a finite amount of added iron
is required to override this process. The addition of 2.8 ppm of iron changes the activation en-
ergy observed to the 23 to 25 kcal/mole considered normal for the catalyzed homogeneous solu-

tion decomposition. As the reaction temperature is increased, a significant reduction from the

1841, F. McDuffie et al., J. Phys. Chem. 62, 1030 (1958).
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expected rate is observed. This transition zone shown in Fig. 10.6 may be explained by the loss
of iron activity, probably by hydrolytic action which destroys its ionic character. This assump-
tion is strengthened by the experimental points at 210°C and above where the addition of more

added iron does not increase the rate of reaction.
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11. AN INVESTIGATION OF URANIUM(VI) HYDROLYSIS AT ELEVATED
TEMPERATURES, USING THE GLASS ELECTRODE!'

C. F. Baes, Jr. N. J. Meyer?

The hydrolysis of uranium(V!) in 0.5 m nitrate solution has been investigated at temperatures up
to 148°C, using the glass electrode emf cell and the vibrating-reed electrometer measuring circuit
described previously.3

Results at 25 and 94°C (which were obtained over the uranium concentration ranges 0.001-0.02 m
and 0.002-0.02 m, respectively, and from nearly zero hydrolysis to, or near to, the precipitation

points) indicate the following equilibria to be the first and second hydrolysis steps:
U0,2* +H,0 ==UO0,0H" + H*, (1)
200,%* + H,0==—U,0,2" + 2H". (2) .

Table 11.1 lists values of the corresponding equilibrium quotients O, and O,, and the quotient O,

(equal to Q2/Q$) for the dimerization reaction

2U0,0H" ==U,0,2* + H,0 . (3)

Table 11.1. Equilibrium Quotient Values

At 25°C At 94°C
Q, (2.5 £1)x 10~6 (7 £1)x 10-3
0, (1.1 £0.1) x 10~¢ (3.2 £0.2) x 10=5
2, 1% 105 (7 +2) x 10°

The value of 0, found at 25°C is in adequate agreement with various previous room-temperature de-

terminations in the literature* (which fall in the range 0.7 to 1.5 x 10~¢). The value of 0, is diffi- -
cult to determine accurately at rcom temperature because of the small contribution of equilibrium (1)

to uranium(V!I) hydrolysis. Other investigators have reported 0, values in the range 0.8 x 10~¢ to

2 x 107> (refs 4 and 5).

]Presenfed in preliminary form at the First Conference on Nuclear Reactor Chemistry, Gatlinburg, Tenn.,
Oct. 12-14, 1960.

20RINS research participant from Bowling Green State University, Bowling Green, Ohio.
3C. F. Baes, Jr., Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 130.

4. Bjerrum, G. Schwarzenbach, and L. Sillen, Stability Constants; Part Il. Inortganic Liquids, p 9,
Chemical Society, London, 1958.

5R. L. Gustafson, C. Richard, and A. E. Martell, J. Am. Chem. Soc. 82, 1526 (1960).
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Preliminary results at 148°C confirm this increase in uranium(V]) hydrolysis with temperature
(giving 0,=1to 2 x 10™%); however, the accuracy of these measurements was limited by appreciable
leaching of alkali-metal oxides from the glass electrodes used.

The decrease of the dimerization quotient Q with increasing temperature indicates increased
stability of the monomeric hydrolysis product UOZOH+, compared with the dimeric U2052+. [t is hoped
that more extensive measurements at 148°C, using glass electrodes of greater chemical resistance,
will permit a more accurate determination of the temperature dependence of equilibrium (3).

From the values of 9, and 0, listed above, the following enthalpies, free energies, and entropies

of reaction are estimated at 25°C:

) An AF \s
Reaction (keal) (keal) (eal /%K)
) 10.5 £ 1.5 7.6 0.2 10£5
(2) 10.6 + 0.5 8.13 +0.05 8.4 +2

Equilibriums (1) and (2) account adequately for the observed hydrolysis behavior up to hydrolysis
numbers (i.e., the formal number of OH™~ ions per UO22+ ion) of about 0.2. At higher hydroxyl numbers
{which reach a maximum value of 1.5 at 25°C and 0.6 at 94°C) it is clear that additional, more hydro-
lyzed species are formed. Ahrland, Hietanen, and Sillen® were able to account reasonably well for the
previous extensive room-'rempero'rlure measurements of Ahrland’ by the assumption that these further
hydrolysis products are members of the ‘‘core-links'’ series

u,0,2*,U,0,2%,..., U0, 2.

n-3n~1

However, the present measurements show systematic deviations (which were less clearly apparent in

Ahrland’s results) from the behavior required by this assumption. These deviations are too large to be

explained by experimental error, activity coefficient variation, or liquid-junction potential effects.
While the general interpretation of the present results is not yet complete, preliminary examination

suggests that the principal reaction subsequent to equilibrium (2) is
3U0,2" + 5H,0 ===(U0,)4(OH), * + 5H™ . (4)

{ The species (U02)3(OH)5+ was proposed some years ago by Sutton.B1 I no additional equilibriums
prove to be of comparable importance, it appears that the present results will permit the evaluation of

the equilibrium quotient for this reaction at 25 and 94°C with useful accuracy.

65. Ahrland, S. Hietanen, and L. Sillen, Acta Chem. Scand. 8(10), 1907 (1954).
7s. Ahrland, Acta Chem. Scand. 3, 374 (1949).
8. Sutton, J. Chem. Soc. (suppl No. 2), $-275 (1949).

65




12. ISOPIESTIC STUDIES AT ELEVATED TEMPERATURES
B. A. Soldano C. S. Patterson!

The high-temperature isopiestic apparatus used to study the osmotic behavior of aqueous elec-
trolytes? has been modified. To improve the reliability of the internal weighing system, the original
electrical microformer circuitry was replaced by a direct optical system. In the new design the null
point of the balance is established by the observation of a collimated light beam, reflected from a
corrosion-resistant Stellite mirror, mounted on the balance. The light beam enters and leaves the ap-
paratus through a specially designed quartz window. Figure 12.1 shows the general arrangement of
this optical system. The experimental precision has been very good: in no case was the difference
between duplicate equilibrium molalities greater than 0.8%; in over 60% of the cases the duplicates

agreed to within 0.4% in molality; and in many cases the duplicates agreed to within0.1% in molality.
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Fig. 12.1. Schematic Drawing of the Optical System for the Isopiestic Unit.

Studies with the modified apparatus were made at temperatures between 100 and 142°C, over con-
centration ranges from 0.5 m up to saturation, and for representative electrolytes of the 1-1, 2-1, 2.2,
and 1-2 types. Special emphasis was placed upon the concentration-dependent behavior at 121.1°C.

The experimental data were converted to values of the isopiestic ratio R, the ratio of the osmotic
coefficient of the test salt to that of NaCl, chosen as the working standard. Although at present there

do not exist any generally accepted primary standards for water activities in salt solutions above 100°C,

]5ummer employee; present address: Furman University, Greenville, S.C.

2y. J. Hamer (ed.), pp 22435 in The Structure of Electrolyte Solutions, Wiley, New York, 1959.
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the results of Smith® on the boiling points of sodium chloride solutions from 25 to 100°C were extrapo-
lated to 121.1°C in order to obtain estimated values of the osmotic coefficients for NaCl.

Table 12.1 presents experimental values of the isopiestic ratios for seven salts at 121.1°C, to-
gether with estimated values for the osmotic coefficient of NaCl. As shown by Fig. 12.2, the osmotic
coefficients for the 1-1 electrolytes show a concentration dependence at 121.1° which is quite similar

to that found at 25° by Robinson and Stokes.*

3R. P. Smith, J. Am. Chem. Soc. 61, 500 (1939); R. P. Smith and D. S. Hirtle, J. Am. Chem. Soc. 61, 1123
(1939).

4R. A. Robinson and R. H. Stokes, Electrolyte Solutions, Butterworths, London, 1955,

Table 12.1, Isopiestic Ratios at 121.1°C

Osmotic

Coefficient Ratio (to NaCl) for Electrolyte Listed

Molality of NaCl
(estd)

LiCl  KCl CsCl Na,50, BaCl, MgSO, U0,50,

Experimental
0.500 0.911
0.5014 0.8722
0.594 0.7363
0.636 1.031
0.676 0.9704
0.6858 0.9565

Interpolated

1.00 0.930 1.045 0.9620  0.943 0.697 0.899

1.25 0.678 0.912

1.50 1.062 0.952 0.928 0.662 0.923
. 1.56 0.4205

1.65 0.397

1.75 0.649 0.929

2.00 0.976 1.077 0.943 0.918 0.638 0.931 0.434

2.25 0.627 0.932

2.50 1.091 0.935 0.908 0.616 0.932 0.488

2.70 0.607

2.75 0.931

3.0 1.041 1.105 0.927 0.898 0.926 0.560 0.460

3.5 1.120 0.919 0.888 0.628 0.491

4.0 1.089 1.134 0.910 0.878 0.694 0.521
4.5 1.149  0.902 0.869 0.755 0.548
5.0 0.894 0.859 0.808 0.572
5.1 0.817
5.5 0.594
6.0 0.614
6.5 0.633
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Table 12.2 presents data showing the change in isopiestic ratio with temperature for the seven
salts at concentrations selected to permit measurements at ail temperatures from 25 to 142°C. For the
1-1 electrolytes, the ratios (to NaCl, also a 1-1 electrolyte) appear to be almost independent of temper-
ature. The 12% change between these temperatures for LiCl, while not large, nevertheless reflects the

previously noted anomalous behavior of lithium ions.

Table 12.2. Variation of Osmotic Ratlos with Temperature at Fixed Molality

Osmotic Ratio (to NaCl std)

Salt Molality

25.0°C 99.6°C 121.1°C 142.0°C
Licl (1.40) 1.120 1.020 1.059 1.047
MgsO, 3.04 0.881 0.635 0.542 0.482
uo,so, 3.42 0.804 0.550 0.487 0.429
KCl 1.55 0.9440 0.9445 0.9446 0.9446
BaCl, 1.12 1.011 0.915 0.905 0.873
Na,$0, 1.54 0.648 0.6655 0.660 0.634
CsCl 1.59 0.892 0.9385 0.926 0.920
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Figure 12.3 shows the much more pronounced linear temperature dependence of the isopiestic ratio
for the 2-1 and 2-2 electrolytes. It was interesting that the isopiestic ratios for sodium sulfate, at a
concentration of 1.54 m, showed very little temperature dependence. In this respect it behaved more

like a 1-1 electrolyte.
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The significance of charge type is apparent when the slopes for the temperature dependence of 1-1,
2-1, 1-2, and 2-2 electrolytes are compared. Studies with other electrolytes, with mixtures, and at
lower concentrations are in process to provide additional information concerning the behavior of aque-

ous solutions at elevated temperatures.
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13. SURFACE CHEMISTRY OF THORIA IN DILUTE AQUEOUS ELECTROLYTIC SOLUTIONS

IONIC ADSORPTION EQUILIBRIA

F. H. Sweeton C. H. Secoy

The work to be described is directed toward the surface chemistry of Th02 suspended in aqueous
solutions. Such knowledge should be useful in estimating the interactions of adjacent particles in
aqueous Th02 slurries and should therefore be useful in eliminating some of the present uncertainty
in their caking properties. Such slurries are considered as a potentially important fluid medium for

U233 isotope, which is itself a reactor fuel.

converting excess neutrons from nuclear reactors into the
This conversion is important in achieving low-cost nuclear power.

The first phase of the work has been a theoretical examination of particle-particle interaction in
suspensions in the light of available theories dealing with the effect of attractive and repulsive forces
between particles on their tendency to flocculate. |t has been possible to estimate the electrical sur-
face potential required to give a particular degree of stability to a slurry having particular values of
temperature, ionic concentration, ionic valence, particle size, and slurry concentration. A report on
such calculations was issued.! It is stated in this report that when one parameter is varied at a time,
the required ‘*surface potential (1) increases rapidly with increasing temperature; (2) decreases rapidly
as the particle radius increases (particularly at small radii); (3) does not change much as electrolyte
valence increases, provided the electrolyte concentration is low, but increases rapidly if the electro-
lyte concentration is high; (4) does not change much as the electrolyte concentration increases, pro-
vided the electrolyte valence is 1, but increases rapidly if the valence is 2; (5) increases only moder-
ately as the suspension concentration increases; and (6) increases only slightly for an appreciable de-

crease in flocculation rate.'’?

The second phase of the work, now under way, is the measurement of ionic adsorption equilibria
of the ThO2 surface with various aqueous solutions. The electrical double layer theory provides a
means of converting such adsorption data into electrical surface potential. If this potential is com-
bined with the particle-particle interaction theory mentioned above, the stability of the system can be
calculated for any particular set of the experimentally determinable parameters.

It has been difficult to obtain a sample of Th02 that is suitable for adsorption measurements. tost
of the material readily available is composed of porous particles, each of which contains many small
crystallites. Theory indicates that the adsorption on the exposed surface, which is pertinent to the
problem of particle-particle interaction, can be expected to behave quite differently with the various
controlling parameters than does the adsorption on the crystallite surface within the particle. There-
fore a ThO2 sample is desired which is composed of solid particles, having only external surface. [t

appears advantageous for the particles in such a sample to be also homogeneous in size, and large

]F. H. Sweeton, Calculation of Suspension Peptization, ORNL-2791 (Mar. 16, 1960).
2E_ H. Sweeton, op. cit., p 7.
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enough to have a negligible surface curvature, but still small enough to have sufficient surface per
unit weight for practical adsorption measurements. An effective diameter of a few tenths of a micron
is thought to be a reasonable compromise.

Several methods of preparing a suitable sample of ThO2 have been tried.3 Building up single crys-
tals in a solution precipitating in a ‘‘homogeneous’’ manner was unsuccessful because the crystallites
that were produced formed spherical agglomerates having the unwanted internal surface. Attempts to
precipitate ThO2 by reacting a solution of Th(NO:‘])4 with a slightly less acidic ion exchanger produced
no particles at all near the desired size. Precipitation of thorium peroxide for later thermal decomposi-
tion to Th02 was unsuccessful because the particles obtained were too small. In connection with this

. method some measurements were made of the pH at 25°C of Th(NO:‘])4 solutions {0.01 to 0.1 M) contain-
ing concentrations of added HNO, up to 0.1 to 0.8 M HNO, (it is planned to issue these data in a sepa-
rate report). The results are thought to have a precision of 0.05 pH unit.

A more nearly suitable sample of ThO2 was finally prepared by acid digestion of Th02 prepared from
thorium oxalate. The degraded particles were centrifugally separated to give a product that settles at
the same rate as would ThO, spheres between 2000 and 3000 A in diameter. We plan to use this mate-
rial for the first adsorption tests, although it may still have some internal surface.

The proposed plan for measuring surface adsorption is to equilibrate a known solution with Th02
having a known surface, and then to filter the solution and analyze it for hydrogen ion concentration
and electrolytic conductivity. These two methods of analysis appear convenient for the dilute solu-
tions expected to be of most interest (1 millimolar and less), and together should be sufficient to
characterize solutions containing variable concentrations of one cation and one anion in addition to H*
and OH™ — solution systems such as HNO3-N0N03 or KOH-K2504.

A cell for equilibrating ThO2 and obtaining a sample of filtrate for analysis has beendesigned, con-
structed, and partially tested. The slurry sample contacts only glass, Teflon, and a Millipore filter,
and is protected from atmospheric carbon dioxide.

A cell for measuring pH has been designed, constructed, and tested. The solution going through the
cell contacts only glass, Teflon, polystyrene, and a little stopcock grease, and is protected from the
atmosphere. |t uses glass and calomel electrodes and provides for forming a sharp, flat liquid junc-
tion between the test solution and the saturated KCl solution of the calomel electrode. Tests have in-
dicated that HNO, solutions between 10~> and 10~3 M can be measured with a standard deviation of
about 0.03 pH unit or less.

Several conductivity cells have been designed, constructed, and tested, but development is con-
tinuing. A suitable cell would have a small holdup volume, would not be soluble enough to change the

conductance of solutions with concentrations as low as 10~° M, and would be easy to flush out.

3Chem. Tech. Div. Ann. Progr. Rept. Aug. 31, 1960, ORNL-2993, pp 129-33.
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CALORIMETRIC STUDIES .
H. F. Holmes C. H. Secoy

In connection with the general program for the surface chemistry of thorium oxide, it seems highly
desirable to make a study of the energetics of the interface between solid thorium oxide and various
liquid systems. Such studies are best conducted by direct calorimetric measurement of heats of wet-
ting and heats of adsorption from solution. Coupled with the required pretreatment of the solid sur-
face, the calorimetric data will yield valuable information about such factors as surface polarity, ef-
fective surface area, site-energy distribution, hydrophilicity, wetting tendency, energy of adhesion,
and heat of adsorption. The study of any thermodynamic property as a function of temperature can,
and does, yield valuable information concerning the energetics of the process under consideration.

With this in mind, the calorimetric measurements are to be made over the temperature range from 25 .

to about 250°C.

The calorimeter body is to be constructed entirely from copper. The use of copper will provide a
means for very rapid temperature equalization over the entire surface of the calorimeter and will also
provide adequate mechanical strength to contain the vapor pressure of an aqueous system at 250°C.
Because of the difficulties associated with heat transfer at high temperatures, the calorimeter will be
operated with an adiabatic shield and the air gap will be evacuated. Due to the relatively high preci-
sion and sensitivity required, all the temperature measurements will be of the differential thermoelec-
tric type utilizing 12-junction copper-constantan thermels. The reference point for these thermels is
the center of an independently controlled reference block. In order to provide maximum stability over
long periods of time, the control element for the reference block is a platinum resistance thermometer.
This selection was based on the proven superior stability of the platinum resistance thermometer as a
temperature sensing element over long periods of time. This superior stability is inherent in the selec-
tion of the platinum resistance thermometer as the definition of a major portion of the international tem-
perature scale. The reference block is to be constructed using the principles of a thermal oscillation
damper as independently developed by Tian and Lazniewski. The entire reference block—calorimeter
assembly will be immersed in a constant-temperature oil bath in order to provide an isothermal ambient
environment. One of the major limitations to the accuracy of this type of calorimetric measurement has
been the inherent difficulties encountered with conventional sample holders, that is, the use of evacu-
ated glass bulbs as sample holders. The breaking of an evacuated glass bulb in a calorimetric lig-
vid gives rise to a heat effect, which includes the mechanical heat of breaking, the P 4V work, and
the heat of vaporization of the liquid. The magnitude of this effect is not negligible at room temper-

ature and at 250°C has increased by approximately four orders of magnitude, becoming greater than

most of the desired heats of wetting and heats of adsorption. In view of this, an entirely new sample
container was designed. The basis of the new sample container is the use of a hydraulically operated
bellows seal to expose the clean, solid sample to the wetting liquid. The new sample container should
reduce this serious source of error to a much more desirable level. Means are also provided for evacu-
ating the calorimeter to the vapor pressure of the system under study. This is desirable in order to de-
termine the effect of dissolved gases on the observed values for the heats of wetting and heats of ad-

sorption. Adequate stirring of the calorimeter contents will be provided by oscillation of the calorimeter
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and reference block through an arc of 120° The temperature sensitivity of this instrument will be about
20 microdegrees, and the loaded calorimeter will have an energy equivalent of approximately 75 cal/deg.

Completed calculations and theoretical considerations? have demonstrated that such a calorimeter
can be successfully constructed using only commercially available instruments. Using manufacturers’
specifications and heat transfer calculations, estimates have been made of the uncertainty associated
with the experimental results. These estimates indicate that a heat release of 7 cal (a rough estimate
of the magnitude of the experimental results) may be measured with a maximum error of 0.1%. This is
an absolute value, and therefore the precision of the measurements should be much better than 0.1%.
Mechanical-engineering drawings have been completed. Some of the required instrumentation has been

. received and is undergoing testing and calibration. The remaining instruments are either on order or
will be placed on order in the immediate future.

A second calorimeter is in the process of simultaneous design and construction. The basic reason
for obtaining the second calorimeter is that the reference block—metal calorimeter system, which is
inherently a much more universal calorimeter, can be freed for use exclusively at the higher tempera-
tures. The second calorimeter will be used to obtain data in the temperature range from 25 to approxi-
mately 50°C. The body of this calorimeter will consist of a 265-ml Dewar flask. Its associated elec-
trical circuits are such that practically all the required instrumentation will be available from the ref-
erence block—-metal calorimeter system. This instrumentation will be available during the time required
(approximately 24 hr) for the reference block system to reach thermal equilibrium after the metal calo-
rimeter has been loaded. This thermal lag is inherent in the reference block and is due to the fact that
presently available control systems would be entirely inadequate to provide the necessary stability re-
quired for the reference block on a short-term, low thermal lag basis.

The Dewar calorimeter will employ a thermistor as the temperature-sensing device. The use of a
thermistor will make this calorimeter at least as sensitive as the reference block system and at the
same time eliminate the inherent difficulties associated with the measurement of very-low-level thermo-

. electric voltages. Means are also provided for stirring, electrical calibration, evacuation to the vapor
pressure of the liquid being studied, and introduction of the clean, solid sample. With this particular
calorimeter the solid samples will be contained in evacuated glass sample bulbs. Provision has been
made for handling six samples in the calorimeter with a single loading, thereby greatly increasing the

rapidity with which data can be obtained.

i 4H. F. Holmes, unpublished results.
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14. CORROSION BY SOLUTIONS

J. C. Griess H. C. Savage
J. L. English L. L. Fairchild P. D. Neumann
J. M. Baker D. N. Hess J. G. Rainwater?
S. E. Bolt! T. H. Mauney L. Rice

J. F. Winesette

CORROSION IN UO,SO, SOLUTIONS OF HIGH ACIDITY

Most corrosion testing in the Aqueous Homogeneous Reactor Program has been conducted with
uranyl sulfate solutions 0,025 m in stOA' since it was generally believed that this acid concen-
tration would be adequate for solution stability in the HRT. In general, however, the higher the
acid concentration, the more stable the fuel system; moreover, chemical analyses of HRT fuel solu- -
tions during run 21 suggested that additional acid would be desirable. Accordingly, the corrosion
behavior of type 347 and of type CD4MCu stainless steel at 250 and 300°C has been examined in
solutions containing 0.04 = UO,SO,, 0.025 m CuSO,, and 0.05m H,SO,. Attempts were made to
determine the critical solution velocity and the extent of corrosion at velocities below the critical
velocity for each alloy.

Type 347 stainless steel specimens, when exposed at 250°C, showed a critical velocity of about
10 fps. Even at velocities slightly below 10 fps, about 0.002 in. of metal corroded before a protec-
tive oxide film formed. Exposure of specimens to oxygenated water at 280°C for 48 hr prior to ex-
posure to the uranyl sulfate solution at 250°C for 270 hr resulted in a critical velocity of 15 to 20
fps. At flow rates less than the critical velocity, about 0.001 in. of metal corroded during forma-
tion of the protective film. When the specimens were given the pretreatment in high-temperature
water and exposed to the uranyl sulfate solution at 300°C for 319 hr, a critical velocity of 45 to 50
fps was observed and only 0.0001 to 0.0003 in. of metal corroded at flow rates less than the critical
velocity. The same specimens that were exposed at 300°C were then exposed (without descaling)
to the uranyl sulfate solution at 250°C for 560 hr; no further corrosion occurred at velocities up to
50 fps. It is obvious from these experiments that pretreatment of the specimens is beneficial, at
least for relatively short periods of time; in some previous cases pretreatment films have lasted
for many hundreds of hours. 3 However, it must be realized that films developed below the critical
velocity have been demonstrated to be metastable when exposed at flow rates above the critical
velocity. Thus, although the specimens exposed at 300°C resisted attack when exposed above the
critical velocity at 250°C, the protective film probably would eventually deteriorate if flow veloci-

ties were maintained at above 10 fps,

]Reacfor Division.
2 L. . .
Summer research participant from the University of Arkansas.

3). C. Griess et al., HRP Quart. Progr. Rept. Jan. 31, 1957, ORNL-2272, pp 80—81.
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The less extensive tests with type CD4MCu stainless steel have been performed with specimens
machined from a single casting of the material and without pretreatment of the specimens. In tests
with this material a critical velocity of less than 10 fps was observed at 250°C. In the velocity
range of 10 to 14 fps the metal corroded to an average depth of 0.005 in. during a 275-hr run. At
300°C the critical velocity was about 30 fps, and 0.0005 to 0.001 in. of metal was removed during
the formation of a protective oxide film. At both temperatures an unusual form of localized attack
was observed. At 250°C preferential attack occurred on the grains themselves. The grain bound-
aries were raised, giving the specimen a very rough surface. At 300°C a similar attack was ob-
served, although the grain boundaries were less well defined. In addition, relatively large areas
showed very minor attack. It is clear that the cast type CD4AMCu stainless steel has a lower criti-
cal velocity than the wrought type 347 stainless steel. This result is consistent with previous data
which showed that cast type 347 stainless steel usually has a lower critical velocity in a given

environment than does the wrought material.*

CHEMICAL EQUILIBRIA AND CORROSION IN URANYL SULFATE
SOLUTIONS AT TEMPERATURES TO 365°C

The chemical stability of uranyl sulfate solutions at elevated temperatures has been the sub-
ject of a large number of investigations in the Aqueous Homogeneous Reactor Frogram. Such
studies have been conducted in pressurized autoclaves of several types and in loops in which the
solution is circulated by means of pumps. Though they are more expensive, in general, the pump-
loop tests have many advantages over those using autoclaves. Reactor conditions of fluid flow,
temperature, and dissolved-gas concentration (i.e., oxygen) can be more nearly duplicated in the
pump loops, and samples of fuel solution can be routinely removed for chemical analyses. By use
of the loops, corrosion specimens can be exposed to the circulating solution for evaluation, and the

effect of heated and cooled metal surfaces on solution stability and corrosion can be investigated.

A disadvantage of such loop tests in the past has been the inability of the available loops to
operate at temperatures above 330°C and at pressures above 2000 psia. Accordingly, a loop, similar
in design to the HRP in-pile loops, has been constructed to operate at temperatures and pressures
of 370°C and 3000 psia. This assembly permits evaluation of solution stability and material corro-
sion to temperatures near the critical temperature of water.

The loop, shown schematically in Fig. 14.1, is constructed of titanium, which is far superior to
type 347 stainless steel in resistance to corrosion by acid uranyl sulfate solutions. A 5-gpm canned-
rotor pump circulates the solution through the ]/4-in. main-loop piping, which contains a combination
heater-cooler unit to control the main-stream temperature. Corrosion-test specimens are placed in
the main-loop stream. A horizontally mounted pressurizer is used to provide steam pressurization

and expansion volume when heating the solution to elevated temperatures. For continuous removal

4J. C. Griess et al., HRP Quart. Progr. Rept. Jan. 31, 1955, ORNL-1835, p 83.
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Fig. 14.1. Titanium Laop System for Use at 370°C and 3000 psia.

of solids or heavy-phase material which might be formed during operation at elevated temperatures,
part of the circulating solution is passed through a hydroclone.® Auxiliary apparatus for removing
samples of the fuel solution from the main-loop stream and the hydroclone underflow pipe can be
operated while the foop is operating at temperature and pressure. .
The loop has been cleaned and calibrated and used in three relatively short tests (up to 75 hr)
of the stability and corrosivity of a D,0 solution containing 0.044 M U0 ,SO,, 0.022 M CuSO,, 0.0149
M NiSO,, and 0.038 M D,SO, at temperatures up to 365°C., [The temperature for separation of this
solution into two liquid phases is 327°C (ref 6).]
The temperature of the main circulating stream was maintained about 5°C below that in the pres-
surizer and was increased in steps. After increasing the temperature and allowing the system to reach

equilibrium, a solution sample was withdrawn from the circulating stream and occasionally from the

5p. A. Haas, H;/draulic Cyclones for Application to Homogeneous Reactor Chemical Processing, ORNL-
2307 (Nov. 18, 1957).

6W. L. Marshall, private communication.
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underflow pot of the hydroclone. It was presumed that the solution withdrawn from the circulating
stream at temperatures above which an extra liquid phase formed contained only the light phase and
that the solution taken from the underfiow pot contained a mixture of light and heavy phases.

As the temperature of the system was increased beyond 327°C, all constituents of the light phase
except free acid decreased in concentration. With a pressurizer temperature of 365°C and the circu-
lating stream at 360°C, the concentration of U, Cu, Ni, and 5042' in the light phase was 0,01, 0.014,
0.005, and 0.071 M respectively. The mole ratios of copper to nickel, nickel to sulfate, and copper
to sulfate were essentially constant from room temperature to the highest temperature investigated.

Solution samples removed from the underflow pot of the hydroclone at temperatures greater than
327°C contained more salts than did samples removed from the line. However, the concentrations
of salts indicated that not all the heavy-phase material collected at that location. It is highly prob-

. able that a substantial amount of the heavy phase collected in the pressurizer, where temperatures
were slightly higher.

Corrosion specimens made from Ti-75A and from a Zircaloy-2 weldment showed negligible attack
during the 153 hr of the run. The titanium specimens developed a dark blue-gray color and exhibited
weight gains of about 0.03 mg/cm2. The Zircaloy-2 specimens were covered with a black film, which
appeared to be transforming to a white film at a few isolated areas. Weight gains of about 0.1 mg/cm 2
were observed.

The performance of the loop was very satisfactory. It should be a useful tool for studying solu-

tion stability and corrosion at temperatures nearly as high as the critical temperature of water.

CORROSION OF ALUMINUM OXIDES IN AQUEOUS SOLUTIONS

Specimens of aluminum oxide have been tested for corrosion resistance to establish suitability
for use of the material as a nonconducting liner in magnetic flowmeters. Specimens, supplied by the
- Coors Porcelain Company, were of two grades: one grade contained 93 to 95% Al ,0,, and the sec-
ond contained a minimum of 98%.

Both grades showed excellent resistance to corrosion in oxygenated distilled water boiling under
atmospheric pressure for 1500 hr, and both were satisfactory (less than 3 mils/yr, from weight-loss
measurements) in oxygenated distilled water at 300°C for the same time interval. Attack by aerated
simulated fuel solution (0.04 M UO,S0,, 0.02 M H,S0,, and 0.005 M CUSO4) on boiling at atmos-
pheric pressure for 1000 hr, however, was much more severe; corrosion rates of 21 to 31 mils/yr
which were demonstrated are probably too high for the service proposed.

Specimens, consisting of alumina brazed to Ti-75A, have been tested for corrosion resistance to
establish suitability for use in valves and flowmeters. Specimens were vacuum-brazed at about
1000°C with four different brazing alloys. Test conditions, alloy composition, and observed weight
loss data are shown in Table 14.1.

Attack on titanium metal is negligible under these conditions. Brazed areas exposed to the

boiling reactor solution showed no visible evidence of attack; those exposed to 300°C water were
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Table 14.1. Observed Weight Losses on Brazed Aluminum Oxide—Titanium Specimens Exposed for
1500 hr in Various Media

Temperature Brazing Alloy Weight Loss

Medium °c) Composition (wt %) (mg/cm2)a
Oxygenated 300 95 Zr, 5 Be 7.1
distilled 80 Zr, 15 Fe, 5 Be 7.5
water 48 Zr, 48 Ti, 4 Be 9.0
47 Zr, 47 Ti, 3 V, 3 Be 5.3
Reactor fuel 100 95 Zr, 5 Be 15.2

solution® 80 Zr, 15 Fe, 5 Be 6.7 .

48 Zr, 48 Ti, 4 Be 38.8
47 Zr. 47 Ti, 3 V, 3 Be 11.8

“Based on combined areas of aluminum oxide and braze alloy only.

bAn air-aerated, simulated reactor fuel solution containing 0.04 M UO2SO4, 0.02 M H2504, and 0.005 M
CuSO .
4

dull and covered with black corrosion products. Neither corrosion nor the thermal cycling detached

the alumina from the metallic titanium.

CORROSION OF ALUMINUM BY WATER

The High Flux Isotope Reactor (HFIR) for the production of transplutonium elements is to be
built at ORNL. To achieve the high neutron flux necessary to produce significant quantities of the
transplutonium elements, a compact, relatively small core of high power density is necessary. The
reactor core’*® will be an integral unit composed of a flux trap surrounded by two concentric rings
of involute fuel plates. Euach plate has a thickness of 0.050 in., which includes the uranium-alumi-
num alloy fuel and 0.010 in. of an aluminum alloy cladding on each side. The plates are separated .
by a 0.050-in. channel through which light water flows at about 40 fps. This high flow rate is nec-
essary to remove the heat from the fuel plates, since heat fluxes as high as 1.5 x 108 Bty hr=! f1~2
will exist during reactor operation. Under normal conditions, cooling water will enter the reactor at
a temperature of 120°F (49°C) and will rise 70°F (39°C) in passing through the core.

Because of the very high power density in the HFIR core, fuel loadings must be removed after
about ten days for reasons of neutron economy. Corrosion rates of the aluminum fuel cladding which
are considerably in excess of those suitable for conventional power reactors can, therefore, be tol-
erated. Since, however, data on corrosion of aluminum in water under conditions of very high heat
flux do not exist, experimental study of the corrosion problem and the effect of corrosion products

on heat transfer was necessary. Alternative fuel element designs, which would require coolant flow

20 1_9159/; Lane ef al., High-Flux Isotope Reactor: Preliminary Design Study, ORNL CF-59-2-65 (Mar.

81. E. Cole, High-Flux Isotope Reactor: A General Description, ORNL CF-60-3-33 (Mar. 15, 1960).
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rates of 100 fps, have been considered for this reactor. Accordingly, the effect of very high coolant

flow rates on commercially available aluminum alloys has been examined.

Effect of Heat Flux on Corrosion of Aluminum by Water

The equipment and methods of preparation of test specimens, which have been described else-

where,?:10

are, briefly, the following. The specimens were prepared by pressing an aluminum tube
8.3 in. long with a 0.100-in.-thick wall onto a mandrel to form a rectangular channel of 0.050- by
0.500-in. cross section through which the coolant flowed. The corners and narrow edges of the
center 6.5-in. portion of the specimen were then machined to a wall thickness of 0.025 in. to reduce
the heat generation in that region. The l-in. length at each end was welded into large aluminum
electrodes to which electrical leads from the transformer were attached and by means of which the
specimen was flanged into a bypass line of the 100-gpm pump loop which provided the flow of water
through the specimen. In all tests the specimen was mounted vertically, with water entering at the
bottom.

Heat was generated by passing 60-cycle current at 8500 to 10,000 amp through the specimen.

The power (about 16 kw) so produced corresponded to a nominal heat flux of 1.5 x 106 Bty hr~!
ft=2 across the water-aluminum interface under the 0.100-in.-thick part of the specimen and 0.5 x
10 Bty hr=' =2 across the rest of the surface. The heat fluxes were held constant at the above
values within £5%.

Thermocouples were spot-welded to the outside of the specimen, and close-fitting Mycalex,
which served as thermal and electrical insulation, surrounded the specimen. The Mycalex was backed
up with heavy stainless steel plates so that the thin specimen could withstand the internal pressure
{up to 900 psi) used in the tests.

Heat was removed by circulation of water at 34 to 48 fps through the specimens. The quality of
the cooling water in the loop was maintained as desired by use of a mixed-bed demineralizer (for
high-purity water) or a cation exchanger (to provide water of pH below 7) in a bypass circuit. Ali-
quots of water were removed from the loop periodically for determination of quality. When the mixed-
bed ion exchanger was used, the pH of the water varied between 6.0 and 6.5, and the resistivity of
the water in the loop varied between 1 and 2 x 10® ohm-cm. Control of the pH of the water at values
less than 7 by means of the cation exchanger was usually good to £0.1 pH unit; resistivity of the
water at pH 5 was approximately 2 x 10° ohm-cm.

Two aluminum alloys have been tested in a total of ten experiments in the high-heat-flux facility;

the compositions of these alloys, types 1100and 6061, are shown in Table 14.2. Data obtained during

9. c. Griess, H. C. Savage, et al., Effect of Heat Flux on the Corrosion of Aluminum by Water. Part
I. Experimental Equipment and Preliminary Test Results, ORNL-2939 (Apr. 29, 1960).

]OJ. C. Griess, H. C. Savage, et al., Effect of Heat Flux on the Corrosion of Aluminum by Water. Part
I'IIb I]r;/é[z{;?nce of Water Temperature, Velocity, and pH on Corrosion-Product Formation, ORNL-3056 (Feb.




'rhese- tests and from metallographic examination of the test specimens after exposure justify the fol-
lowing conclusions.

1. The corrosion of aluminum under conditions expected to exist in the HFIR leads to the forma-
tion of an adherent, nearly transparent, corrosion-product oxide which has a thermal conductivity of
about 1 Btu hr=! 72 (°F)~! f. As the corrosion product forms, the temperature of the aluminum
increases under constant test conditions.

2. At a heat flux of 1.5 x 10® Bty hr~! f'r_z, the rate at which the oxide forms onaluminum sur-
faces is dependent on the pH of the coolant. The use of high-purity water or water adjusted to pH
values of 4 or less with nitric acid or carbon dioxide causes more rapid film formation than does

water adjusted to a pH of 5 with nitric acid.

3. The rate at which oxide forms on the water-cooled aluminum surface depends on the tempera-
ture of the coolant. For the coolant temperatures used, 131 to 223°F, the higher the temperature of
the coolant, the greater was the rate at which the oxide film formed.

4. In the range of 34 to 48 fps there appears to be no effect of coolant velocity on the rate at
which corrosion products build up on the water-cooled surfaces.

5. With sufficiently thin layers of corrosion product {(usually less than 0.001 in. thick) thermal
cycling of the aluminum produces no apparent loss of oxide. Thermal cycling usually causes the
loss of some oxide from the surface when the oxide is much in excess of 0.001 in. thick.

6. Although quantitative corrosion rates of types 1100 and 6061 aluminum alloys have not been
determined, the appearance of the specimens at the conclusion of these tests indicated that corro-
sion damage was not severe.

7. Under the conditions expected to exist during operation of the HFIR, aluminum will probably
be a successful cladding material. Corrosion damage does not appear to be a serious problem; by
adjusting the pH of the water to 5 with nitric acid, excessive fuel-element temperatures should not

occur during the ten-day fuel cycle.

Corrosion of Aluminum Alloys in High-Velocity Water at 170 to 290°C

The corrosion tests described were carried out as the first phase of a program to determine
whether commercial aluminum alloys could be used to clad fuel elements for the HFIR. Because
of the very high heat fluxes which will exist during HFIR operation, and in spite of the relatively
low temperature of the coolant water, temperatures in the aluminum fuel cladding will be high. The
aluminum temperature will be further increased by the fact that corrosion products which adhere, at
least partially, to the surface have low thermal conductivity. It has been shown (see above) that,
under conditions of rapid heat transfer, the temperature at the oxide-metal interface or the mean

11,12,

temperature in the corrosion-product film determines the corrosion rate; isothermal tests must,

9 :;?.)R. DeHalas, A Study of Heat-Transfer Effects on Aluminum Corrosion, Part I, HW-42585 rev. (Apr.
; 6).

12R. J. Lobsinger and J. M. Atwood, Corrosion 13, 582841 (1957).
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as a consequence, be conducted at temperatures expected to exist in the corrosion-product scale.
Thus the tests described in this report were conducted in the temperature range of 170 to 290°C.,

The corrosion of aluminum and its alloys by high-temperature flowing water has been the subject
of a number of investigations. Tests have usually been conducted under conditions of moderate flow
rate, 15 to 30 fps, and high temperature, 250 to 360°C. For most reactors the rate of fuel burnup is
such that fuel elements remain in a reactor for relatively long periods. Consequently, low corrosion
rates must be achieved if thin aluminum cladding is to retain its integrity.

The results of previous investigations have shown that aluminum, and most of the commercial
alloys, suffer heavy corrosion damage in high-purity water at 200°C and above. 13,14 Alloying alum-
inum with many different elements has little, if any, effect in reducing the rate of attack. 15 How-
ever, the addition of small amounts of nickel to aluminum substantially increases its corrosion re-
sistance, and the addition of a small amount of iron to the above alloy produces a further beneficial
effect. ¢ (An alloy containing about 1% nickel and 0.5% iron is commercially available and is de-
signated X8001.) Recent data have shown that the presence of silicon in the alloy is detrimental
to its corrosion resistance in high-temperature water. By reducing the silicon content of the alloy
to very low values, a further lowering of the corrosion rate can be achieved. 17" The beneficial ef-
fect of the low silicon content, however, is only significant gt temperatures of 300°C and cxbove;]8
at temperatures of about 250°C all alloys of this class show comparable corrosion rates.

Corrosion tests were conducted with commercially available type 1100, 5154, 6061, and X8001
alloys in water at flow rates between 20 and 107 fps and at temperatures between 170 and 290°C,
Compositions of these alloys are shown in Table 14.2. In addition, several experimental alloys con-
taining a variety of concentrations of iron, nickel, and silicon were tested. These isothermal tests,
which were of ten days duration, were conducted in 100-A pump loops in which heat was supplied to
the aluminum test specimens by the coolant water. After the test, the specimens were examined for
gain in weight and were subjected to metallographic examination to assess extent of attack.

The major results obtained from these studies can be summarized as follows.

1. During ten-day tests in the temperature range of 170 to 200°C, aluminum alloy types 1100,
5154, 6061, and X8001 exhibited essentially the same corrosion behavior. At water flow rates of

20 to 107 fps, corrosion rates generally increased with increase in coolant velocity.

]3J. E. Draley and W. E. Ruther, Corrosion 12, 4411-48: (1956).

“P. O. Strom and M. H. Boyer, Static Corrosion of Aluminum Alloys at 350°F and 480°F in Distilled
Water, LRL-64 (October 1953).

15M. H. Brown, R. H. Brown, and W. W. Binger, **Aluminum Alloys for Handling High-Temperature Water,’
paper presented at the Sixteenth Annual Conference, National Association of Corrosion Engineers, Dallas,

T exas, March 14-18, 1960.
]6J. E. Draley and W. E. Ruther, Corrosion 12, 480:.-90: (1956).

]7J. E. Draley, **Aqueous Corrosion of 1100 Aluminum and of Aluminum-Nickel Alloys,’’ paper pre-
sented at the Internationa! Conference on Aqueous Corrosion of Reactor Materials, Brussels, Oct. 14-16,

1959.

ISJ. E. Draley, private communication.
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Table 14.2. Composition of Commercial Aluminum Alloy Test Materials

Alloy Composition? (wt %)

Designation Fe Si Cu Mn  Zn Mg Cr Ti Ni Al
1100 (1.0 Fe  +Si) 0.20 0.05 0.10 99.00%
5154 (0.45 Fe  + Si) 0.10 0.10 0.20 3.1-3.9 0.15-0.35 0.20 bal
6061 0.7 0.40-0.80 0.15-0.40 0.15 0.25 0.15 0.15-0.35 0.15 bal
X8001 0.45-0.70 0.17 0.15 0.9-1.3 bal

@ .
Maximum, unless shown as range.

bMinimum.

2. At 230°C, types 1100 and X8001 aluminum alloys (the only alloys tested at this temperature)
behaved similarly. At flow rates of 20 to 67 fps the corrosion rates of these alloys at 230°C were
nearly the same as observed at 170 and 200°C, At temperatures up to and including 230°C none of
the alloys showed localized attack except for occasional shallow pits.

3. At 260°C many of the types 1100 and 6061 aluminum specimens underwent significant local-
ized attack in the form of subsurface void formation, whereas others were unaffected. Had the tests
lasted longer than ten days, all specimens of these alloys might have been seriously damaged by
this type of attack. On the other hand, specimens of type X8001 aluminum were completely free of
localized attack except for a few shaliow pits. The corrosion rate of type X8001 specimens was
nearly independent of flow rate between 20 and 67 fps.

4. Of the commercial alloys tested, only type X8001 did not suffer catastrophic attack at 290°C.
In fact, at the three highest velocities, the corrosion rate of type X8001 aluminum appeared to be
slightly lower at 290°C than at 260°C.

5. At 260°C and at coolant flows of 20 to 95 fps, type X8001 aluminum corroded fairly rapidly .
during the first 100 to 200 hr of test and then corroded at constant and lower rates; at the highest
velocity tested, the corrosion rate was independent of time. The observed linear corrosion rates
(in mils/yr) after the initial 100- to 200-hr period were: 5 mpy at 20 to 31 fps; 10 mpy at 31 to 44
fps; 15 mpy at 44 to 67 fps; 60 mpy at 67 to 95 fps; and 200 mpy at 95 to 107 fps.

6. Highly polished specimens of type X8001 aluminum corroded at approximately the same rate
in water at 260°C as specimens with a machined finish, but specimens pretreated in water at 250
or 300°C for 24 hr in an autoclave were significantly more resistant to attack in water flowing at
20 to 47 fps than were the '‘as-machined’’ specimens; at higher flow rates the pretreatment was not
effective.

7. Several experimental alloys containing various concentrations of iron, nickel, and silicon
appeared to be no more resistant to attack at 260°C and 42 fps than did the X8001 alloy.

From the results of these tests and since the HFIR fuel elements will be in the reactor only ten

days, any of the alloys tested could be used as cladding so long as the average temperature of the
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oxide film (i.e., the temperature that controls the rate of corrosion under conditions of heat flux)
did not exceed 230°C and the flow rate of the coolant was less than 65 fps. At higher tempérafures
only the type X8001 alloy and the experimental alloys could be used. None of the alloys tested

could be used successfully at 100 fps at any of the temperatures tested.

SERVICE CORROSION TESTING FOR OTHER DIVISIONS
Corrosion Testing in Support of Power Reactor Fuel Element Processing

These tests support the development program concerned with the power reactor fuel element
processing (aqueous) and waste disposal conducted by the Chemical Technology Division. The
corrosion resistance of metals and alloys that might be suitable for container materials for var-
ious dissolution processes and storage containers is determined under conditions simulating those
that would exist in a processing plant. Because of the nature and variety of the development
programs, many different materials are tested under many different conditions.

During the past year, tests have been carried out in solution simulating those that would
exist in the following processes, either developed or under development by the Chemical Tech-
nology Division: Thorex, Sulfex, Zircex, Zirflex, and waste calcination. The pertinent results
obtained from this testing program are considered an integral part of the development work on the
various processes and as such are included in the reports issued by the Chemical Technology

Division.

Testing in Cooling-Water Systems

Experimental testing programs are being conducted in the secondary side of the HRT heat
exchangers and in the core and cooling systems of the ORR. In addition, consultation on various
cooling-water systems is supplied as requested.

Water Treatment for HRT Steam Generators. — Treatment of the boiler water for the HRT is
complicated by the fact that oxygen (and hydrogen) is generated in the water by the radioactive
fuel solution passing through the tubes. Since the heat-exchanger tubes are made of type 347
stainless steel, the presence of oxygen leads to stress-corrosion cracking problems with only
trace concentrations of chloride ions in the water. Furthermore, oxygen in the steam causes
excessive corrosion of the shell of the heat exchanger and the piping in the steam system, both
of which are made of carbon steel. A method of water treatment which has resulted in trouble-free
operation of the HRT steam generators has been developed.!? In brief, the method uses potassium
phosphate to maintain the pH of the water in the range 10.5 to 11.5 and hydrazine to remove the

oxygen from the system. The chloride concentration of the water is also controlled to less than

]9P Neumann, Water Treatment in Aqueous Homogeneous Reactors, Experience in HRE-2, ORNL

. D.
CF-61-1-19 (Jan. 4, 1961).
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1 ppm. Although this water treatment appears to be adequate for the HRT, the cost would be pro-
hibitive for a large utility plant powered by aqueous homogeneous reactors. The incorporation of
an intermediate heat-exchange cycle in the reactor or the use of other material s not susceptible

to corrosion by oxygen might be more economical than chemical scavenging of the oxygen.

Tests in the Oak Ridge Research Reactor

Since operation of the ORR began, a testing program to determine the corrosion rates of var-
ious aluminum alloys used in the construction of the reactor has been conducted. Some of the
corrosion results obtained to date have been reported.?9:21 These results indicate that with the
water treatment practiced at the ORR all the aluminum alloys used in the system can be expected
to give satisfactory results for many years. Based on the observed generalized corrosion rates
alone, one would expect 40 to 50 years of service life. However, since occasional localized -
attack more severe than indicated by the generalized rates has been observed (rarely), minor re-

pairs will almost certainly be required before that time.

Acceptance Tests

As aroutine service, standard acceptance tests for austenitic stainless steels are conducted.
These tests include the boiling 65% HNO, test (ASTM-A262-55T), the oxalic acid test (ASTM-
A262-55T), and the Strauss test (ASTM-A393-55T).

20P. D. Neumann, Secondary-Side Water Treatment for Corrosion Control in Aluminum Heat Exchangers;
Practices and Results at the Qak Ridge Research Reactor, ORNL CF-59-8-5 (Aug. 12, 1959).

2]P. D. Neumann, Corrosion in the Oak Ridge Research Reactor, Core Cooling System, ORNL CF-60-
4-97 (Apr. 25, 1960).




15. CORROSION BY SOLUTIONS UNDER IRRADIATION

G. H. Jenks H. C. Savage
A. L. Bacarella S. J. Balll R. A. Lorenz
J. E. Baker S. E. Bolt? A. J. Shor
J. M. Baker R. J. Davis S. H. Wheeler
V. A. DeCarlo?

REVIEW AND CORRELATION OF ZIRCALOY-2 RADIATION CORROSION DATA

Many of the data obtained at ORNL for the in-pile corrosion of Zircaloy-2 in uranyl sulfate solu-
tion have been reviewed and correlated, and a report of the work has been prepared.?® The correlations
are based on the following equation for the relationship between corrosion rate (R) and fission power

density in solution (P):

1 K, o1

—_—— e —, 1
R KPa+K M

where a is a factor by which the effective power density at the corroding surface is greater than that
in the solution, because of uranium sorption on the surface; and K, and K are constants which are
evaluated from the experimental data. A model for the radiation effects on Zircaloy-2 corrosion which
leads to this equation is also described and discussed in this report.

The work had the purpose of evaluating the applicability of the general equationas well as the data
review and correlation.

The basic postulates for the model are described by Egs. (2) through (5), as follows: (1) The cor-
rosion rate is assumed to be directly proportional to the concentration of radiation defects N in the
metal or protective oxide. (2) The defects are formed at a rate proportional to Pa and are removed by
radiation annealing at a rate proportional to PaN and by thermal or corrosion annealing at a rate pro-
portional to N. (3) A steady-state concentration of defects is reached. (4) Substitution of the expres-

sion for N_in Eq. (2) gives an expression similar to that of Eq. (1):

R=aN, (2)
dAN/dt=K"'Pa ~K°Pa N~K’'N , (3)
K’ Pa
.= ., (4)
K®Pa + K’
1 K/KO 1
= 3 ; (5)

R, aK/K"Pa ak’/K®

llnsfrumen'ra'rion and Controls Division.
2Re<:|c'ror Division.

36. H. Jenks, Review and Correlation of In-Pile Zircaloy-2 Corrosion Data and a Model for the Effect of
Irradiation, ORNL-3039 (to be published).
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The results of the correlations of the experimental data obtained at 280°C show that a relation-
ship of the general form of Eq. (1) is obeyed within the power density range tested (up to 110 w/ml)
and that the values of K are essentially independent of solution composition. They also indicate that
the value of the factor K, is independent of solution composition. The experimental information for
temperatures other than 280°C is not sufficient to establish the validity of the general relationship at
other temperatures. However, if the reasonable assumption is made that the relationship is obeyed
and that a does not change or changes slowly with temperature, the data are sufficient to establish a
range of K values at 250 and 300°C and also to establish that over the temperature range investigated,

225 to 330°C, the data are reasonably well expressed by Eq. (6):

i 2.3 11,500
E=—+2.25x10"” exp ' (6)

Pa T

where T is the temperature in °K. As expressed by the equation, maximum corrosion rates of 12, 40,
and 84 mils/yr are expected at 250, 280, and 300°C respectively.

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

1. Solution: 0.04 m U02504, 0.005 to 0.0075 m CUSOA, and 0.02 t0 0.03 m H2SOA, in H2O and
D,0 (tests at 280 and 300°C). Best estimates of a at velocities up to about 25 fps are given by the

expression

4.8
a = + 1.

V0.6
2. Solution: 0.17 m U0,50,, 0.02 t0 0.03 m H,50,, in H,0 (tests at 280°C). Values of a are
2.5 to0 3.5 at velocities of about 0.8 fps; the value is unity at 10 fps and above (to ~45 tps).
3. Solution: 0.17 m U02$O4 with 0.15 m CUSO4 and 0.4 m H2SO4 or with 0.02 = Cu30,, 0.1 m
H2SOA, and 0.2 m Li2504, in HZO (tests at 280°C). At all velocities to about 45 fps, the a value

was unity.

CORROSION OF ZIRCONIUM ALLOYS IN IN-PILE LOOPS

In a continuation of in-pile studies to establish corrosion behavior of possible materials of con-
struction for aqueous homogeneous reactors, a variety of zirconium alloy specimens have been exposed
in an in-pile loop experiment (designated 0-1-25) at 280°Cto a D,0 solution containing0.04 uo,sg,,
0.016-0.035 m H,S0,, and 0.006 m CuS0,.

The loop was constructed of type 347 stainless steel and was similar in design to loops previ-
ously described.* The core section contained two tapered-channel specimen holders in which solu-

tion velocity ranged from 10 to 23 fps with included angles in the channels from +4 to 0°, Additional

H. . Savage et al., [n-Pile Corrosion Test Loops for Aqueous Homogeneous Reactor Solutions,

ORNL-2977 (Nov. 10, 1960).
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specimens were arranged in regions around the core channels; solution velocity past these annulus
specimens was about 1.5 fps. Specimens were mounted in a manner such that appreciable fractions of
the surface were covered by the holder or by adjacent specimens; the covered surfaces were not sealed
from the circulating solution but were in contact with an essentially stagnant thin film of solution. In
this study, specimens having different ratios of exposed to covered surface were included to better es-
tablish differences in corrosion behavior.

Exposure was performed in beam hole HN-1 of the ORR for 2741 hr during which time the reactor
generated 36,895 Mwhr of energy. The loop was fully inserted in the reactor for nearly 80% of this
interval.

The exposed specimens were examined for weight loss, induced activity, and composition of ma-
terials retained on surfaces. Examinations by metallographic techniques were also performed on these
materials.

Results obtained in this study have been reported in some detail® elsewhere; a summary of the
conclusions is presented below.

Studies with Zircaloy-2 at 280°C show that the factor K [ see Eq. (1), this chap.] is the same for
D,0 solutions of U0,SO, as for H,O solutions, the same for machined as for chemically polished sur-
faces, and the same for material fabricated to give random orientations as for that with preferred ori-
entations.

For a given set of conditions, surfaces of Zircaloy-2 which were chemically polished, overground,
or sandblasted followed by chemical polishing corroded to about equal extents. Sandblasting alone
had a deleterious effect on the corrosion resistance of Zircaloy-2 at some power-density levels.

The corrosion on covered Zircaloy-2 surfaces was substantially greater than that on surfaces ex-
posed to flowing solution. The value of a on the covered surfaces may have been as high as 15; that
on the exposed surfaces was as low as 1.5 to 2 under some flow conditions. The value of a for the
covered surfaces was appreciably greater than the value of 6 to 8 deduced from the results of previous
experiments which employed H20 solutions of uo,30,.

Specimens of weld ard air-contaminated weld materials corroded at about the same rate as stock
Zircaloy-2.

Zirconium=1% chromium alloy suffered radiation-induced corrosion in about the same amount as
Zircaloy-2.

The results for two specimens of crystal-bar zirconium indicate a K value of about 20 mils/yr for
this material, a value in near agreement with that determined in previous experiments. Uranium sorp-
tion on crystal-bar zirconium, as measured by the value of a, was greater than that on Zircaloy-2.

Specimens of Zr—15% Nb, Zr~15% Nb—2% Mo, and Zr—15% Nb-1% Cu in the beta-quenched con-
dition showed better corrosion resistance than Zircaloy-2. However, specimens of these materials
heat-treated at 400 to 500°C for one totwo weeks showed poorer corrosion resistance than Zircaloy-2.

The results provide evidence that uranium sorption plays an important role in the in-pile corrosion of

56. H. Jenks, H. C. Savage, et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 65.
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these materials just as it does for Zircaloy-2 and zirconium. It is possible that the performance of
some of the heat-treated alloys was poorer than that of Zircaloy-2 because of a difference in the ura-

nium sorption.

ELECTROCHEMICAL STUDIES OF ZIRCALOY-2 CORROSION

The measurement of corrosion rates by the linear polarization technique® was extended to temper-
atures above 250°C. The apparatus was modified to permit the temperature of the Teflon seals to be
held near 25°C while the system operated at the higher test temperature. This modification required
that a new method be developed for attaching the test sample to the external measuring instruments.
The best results were obtained when the zirconium wire was Heliarc-welded to a machined tip on the
test sample. However, there is still some question in the interpretation of the results obtained with
this method of attachment, because the rate of attack on the welded areas was apparently higher than
on the other areas (white oxide was formed).

Rate-time measurements were performed on amachined Zircaloy-2 specimen (obtained from Allegheny-
Ludlum) in 0.05 m H,50,, 300 ppm O, (25°C), at 258°C. The results for the first 1600 min can be sat-

isfactorily expressed by an equation of the form:
1/R=1/A + Bt ,

where R is the corrosion rate in ug of oxygen per cm? per min, A is a constant, 0.57, B is a constant
equal to 0.37 cm? per ;g of oxygen, and ¢ is the time in minutes. From 1600 to 3600 min the rate de-
creased to a steady-state rate of 0.14 mil/yr (mpy) (0.0014 pg of oxygen per cm? per min) and re-
mained constant at this rate until the experiment was terminated at 18,000 min. The value of A is
not reliable (as an initial rate) because of uncertainty in the initial exposure time.

The area of the welded section which exhibited the white oxide was estimated to be 0.06 cm? or
about 1% of the total area. Its contribution to the corrosion current for the major portion of the ex-
periment was probably negligible. However, at the steady state, it is conceivable that the welded
section could have been generating a significant part of the measured corrosion current.

The potential-time behavior for this specimen at 258°C was similar to that previously observed®
for the Firth-Sterling alloy at 208°C. However, at these higher temperatures, the observed potential
changes occur in a much shorter time interval, and the steady-state potential was observed to be
~1.150 £0.100 v, compared with —~0.550 £0.100 v at 208°C.

The current-potential behavior for the anodic and cathedic reactions on the Zircaloy-2 specimen
is presented in Fig. 15.1. The Tafel slope for oxygen reduction is 0.220 v, and the calculated
a Z_ = 0.48. A one-point estimate for the anodic Tafel slope was performed and gave a value of
b, =1.060 v, witha, Z , = 0.1. An extrapolation of the cathodic curve to the open-circuit potential,

E, gave a value for the corrosion current of 3.3 x 10~7 amp/cm? (0.13 mpy). About the same value,

6. H. Jenks and A. L. Bacarella, HRP Quart. Progr. Rept. Jan. 31, 1959, ORNL-2696, pp 144—46.

88




UNCLASSIFIED
ORNL-LR-DWG 51309

POTENTIAL (mv VS PLATINUM)

74—1200 -1100 -1000 -900 -800 -700 -600
10 40
%o -]

5 / -
./
/

: v
Q\@‘\ 7r

w7
0 ~7L TAFEL SLOPE, b, = 0.220 v -|

[ ]
CURRENT {(amp/cm?)
¥
D
CORROSION RATE (mpy)

RT) ——

5 / 7, = 3.3%107 EXP (017 & .
/ ag= v
e
7 =

1o’ 1 0.04
-1100 1200 1300 1400 ~1500 ~1600  -1700
POTENTIAL (mv VS PLATINUM)

Fig. 15.1. Experimental Current-Potential Plot for Machined Zircaloy-2 Specimen In 0,05 m H,50,,
250 psi 0,(25°C), 258°C, Time = 10,000 min.

- 3.6 x 107 amp/cm? (0.14 mpy), was obtained for the corrosion current from a small-current polariza-

tion measurement, (dr)/a’l)77 using the equation

>0/

] RT/F
o (a,Z,+ aCZC)(ah']/dI)_n_,0

where a Z +a Z =0.58.
a a c C
At these higher temperatures the rate of film growth is greatly accelerated, and since the poten-
tial is a function of the oxide thickness, the potential changes would be expected to occur in a much
shorter time interval, as observed. Furthermore, the lower steady-state potential observed at 258°C

is consistent with the greater amount of oxide formed.
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It can be concluded that this modification of the equipment yields satisfactory results. The
welded junction, which led to some question in the interpretation of the results, will be eliminated in

future measurements.

SORPTION OF URANIUM FROM U0,50, SOLUTIONS ON HYDROUS ZIRCONIA

Changes in rate of corrosion of zirconium alloys with solution composition under irradiation (see
‘““Review and Correlation of Zircaloy-2 Radiation Corrosion Data,”’ above) are believed to result from
changes of the amounts, or the relative importance, of sorbed uranium on the alloy surface; the factor
a in the corrosion equations is a function of the sorbed uranium. Accordingly, investigations of the
sorption of uranium from uranyl sulfate solutions on hydrous zirconia have been conducted at elevated
temperatures.

Sorption experiments have been performed with light-water solutions of uranyl sulfate containing
0.02 m H,S0,. Exposures have been made in a titanium autoclave equipped with a centrifuge cone
for solid-liquid separation at test temperature. The autoclave was charged with 5 ml of solution and
0.5 g of oxide in each case.

Most experiments were made with a zirconium oxide preparation from City Chemical Company which
was pretreated by a 2-hr heating to 110°C in air before storage in capped bottles. This material, re-
ferred to as AF oxide, contained about 55 wt % HZO and 1.7 wt % sulfate; the surface area before use
was 275 m2/g by nitrogen adsorption. The surface decreased on autoclaving with water or the test so-
lution; values from 85 to 220 m2/g have been observed for the exposed and dried (but unwashed) AF
material.

Some sorption experiments have been made with material prepared by autoclaving the City Chemical
oxide in water for 4 hr at 300°C and drying at 110°C in air before storage in capped bottles. This ma-
terial (designated WF oxide) contains about 5% H,0 and 3.6% sulfate; the surface area of this oxide is

about 76 n12/g. The WF oxide changes relatively littie on exposure to the test solutions.

Effect of Exposure Time on Sorption

Sorption experiments were performed at 280°C in which autoclavingtime was varied from 10 min to
17 hr. One series of tests used AF oxide and uranyl sulfate solution with 45 g of uranium per liter,
while the second used WF oxide and solution containing 30 g of uranium per liter. Sorption of uranium
and sulfate ion, pH of the solution at conclusion of the test, and surface area of oxide residues are
shown in Fig. 15.2.

Tests with the WF oxide indicate a small decrease in acidity of the solution during the first 4 hr
with an equal increase between the 4th and 17th hr. No change in surface area, or in sorption of ura-
nium or sulfate, was observed after the first 30 min.

The AF oxide shows significant changes with time in each of the parameters studied, although, ex-

cept for solution pH, the values are essentially constant after 2 to 4 hr at temperature.
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These data for AF oxide are in general agreement with those from previous studies’ =9 which have

shown that sorption by similarly treated oxide was similar in magnitude to that in in-pile films and

scales on Zircaloy-2 as inferred from corrosion data and from analysis of the scales. These changes

in sorption with time for AF material are almost certainly a result of sintering and dehydration of the

preparation during exposure.

Effect of Temperature

Results obtained in 2- to 4-hr exposures to solutions of varying uranium concentration at tempera-

tures from 250 to 325°C are shown in Fig. 15.3.

7
J. C. Banter and S. H. Wheeler, Adsorption of Uranium on Hydrous Zirconium Oxide from Uranyl Suljate
Solutions at Elevated Temperatures, ORNL CF-61-3-94 (in press).

8. Goldstein, Sorption of Uranium on Zirconium Oxide, ORNL report {to be published).

9G. H. Jenks et al., HRP Quart. Progr. Rept. May 1—Oct. 31, 1959, ORNL-2879, pp 148-49,
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Amounts of uranium sorbed on the AF oxide were similar at 250, 300, and 325°C, while somewhat
higher values were obtained at 280°C. The amount of sulfate sorbed (values include the original sul-
fate in the oxide) showed a less marked dependence on concentration. The sorption isotherm at 250°C
agrees well with an older study when both are expressed as quantity sorbed per gram of dry ZrOz.‘0

The limited study of WF oxide showed much smaller absolute values of sorbed uranium but consid-

erably greater effect of increasing temperature from 250 to 280°C.
Elution of Sorbed Uranium

Elution studies, both in batch and in column experiments, have been performed with AF and WF ox-
ides on which uranium had been sorbed from solutions at 280°C.

Nearly all the sorbed uranium is washed from WF oxide by water, and essentially complete recovery
is obtained with 0.02 m H2504 or 0.1 m HCI. A considerable fraction of the uranium sorbed on AF ox- |
ide remains after extended washing with 0.1 m HCl or KCI solutions and after treatment with 1.8 M
H,S0,. This difference in behavior may be due to occlusion of uranium caused by sintering of the AF
oxide on exposure. This retention of uranium on the oxide is similar to that observed by films and

scales formed on Zircaloy-2 in in-pile experiments.' <12

BEHAVIOR OF URANYL NITRATE SOLUTIONS'3/14

The possibility of using UOz(NO3)2

been reconsidered by Marshall.'® He points out that the nitrate system shows some advantage over

fuel solutions in aqueous homogeneous reactors has recently

the sulfate with respect to high-temperature stability toward two-liquid-phase and solid-phase forma-
tion. Direct experimental information regarding the radiation decomposition of the nitrate ion in
Uoz(NO3)2 fuel solutions was not available, but from considerations of the data of Boyle and
Mahlman'® it was suggested that radiation decomposition of nitrate may be negligible in the dilute
UO2(N03)2 salutions which would be employed in reactors.

In an effort to obtain experimental information of the nitrate stability and of other factors which

are of importance in the evaluation of a fuel solution, an in-pile autoclave experiment with a UOz(NO3)2

IOG. H. Jenks et al.,, HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, p 79.
”G. H. Jenks et al., HRP Quart. Progr. Rept. Oct. 31, 1957, ORNL-2432, p 123,

]28. E. Dearing, ‘‘Adsorption and Fixation of Uranium on Zircaloy in Autoclave Tests,”’ p 5 in Uranium
Surface Contamination on Nuclear Reactor Fuel Elements (ed. By W. M. Cashin), KAPL-2061 (Oct. 23, 1959).

]30. H. Jenks, H. C. Savage, et al., HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, p 60.
]4R. J. Davis et al., report in preparation.

]5W. L. Marshall, Consideration of UOZ(NO3)2
ORNL CF-59-5-100 (May 26, 1959).

]6J. W. Boyle and H. A. Mahlman, Nuclear Sci, and Eng. 2, 492-500 (1957),

-HNO H2O(D20) as a High Temperature Reactor Fuel,

3
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solution has been carried out. The other factors investigated were: radiolytic gas formation and cop-
per-catalyzed recombination, and Zircaloy-2 radiation corrosion in the nitrate solution. No information
has been reported previously on the radiation corrosion of Zircaloy-2 in UOZ(N03)2 solutions. Recom-
bination of H, and 0, and D, and O, catalyzed by copper has been investigated out-of-pile by Kelly
et al.'7'18 The activation energy found was similar to that in sulfate systems. The K, valves for
light-water nitrate solutions were about half those for similar sulfate solutions. DZO as solvent re-
duced the K., by approximately another factor of 2. As mentioned, Boyle and Mahlman report values

of G, _in rather concentrated Th(N03)4 solutions [ ~0.3-3 m Th(NO3)4] . For fission fragments, G
2

was considerably higher than for fast neutrons or gamma rays, and it decreased rapidly with decreas-

N2

ing concentration of Th(NO3)4. Some N,O was found; it was about 10% of the amount of N, - Sowden
and Lynde'? subjected Cc:(NOB)2 solutions (0.21 to 4 M NOs') to fission recoils and reported GN =
2

0.004 (NOa')] *> for the entire concentration range. The G _ values of Boyle and tahiman for nitrate
2

concentration within the indicated limits are expressed fairly well by this equation as are, also, the
Gy values reported?? for UOZ(N03)2 (~1M) inLos Alamos water boilers. Gas phase recombination
2

of nitrogen with oxygen has been studied.2'22 The G values increase with the ratio of oxygen to

NO2
nitrogen and with the addition of water vapor, and are considerably higher at elevated temperatures

than at room temperature. Values of G from 0.3 to 5 were reported. Varying amounts of N,O were

NO
2
also formed, the average being about half the amount of NOZ' Values of G, were also measured by
2
Sowden and Lynde, and these results were expressed by G, = 2.0 —[0.8(N03' y1737.

2
In the present work, the autoclave and the coupon specimens were made of Zircaloy-2. The initial

Y 0.008 m CU(NOs)z' 0.072 m excess DNOa, and

0.17 m NO,~ in D,C, and the autoclave was about 85% full at the maximum exposure temperature of

composition of the solution was 0.032 m UOZ(N03)

280°C. Barton and Hebert?3 tested the stability of this solution in a quartz tube, and it appeared to
be stable to 327°C. During exposure to full reactor power the solution temperature was 280°C.
Pretreatment was done at 280°C for 185 hr. The exposure to full reactor power irradiation was per-

formed in five successive periods. The first three and the last were of about one day each, and the

”M. J. Kelly et al., The Effectiveness of Cupric lon as a Homogeneous Catalyst in the UOa-HNOS-Hzo

System for the Recombination of Hydrogen and Oxygen Produced by Radiolytic Decomposition, ORNL CF-59-
9-15 (Sept. 3, 1959).

1
8M. J. Kelly, private communication.

]9R. G. Sowden and Elizabeth M. Lynde, The Lffect of Fission Recoil Energy on Calcium Nitrate Solu-
tions, A.E.R.E. C/R-2480 (February 1958).

2OR. M. Bidwell, L. D. P. King, and W. R. Wykoff, Nuclear Sci. and Eng, 1, 452 (1956).

2]C. G. Edwards and F. Moseley, The Production of Chemicals from Reactors. Part 1. The Fixation of
Atmospberic Nitrogen by Fission Fragments, A.E.R.E. C/R-2710 (October 1958).

22P. Harteck and S. Dondes, Nucleonics 14(7), 2225 (1956).
2

3C. J. Barton and G. M. Hebert, private communication.
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fourth period was of about two days duration. The usual pressure-temperature data were obtained. Be-
tween the irradiation periods the experiment was retracted, in most cases with the reactor operating.
Prior to the first and to the last irradiation periods, a series of radiolytic-gas buildup curves was ob-
tained by short exposures at 225°C and with the reactor at 20% of full power. The initial exposure of
this type was at 235°C.

After completion of the exposure, the autoclave was immediately cooled and vented, and about
three weeks later was opened for examination. The solution, the autoclave rinse water, and the
large amount of suspended solid material were chemically analyzed. The specimens were visually
examined, then weighed. Some of them were defilmed, and others were pickled to remove a surface
sample for analyses. After further pickling, two samples were used for Z1 activity analysis and
estimation of thermal neutron flux.

The results of this experiment, which do not make the use of uranyl nitrate solutions look espe-
cially promising, are summarized as follows:

All the data are consistent with the occurrence of nitrate decomposition during radiation exposure.
The results of pressure measurements during the initial 225 to 235°C exposures and during the initial
280°C exposure provide evidence that the initial nitrate decomposition rate was greater than that pre-
dicted by the reported results of Sowden and Lynde by factors of from about 7 to 70.

A back reaction of the nitrate decomposition products is indicated by the results of the first 280°C
radiation exposure and by the results of the initial 225 and 235°C exposures. The GN03‘ value of
about 1 to 3 for gas-phase recombination, estimated from these results by assuming that NO,~ is the
sole product of recombination, is within the range of values which have been reported by others. It
should be noted, however, that the conditions of pressure, temperature, and gas phase composition in

this experiment differ from those employed in the other reported studies, and the Gyo .- for this

present experiment cannot be accurately predicted from the other studies.
The initial Ke, values (225°C) are about three times as large as those found out-of-pile by Kelly

et al. The initial G value of 1.3 is near agreement with the value of about 1.5 found for nitrate so-
2

lutions by other workers. The apparent decreases in Ke, and GD2 throughout the exposure can be as-
cribed to a loss of uranium and copper from solution.

The Zircaloy-2 corrosion rates during the initial 100 hr of radiation at 280°C were probably in the
range 6 to 12 mils/yr (mpy). A corrosion rate in the same range would be expected for uranyl sulfate
solutions of similar concentrations. During the final 34 hr, the rate was greater than 12 mpy and was
probably as high as 30 or more. The large amount of sorbed uranium (0.16 mg/cm?) indicates that a

high effective power density prevailed in the system and probably accounts for the high rate near the

end of the exposure.
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16. SLURRY CORROSION AND BLANKET MATERIALS TESTS

E. L. Compere

H. C. Savage

J. M. Baker W. J. Leonard’ S. A. Reed
S. E. Bolt R. A. Lorenz A. J. Shor
V. A. DeCarlo R. E. McDonald' A. J. Taylor?
R. B. Gallaher R. A. McNees? L. F. Woo

M. L. Picklesimer'

THORIA-PELLET TEST PROGRAM

The use of thoria pellets as a possible blanket material in a two-region breeder reactor was
investigated at ORNL in 1953-54 in a series of preliminary tests using fluidized beds of ThO,
cylinders and washers.® Recent renewed interest in a pellet blanket* has stimulated a more
comprehensive investigation of methods for preparing suitable thoria compacts and of development
of tests for estimating the attrition of the pellets under simulated reactor conditions.

In one proposed 400-Mw breeder reactor? the blanket would contain ~ 27 metric tons of thoria
pellets. If the pellets were attrited at the maximum acceptable rate® of 0.06%/day as a result of
periodic agitation of the beds, thermal ratcheting, etc., ~ 16 kg/day of fine material would result.
If pellets are moved only a few times during the course of their exposure, losses due to pellet
attrition as a consequence of movement from one reactor region to another are probably momen-
tarily higher but are much less frequent. Such movement may be accomplished by fluidization,
jet-pumping, or other schemes.

The size distribution and chemical behavior of the degradation products are of considerable
interest since these properties will control disposition of the fines within the reactor system.
While in the reactor system, the nature, extent, and locality of their accumulation will be
important, since they may be the cause of hot spots, reduced heat transfer, maintenance problems,
etc. Procedures for removal of these degradation products are of interest, in addition, because of
potential processing advantages.

Efforts during the year have been devoted to development of test procedures for characteriza-
tion of pellet preparations and to examination of experimental preparations from a variety of
sources. Many of the preparations were prepared by the Chemical Technology Division or by the
Ceramics Group of the Metallurgy Division. Samples have, in addition, been obtained from Davison
Chemical Company, American Lava Corporation, Norton Company, and Nuclear Materials and

Equipment Corporation.

"Metallurgy Division.

2Ceramics Group, Metallurgy Division.

%I, Spiewak and J. A. Hafford, Abrasion Test of Thoria Pellets, ORNL CF-54-3-44 (Mar. 9, 1954).
4I. Spiewak et al., HRP Quart, Progr. Rept. Apr. 30, 1960, ORNL-2947, p 32.

SR. B. Briggs, ORNL HRP-60-132 (Oct. 20, 1960).
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The experimental pellets, which were calcined in the range 1000 to 1750°C, included 0.2-in.-
diam spheres and right cylinders and cylinders with hemispherical ends, ~ 0.2 in. in diameter by
0.2 in. in length. Major fabrication variables included pellet density, calcination temperature,
initial thoria calcination temperature and particle size, additives (Ca0, Al,0,), pressing pressures,

die lubricants, and binders.

Test Methods

Avutoclave Tests. — Specimens from all preparations were exposed to pure water at 260°C in
static autoclave tests of 17 to 350 hr duration. The effect on the preparations was evaluated from
weight changes, dimensional changes, differences in general appearance as observed with an
optical microscope, and by chemical analysis of the supernatant liquid for leachable additives
originally in the samples.

When sufficient specimens were available, a portion of them was also subjected to 24-hr
rocking-autoclave tests in 260°C water, using the same post-run examinations. The 2.5-liter
autoclave was rocked +60° at 38 cycles/min. Rocking-autoclave tests served to indicate suscepti-
bility to attrition due to pellet agitation as well as leaching in high-temperature water. Low values
on this test would be expected to imply satisfactory handling qualities for reactor exposure.

Ball-Mill Tests. — Ball-mill tests have served as one rapid and reproducible method for deter-

67 and urania® experimental pellet preparations.

mining the relative integrity of thoria

A systematic study of the effect of several pertinent ball-mill-test variables on rate of attrition
of the pellets and on the size distribution of the particles which were rubbed from the pellets has
been conducted.

These tests revealed that weight-loss rates increased with increasing speed of rotation of the
mill and with increase in number of pellets charged to the mill. Rates of attrition were nearly in-
dependent of ball-mill length or quantity of water in the mill.” Examination of fines produced by
wet-milling the pellets’ showed a mean particle diameter of 2 u with 80% of the material less than
6 p in diameter.

The grain size of thoria used in preparing these pellets was 7 1, and some grain growth would
be expected during firing of the specimens; accordingly, it appears that attrition is due to wear of
material from pellet surface rather than dislodgment of thoria grains on gross chipping of the

specimens. These findings are in agreement with similar studies elsewhere with pellets of UO,.

bE. L. Compere et al., HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, p 92.
7E. L. Compere et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 89.
8M. R. Scheve, Liquid Fluidized Bed Study, MND-LFBR-2303, p 10 (February 1960).

% . L. Compere et al., Report on Trip to the Martin Company, Baltimore, Maryland, August 31, 1960,
ORNL ‘CF-60-9-63 (Sept. 14 960).
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Spouted-Bed Tests. — The spouted-bed test has been generally applied to pellet preparations
as a rapid screening test to indicate susceptibility to attrition under agitation. The method con-
sisted in consecutive 1-hr exposures at room temperature using ten pellets in a bed jetted to pro-
duce pellet trajectories of a given height, for example, with a superficial liquid velocity of 0.2
fps and a jet velocity of 24 fps. Quality of the pellets was determined after each 1-hr exposure
by measuring weight loss and dimensional changes and by microscopic examination. Rates of
attrition during these tests have ranged from 30 to 0.13%/hr, after various exposure times on vari-
ous preparations. Of 12 preparations in one series, for example, six displayed rates of 1%/hr or
less. After ten consecutive 1-hr exposures (25 were used in a few cases), atirition rates were
frequently a factor of 3 to 4 lower than the initial 1-hr rate, but subsequently appeared to become .
relatively steady in value. This was attributed to pellet surfaces becoming rounded and smoother.

Flvidized-Bed Tests. — In a few cases for which a sufficient number of pellets were available,
the pellet preparations have been tested in fluidized beds. A typical test is one in which 1500
pellets (744 g), which formed an 8-in. settled bed in a 2-in. Pyrex pipe, were fluidized at 0.7 fps
superficial velocity, resulting in a bed expansion of 40 to 50%. The pellets were fluidized for

four 2-hr test periods. Quality of the pellets was ascertained as in the spouting-bed tests.

Evaluation of Experimental Pellets

The considerable quantity of empirical data developed in this program has been reported in de-
tail to the groups concerned with preparation of the materials and to HRP personnel. Accordingly,
no attempt will be made to present or to summarize the data in this document. The following brief
description presents data and conclusions typical of those obtained in a large number of examina-
tions.

Examination of Pellets from Batch P-39. — Pellet preparation P-39 consisted of 0.2in. cylinders
with hemispherical ends, prepared from pure thoria with the addition of 5% aluminum stearate {equiv-
alent to 0.3% Al, 0, in the pellet) as lubricant. After pressing, the material was fired at 1750°C to
a density (mercury immersion) of 9.7. This material, which was used for evaluation of the ball-

milling and spouted-bed procedures described above, performed as follows:

Static autoclave, 260°C 0.0005-0,0012%/hr
Rocking autoclave, 260°C 1.2%/hr

Fluidized bed, 25°C 0.2-0.1%/hr

Ball mill, 25°C 2.3-1.1%/hr
Spouted bed, 25°C 1.4-3%/he (first hr)

0.8%/hr (steady)
Examination of Preparations from D-40 Thoria Powder. — A series of evaluation tests’ has been
made for determining the integrity and relative attrition rates of a group of 24 experimental pellet

preparations which were fabricated by the Ceramics Group of the Metallurgy Division.'® The group

104, Taboada et al., HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, p 32.
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of pellets resulted from a systematic study of composition and fabrication variables associated with
the manufacture of pellets from a specific preparation (batch D-40) of thoria powder.

The group was comprised of both flat-ended and spherical-ended pellets (~0.2 x 0.2 in.) which
were made from ThO, precalcined at three temperatures, 800, 1200, and 1425°C. Final calcination
of all pellet preparations was at 1650°C. Twelve of the preparations contained ~ 0.5 wt % CaO.

By chemical analysis, it was found that the group of pellets to which no CaO was intentionally
added contained calcium in an amount equivalent to ~0.05 wt % CaO. Half of the samples had been
tumbled after final firing to remove easily abraded projections.

Average 2-hr weight-loss rates of pellets in the ball-mill test ranged from 0.22 to 4.65%/hr. The
highest rate was shown by a round-end, nontumbled, CaO-free preparation which was compacted from
800°C-calcined ThO,. The lowest rate was displayed by a preparation which was made from 1425°C-
calcined ThO, powder with 0.5 wt % CaO that had rounded ends and had been tumbled after final
calcination at 1650°C.

Average 2-hr rates of pellets exposed in initial spouted-bed tests ranged from 0.13 to 2.80%/hr.
The same preparations which displayed the highest and the lowest average rates in the ball-mill
tests were worst and best in the spouted-bed tests. The average weight-loss rate (0.90%/hr) of
pellets containing no additive was a factor of about 1.5 greater than the average rate (0.64%/hr) of
pellets containing CaO additive.

With flat-ended pellets, attrition rates in both ball-mill and spouted-bed tests increased as the
ThO, precalcination temperature was increased from 800 to 1425°C; conversely, the attrition rates
of cylinders with rounded ends decreased as the ThO, precalcination temperature was increased.

In 72-hr static autoclave tests, weight-loss rates varied between 3 x 10~ and 600 x 10~ °%/hr.
Some calcium was leached from all preparations containing CaO as additive; two preparations
which displayed the highest weight losses were those which lost the highest percentages of
calcium. During subsequent exposure in spouted-bed tests, several pellets of both preparations
disintegrated during the first hour of exposure. In general, preparations from which the highest
percentages of calcium were leached displayed the highest deterioration rates during the post-
autoclave spouted-bed tests. Thus the quality of the pellets was changed significantly due to the
reaction of high-temperature water and the additive.

For the group of pellets containing no CaQ as additive, the preparations which were tumbled
after final calcination at 1650°C displayed rates in spouted-bed tests approximately twofold higher

after autoclaving. No trend in rates of nontumbled pellets was observed.

LOOP TESTS OF THORIA PELLETS

A few tests have been conducted with the pellets exposed to D,0 at 260°C in a 100-A loop

assembly using N, as the cover gas. A typical test of this series was made with an old preparation
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of 0.1-in. cylindrical pellets (American Lava Corporation'") which contained 0.5 wt % CaO as addi-
tive. Static autoclave tests at 260°C on single pellets gave weight-loss rates which ranged be-
tween 0.0002 and 0.02%/hr. Two consecutive 24-hr rocking-autoclave tests gave attrition rates
which averaged 0.7%/hr.

For the loop test, pellets were exposed in a horizontal, randomly packed static bed and in a
vertical column in which the pellets were fluidized. With uniform cylindrical pellets, under geome-
tries such as that of the experiment, a pulsating action may develop in fluidized beds; such a pul-
sation was observed in this experiment. The superficial velocity through the horizontal bed was
1.3 fps, and 1 velocity of 0.2 fps was maintained through the pulsating fluidized bed. A television
x-ray unit was used periodically to observe that there was constant movement of the pellets in the
vertical bed.

During the 288-hr test at 260°C, the attrition rate in the horizontal bed was 0.008%/hr. In the
fluidized bed the rate was 0.02%/hr. Seventy-seven per cent of the material lost from cylinders in
the horizontal bed remained as fines within the bed. No fines remained in the fluidized bed. Ap-
proximately 7% of the calcium was leached from the pellets. Although 26 g of ThO, and 0.2 g of
calcium were released from the beds, only trace quantities of the material were detected in the
circulating D,0. The bulk of the attrition products was deposited in the loop piping. The ma-

terial was recovered by a circulating rinse of the loop, using 5% nitric acid at 200°C.

CORROSION BY SLURRIES IN IN-PILE AUTOCLAVES
Operation and Examination of Irradiated Assemblies

Corrosion by slurries of metals of interest to the Homogeneous Reactor Program is under exami-
nation in a continuing program of testing using in-pile autoclave assemblies of Zircaloy-2. Two such

experiments were irradiated in the HB-5 facility of the LITR and examined during the report

period. 12,13

Each assembly contained a thoria-urania slurry in D,O with palladium to catalyze recombination
of D, and O,. Concentrations of slurry were such that with the autoclave in the fully inserted posi-
tion the fission power density was 34 and 43 w/ml, respectively, at 280°C. In-pile exposures were
of relatively short duration in both cases; Table 16.1 indicates operating conditions and exposure
times for these experiments.

Stepwise heating (in 30°C increments) with rocking of the assembly between each heating cycle

was necessary to maintain the slurry suspended during out-of-pile heatup to 280°C.

"1, Spiewak and J. A. Hafford, Abrasion Test of Thoria Pellets, ORNL CF-54-344 (Mar. 9, 1954).

"2E, L. Compere et al., HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, p 99.
3E. L. Compere et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 93.
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Table 16.1. Radiation Corrosion of Coupon Specimens in Zircaloy-2 Autoclave Experiments

E xperiment

Experiment

L5Z-1525 L.5Z-153$

Temperature, °C 280 280
Concentration of slurry, g of Th per kg of D20 1080 820
Wt % enriched U, with respect to Th 7.9 13.2
Concentration of catalyst, m of Pd 0.0006 0.019
Atmosphere Excess O, Excess O,
Hours at temperature out-of-pile 673 261
Total hours at temperature 738 422
Hours irradiated 42 136
Effective fraction of full irradiation time, fully inserted flux 0.151 0,101
Estimated flux, neutrons cm™2 sec™ ! (in the fully inserted position) 1.2x 103 1.2x 103
Maximum power density, w/ml, at 280°C 34 43
Average power density while irradiated, w/ml, at 280°C 5.1 4.3
Autoclave generalized corrosion, ® pin.

Out-of-pile 51 52

Total 54 53
Coupon-specimen corrosion,b uin,

Zircaloy-2° 13, 17 13, 19

Type 347 $$ 28 84

Titanium-75A 29 39

a
Based on oxygen measurements.

bCorrosion of the first three Zircaloy-2, stainless steel, and titanium specimens based on weight loss;
corrosion of the last Zircaloy-2 specimen based on weight gain.

“In o number of experiments Zircaloy-2 has been observed to gain in weight as a result of in-pile expo-
sure. Consequently, the results from the first three Zircaloy-2 coupons represent the least amount of cor-
rosion that could have occurred.

The first of these experiments (designated .57-152S) was operated at 280°C for 673 hr out-of-
pile before insertion; after operation for 17 hr in the fully retracted position (3% of flux at fully in-
serted position) the experiment was moved to the maximum flux position. After 5 hr of smooth oper-
ation it was necessary to retract the assembly because of a temperature rise which suggested
deposition of slurry around the thermowell. The experiment was terminated after some exploratory
exposures (to 15% of maximum flux) because of a partial plug in the capillary tubing between the
autoclave and the pressure sensing equipment.

The second experiment (designated L.5Z-153S) was operated out-of-pile for 250 hr before inser-
tion; because of excessive buildup of radiolytic gas at the maximum flux position (corresponding to

43 w/ml) the assembly was retracted to a lower flux (7% of maximum) for continuous irradiation.




This experiment was also terminated (after 162 hr in-pile) because of partial plugging of the capil-
lary pressure leads.

Performance of the palladium catalyst was quite different on the two experiments. When the
increased concentration of palladium in L5Z-153S is considered, the catalyst efficiency was less

by more than a factor of 100 in the second experiment.

Generalized corrosion in these experiments was followed by decrease in oxygen pressure meas-
ured at 25°C during reactor shutdowns. 14,15 Both experiments showed a rapid initial consumption
of oxygen during initial out-of-pile operation (perhaps due to some oxidation of uranium in the
slurry), followed by a slow decrease, which is linear with time, corresponding to corrosion at
perhaps 0.4 mil/yr. The behavior of experiment L5Z-153S is shown in Fig. 16.1. In neither case

was the effect of the irradiation exposure observable.

ME. L. Compere et al., HRP Quart., Progr. Rept. Jan. 31, 1958, ORNL-2493, p 113.

ISK. S. Warren and R, J. Davis, In-Reactor Autoclave Corrosion Studies — LITR. 1. Qutline of Methods
and Procedures, ORNL CF-57-5-110 (May 22, 1957).
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Fig. 16.1. Radiation Corrosion of Zircaloy-2 Autoclave by Thoria-Urania Slurry.
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The results obtained from the corrosion specimens in these experiments are shown in Table 16.1.
As in some previous experiments, corrosion of Zircaloy-2 coupon specimens (especially in experi-
ment L57-153S) based on weight changes (<0.5 mg) agreed poorly with the value predicted from oxy-
gen consumption data. Techniques for the adequate removal of zirconium oxide corrosion films have
not yet been developed. Since an indeterminate amount of film may be lost in the experiment, cor-

rosion results based on weight-change data will tend to have lower values than those based on oxy-

gen consumption.

Development of Al,O; Sturry Capillary Filter

Difficulties, described above, in operation of in-pile autoclaves have necessitated development
of a filter to prevent plugging of the capillary pressure leads by slurry agglomeration.

An Al,O, filter for application between Zircaloy-2 slurry autoclaves and the attached water-filled
capillary lines leading to pressure instruments has been fabricated following the development of
Al,0;~Zircaloy-2 brazing procedures. A porous, 100% Al,0, (Coors Porcelain Company, AP-100
body) tube, 0.13 in. OD x 0.07 in. ID x 0.25 in., was pretested by exposure in a static autoclave for
eight weeks to 280°C water, with a resultant weight loss of 0.24%. Subsequently, one end of the
tube was brazed coaxially with the 0.052-in. hole to the pressure capillary tap in the Zircaloy-2 auto-
clave closure. A Zircaloy-2 cover was brazed to the other end of the Al, 0, tubing. The brazing (by
the HRP Metallurgy Section and the Welding and Brazing Laboratory of the Metallurgy Division,

Fabrication Section) was carried out in a vacuum furnace, using an alloy containing 48% zirconium,
48% titanium, and 4% beryllium,

The brazed filter assembly satisfactorily separated slurry from water, with no visible solids
carry-over and no evidence of plugging. Exposure of the assembly to 280°C water for 64 hr did not
result in attack of the joint orany appreciable corrosion. Further testing is being carried out, using

the filters as components in slurry autoclave experiments.

HYDRIDING OF ZIRCONIUM-BASE ALLOYS
Out-of-Pile Testing in Toroids

Previous investigcn‘ions]6 of the variables associated with hydriding of zirconium-base alloys
during exposure to circulating (slug flow) aqueous slurries in toroids were concerned with the rela-
tive effects of (1) thoria or thoria-urania preparation variables, (2) operating atmospheres, (3) amount
of gas overpressure, and (4) zirconium-alloy composition. Recent studies have been directed toward
evaluating the effects of slurry flow velocity and of operating temperatures on the severity of
hydriding.

To determine the relative effects of flow velocity, a group of four tests was made at 10 fps to

compare with previous runs made at 26 fps. Other test conditions duplicated those of several

V6E, L. Compere et al., HRP Quart. Progr. Rept. Oct. 31, 1959, ORNL-2879, p 191.
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earlier runs.'® Slurries of two mixed thorium-uranium oxide preparations (6 and 9% uranium based
on thorium) were circulated at a concentration of 500 g of thorium-uranium per kg of D,0 in 300-hr
tests at 280°C. Four pin specimens of Zircaloy-2, item 569, were exposed in each test. Deuterium
gas was charged to the toroids to provide total pressures of 10 psig in two toroids and 50 and 100
psig, respectively, in the other two toroids.

In previous tests conducted at 26 fps, specimens of item-569 Zircaloy-2 were grossly hydrided
in 300-hr periods with 100 psi deuterium overpressure, and specimens picked up significant quanti-
ties of deuterium in tests in which 10 to 50 psi overpressure of D, was used. 16

Gross hydriding of the type previously observed in the runs at higher flow velocity was not ob-
served in the tests at 10 fps. Metallographic examinations revealed a concentration of zirconium
hydride needles on the upstream areas of the pins to a depth of ~ 15 mils, The same effect, which
extended to a depth of ~8 mils, was noted on the downstream areas of the specimens.

The extent of attack as well as the degree of hydriding was less at the lower velocity; for ex-
ample, weight losses of scrubbed specimens exposed at 10 fps ranged from nil to 0.3 mg/cm?, as
compared with losses of 4.8 to 7 mg/cm2 for specimens exposed at 26 fps. Thus the severity of
hydriding appeared to be directly related to the flow velocity, presumably as a result of more
severe attack at the higher velocity under slug-flow conditions in the toroids.

Examination of specimens from toroid tests at 200°C revealed no evidence of hydriding of zir-
conium alloys, whereas frequent and sometimes severe hydriding of the alloys occurred when the
same slurries were used in tests at 280°C. '® Recently, specimens from two batches of Zircaloy-2
(items 569 and 611) were examined for evidence of hydriding after they had been exposed at 330°C
in 300-hr tests at 26 fps.

Two tests used a slurry of (batch DT-18) thoria~0.5% urania at a concentration of 400 g of Th
per kg of D,0, with an atmosphere of 90 psig (room temperature) of D, in one toroid and of O, in
another toroid. Comparison tests were made with the same overpressures of D, and O, but with
only D,0 in the toroids.

Metallographic examination revealed some hydrogen pickup by all specimens. The two speci-
mens exposed in oxygenated D,0 displayed an increase in apparent hydrogen content to a depth
of 2to 6 mils in isolated areas under defects in the oxide corrosion film. Specimens exposed in
D,0 with deuterium atmosphere displayed a shallow penetration of hydride needles around the
total circumference of the pins extending to a depth of about 5 mils on the upstream portions. No
increase in hydride was noted in the interior of the pins.

More defects were noted in the oxide corrosion film of specimens exposed in slurry with an
oxygen atmosphere. A thin layer containing hydride needles was detected around the circumference
of the specimens. In slurry tests with a deuterium atmosphere a general increase in hydride needles
was found throughout the pins, with heaviest formation on the upstream (~ 15 mils in depth) and

downstream (~7 mils) areas.
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Based on these findings, it appears that increased temperature promoted hydride needle forma-
tion in aqueous systems and that the effect was intensified under hydrogen atmosphere with slurry

in slug flow in the toroids.

In-Pile Testing in Autoclaves'®

Specimens of Zircaloy-2 from five in-pile autoclave tests in which thoria or thoria-urania
slurries were irradiated in previous years have been examined to ascertain the effect of irradiation
on hydrogen uptake by this alloy. Data obtained from this study are shown, along with irradiation
conditions, in Table 16.2. Zircaloy-2 generally acquires 20 to 100 ppm of hydrogen on out-of-pile
exposure to high-temperature water. No effect of atmosphere or of irradiation on hydrogen pickup

is shown by the data from these specimens.

OPERATION OF IN-PILE SLURRY LOOP

During the past year final component development and out-of-pile mockup tests were completed,
the construction of the in-pile loop and out-of-pile demonstration of the assembly were completed,
and satisfactory in-pile operation of the loop was accomplished. This important effort, which has

been described in some detail elsewhere, 717 is discussed briefly.

Design and Prototype Testing

The final in-pile loop, designated L-2-27S and shown in Fig. 16.2, is the result of a consider-
able component development and mockup testing program in which more than 4000 hr of out-of-pile
operation of prototype loops was accomplished.

The core section of coiled ]/2-in. sched-40 pipe was designed to provide sufficient volume
{300 cc) to expose 35% of the slurry inventory to maximum neutron flux, to provide space for cor-
rosion test specimens, and to afford flow velocities of ~6 fps to prevent settling of the slurry.

A mockup of this core section was tested for 1500 hr in an out-of-pile prototype loop.

The 5-gpm canned-rotor pump with bearings and journal bushings of aluminum oxide, used on
20,21

the in-pile loop, was identical to those used in in-pile solution loops. Before use in the in-
pile loop, such a pump was tested for 3500 hr on the prototype loop; a portion of this time the
pump was operated without a bearing purge so that thoria was able to enter the bearing region; no

difficulty was encountered.

74, C. Savage et al., HRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-2947, p 101.

]8H. C. Savage et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 96.
wH. C. Savage et al., HRP Quart. Progr. Rept. Nov. 30, 1960, ORNL-3061, p 89.

2OH. C. Savage, Sintered Alumina as a Pump Bearing and Journal Material, ORNL CF-57-11-122 (Nov. 26,
1957).

24, c. Savage et al., In-Pile Corrosion Test Loops for Aqueous Homogeneous Reactor Solutions, ORNL-

2977 (Nov. 10, 1960).
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Table 16.2. Hydrogen Pickup in Zircaloy-2 Autoclaves

Average Total
) ) Hours Fission Corrosion Zircaloy-2 Specimen Hydrogen Hydrogen
Experiment Thorium Uranium Atmosphere at Hours Power Based on Gas Zircaloy-2 [tem Corrosion After Pickup
(g per kg of D20) (g per kg of D20) Temperature lrradiated Density Measurement Specimen No. (win.) Exposu;e (ppm)?
(w/ml) (win) (ppm)
L6Z-1225 990 5 O2 1074 765 0.8 105 L 1212 35 120 60
M 1212 44 130 70
L62Z-1255 950 5 D, 1232 1044 0.7 62 L 1212 118 160 100
M 1212 94° 120 60
L62Z-126S 980 50 D2 314 140 2,5 53 L 1212 55 130 70
M 1212 40° 170 110
L6Z-127S 400 20 0, 1122 732 1.2 100 My 1215D 104 150 40
M, 1215D gt 140 30
Y62-1285 410 20 O2 1143 0 0 33 My 1215D 6¢ 160 50
M, 1215D 0¢ 130 20
L6Z-129S 1090 54 0, 1660 1260 4,5 175 S, 1215G 145° 210 90

%Hydrogen content expressed as ppm H with no distinction between H and D atoms.
bUndefilmed specimen,

€Specimen corrosion based on weight loss here; ofl others based on weight gain.
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The sintered stainless steel filter (8-y: mean-pore diameter) which provided thoria-free filtrate
for the pressurizer and the pump bearing purge was operated successfuily for 4200 hr in prototype
foops with thoria slurries containing up to 1400 g of ThO, per kg of DO and at temperatures to
280°C.

The sampling system, capable of removing 15 ml of slurry from the main loop stream and re-
placing D,0 to maintain a constant volume in the loop, consisted of sample holdup and carrier
tanks interconnected through capillary tubing and valves with the loop. The system was tested by
drawing 21 samples from the prototype loop; no difficulty in operation was observed.

Before operation of the in-pile loop, extensive out-of-pile testing of loop corrosion was per-
formed in prototype loops. Over-all corrosion during three runs totaling 2100 hr of operation at
280°C at flow rates of ~8 fps of slurry containing 450 to 1400 g of ThO, per kg of D,0 was shown
to be (by chromium analysis of the slurry and by oxygen uptake of the system) less than 0.7 mil/yr
(mpy).

A sample of the thoria-urania slurry from batch D-22 subsequently used in the in-pile loop was
circulated for 700 hr at 280°C in the prototype loop. Slurry samples removed during this operation
reduced the ThO ,-UO,, concentration from 1400 to 700 g per kg of D,0; analysis of these samples
indicated that all slurry in the loop was in circulation, and periodic radiographic examination of
the core section revealed no thoria deposition. The mean particle size of the slurry was decreased
during the 700 hr from 1.9 to 1.6 .

Activity and stability of the palladium catalyst for D,-O, recombination were evaluated in the
prototype loop tests. The palladium in slurry from batch D-22 was shown to require 600 hr of cir-
culation at 280°C to lose half its activity.

In-Pile Operation

Satisfactory performance of the in-pile loop L-2-27S and its auxiliary equipment was demon-
strated in more than 900 hr of out-of-pile circulation of slurry at 280°C. The loop was then
installed in beam hole HB-2 of the LITR. The circulating slurry at the start of the irradiation
contained 1350 g of Th per kg of D,0 (980 g of Th per liter at 280°C); the slurry contained 0.4%
by weight of enriched uranium (based on thorium content) and 0.019 m palladium. The loop was
operated at 280°C with velocities in the piping of 6 to 8 fps with the slurry maintained under an
oxygen atmosphere. The experiment was completed after 3115 hr of slurry circulation, of which
2220 hr was continuous in-pile operation and 1839 hr was with the LITR at 3 Mw. Withdrawal of
six samples during irradiation reduced the circulating concentration to 960 g of Th per kg of D,0
(735 g of Th per liter at 280°C). Six terminal samples involving a tracer experiment to verify the
circulating inventory were also withdrawn. Sampling was accomplished without difficulty.

Before removal from the reactor, the thorium oxide remaining in the loop (450 g of Th per kg of
D,0) was flushed to a slurry holdup tank located in a shielded, external equipment chamber. Radi-
ation measurements of the loop during removal from the reactor indicated that practically all the

thorium oxide and associated fission products had been removed by the flushing operation. These
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measurements and the ease with which the slurry was removed indicated that there was no caking
of the slurry on the inside surface of the loop.

Fission and gamma heating measurements, as well as observations of pumping power required,
gave no evidence of loss of thoria from circulation during operation. Since no significant changes
in the temperature of the core-section piping were observed, no deposits were formed in the maxi-
mum-flux region. Radioactivity observed in the filter region on withdrawal of the assembly from
the reactor was slightly greater than that on adjacent piping and pressurizer regions; the difference
represented only very slight deposits.

A slow decrease in core outlet temperature (2 to 4°C over a period of days) was frequently ob-
served. The original spread between inlet and outlet temperature returned during reactor shutdowns;
the spread was also restored in one case by increasing slurry flow rate. The decrease may have
been due to a slight accumulation of solids as a sludge which decreased heat transfer to the thermo-
couple.

From measurements of increase in iron content of the slurry solids, the generalized rate of cor-
rosion of the loop system was 0.4 mpy during 820 hr of preirradiation operation and 0.4 mpy during
the next 1279 hr, which included 1042 hr of irradiation at full power. Measurements of chromium
content (soluble Cr042-) of the slurry and oxygen uptake by the system indicate a somewhat
greater amount of metal attacked; however, these values include a substantial but unknown contri-
bution by the internal surface of the filter system and the pressurizer.

Forty-eight specimens of Zircaloy-2, titanium, and type 347 stainless steel (]/4 X 5/8 X ]/16 in.)
were placed in similar arrays in the nose and rear of the core and in the rear of the loop. Speci-
men holders were such as to permit flow at 8 and 22 fps at each location. Corrosion of these
specimens is presently under examination.

Radiolytic gas pressure remained below 10 psi during the exposure. Recombination by gamma
radiation was estimated to be sufficient to account for the production rate of 0.08 mole liter™" hr™!
(ref 22), assuming a G value?3 of 5 molecules of D, per 100 ev.

A substantial degradation of particle size of the slurry occurred as irradiation proceeded. The
average diameter decreased from the original value of 1.7 p prior to irradiation to 0.3 i after 1460
hr of irradiation (2716 hr of slurry circulation). The surface area of the slurry increased from 1.5
to over 25 m2/g. These effects, see Fig. 16.3, seem to have started with initiation of irradiation
and had not necessarily ceased when irradiation was terminated. Degradation of slurry particles

24,25

by pumping alone has been observed in many test runs. It now appears, however, that radi-

ation acted in combination with the pumping as a definite cause of slurry degradation.

22¢ |, Compere et al., HRP Quart. Progr. Rept. July 31, 1960, ORNL-3004, p 97.

B¢, y, Hochanadel, The Radiation Induced Reaction of Hydrogen and Oxygen in Water at 25%10 250°C,
ICPUAE, P/739, rev 1 (1955).

24E, L. Compere et al., HRP Quart. Progr. Rept. Oct. 31, 1959, ORNL-2654, p 139.
By, e Savage et al., HRP Quart. Progr. Rept. Jan. 31, 1960, ORNL-2920, p 111.
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Fig. 16.3. Effect of Irradiation and Circulation on Slurry Particle-Size Distribution and Surface Area.

Settling rates of the slurry samples decreased as irradiation proceeded and the solids content
of the settled bed diminished. Their behavior implies that the slurry became more flocculated

under irradiation and subsequently settled under highly hindered conditions.

Conclusions

Operation of the in-pile slurry loop was extremely satisfactory in so far as reliability of all
components was concerned. It appears that a powerful tool for definitive study of slurries in irradi-

ation fields has been demonstrated.
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17. TRANSPORT OF NOBLE GASES IN GRAPHITES
R. B. Evans |1l

The objectives of the studies of diffusion of noble gases through graphites are (1) to obtain
empirical diffusion data for a variety of graphites, (2) to present the data in terms of acceptable
models, (3) to develop flow equations and to establish flow mechanisms to predict the behavior
of similar systems, and (4) to perform routine permeability measurements in direct support of im-
mediate EGCR programs.

Diffusion models, applicable to gas-graphite systems, may be classified in terms of three
basic mechanisms. These are Knudsen flow, mutual diffusion, and combined Knudsen and mu-
tual diffusion. The combined mechanism is intermediate with respect to Knudsen flow, which
depends on wall collisions — at low pressures — in small passages, and mutual diffusion, which
depends on intermolecular collisions — at high pressures — in large passages. The diffusion
rates encountered under a pure Knudsen mechanism are several orders of magnitude lower than
those encountered under a mutual diffusion mechanism. Thus, materials which fall into the
Knudsen classification represent the most desirable materials from the standpoint of reactor
applications.

Although the need for performing evaluation experiments with Knudsen materials is apparent,
it is also clear that the intermediate mechanisms offer a relatively fertile area for fundamental
studies - particularly since Knudsen theories are well advanced as compared with theories for
the intermediate mechanisms. The approach employed in this program has been to study mutual
diffusion mechanisms and then to apply the knowledge gained to the intermediate case. It is in-
teresting to note that none of the materials subjected to experimentation during the last year have
exhibited a pure Knudsen mechanism, although work is now being conducted with materials with
permeability coefficients as low as 10~ to 10~6 cm?/sec.

Questions such as the effect of coatings on the applicability of some of the conclusions are

yet to be answered. Such studies form the basis for plans for future investigations.

UNIFORM PRESSURE INTERDIFFUSION OF HELIUM AND ARGON
IN A LARGE-PORE GRAPHITE

J. Truitt

A mutual diffusion coefficient for argon and helium in a large-pore graphite (22 vol % porosity)
has been determined.2 The coefficient reported is based on two series of steady-state diffusion
experiments conducted at uniform total pressures ranging from 1to 6 atm. One series was per-

formed at room temperature (about 25°C), the other at 100°C. The controlling diffusion mechanism

]Absfracf of manuscript submitted for publication in J. Chem. Eng. Data.

2R. 8. Evans I}, Jo Truitt, and G. M. Watson, Interdiffusion of Helium and Argon in a Large Pore Graph-
ite, ORNL CF-60-11-102 (Nov. 23, 1960).
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was classical in nature, and surface and Knudsen diffusion effects were shown to be negligible.

The coefficients exhibited classical temperature and pressure dependencies, as shown in Fig. 17.1.
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Fig. 17.1. Mutual Diffusion Coefficient for Helium-Argon in AGOT Graphite.

As a result of the presence of sources and sinks for the gases in the diffusion system employed
for the measurements, a net-drift effect was observed. The ratio of the over-all helium diffusion
rate to that of argon was inversely proportional to the square root of the ratio of the atomic weight
of argon to that of helium for all uniform total pressure experiments. It was found that the same
coefficient could be determined when the pressure of the gases within the graphite was not uni-

)

form, although the individual rates were appreciably altered. Comparison of the ‘‘free-space’’ co-

efficient with the measured coefficient indicates that the tortuosity factor for this graphite is 5.08.

A DIFFUSION MODEL FOR LARGE-PORE GRAPHITES

R. B. Evans {1} E. A. Mason?

A model, which may be helpful in future studies, has emanated from considerations given to

the net-drift phenomenon mentioned above. The drift is directly related to the technique? employed

3Consulfcmf, Department of Physics, University of Maryland.
4E. Wicke and R. Kallenbach, Kolloia-Z. 97, 135 (1941).
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D, .4 is the apparent coefficient (cmz/sec),

n, is the particle density of the ith component,

v
n is the total density, ¥ =, (particles/cm?),
i=1

=
x. is the particle fraction of the ith component.

Equation (1) is a series resistance formula and is an accepted relationship for diffusion of binary

mixtures when 8 = 1. The variable 8 is defined over the interval 0 < § < 1; § increases as the ratio

of the average pore radius to the mean free path (a/A) increases. When flow is Knudsen, ox; 3 =0.

Furthermore, Vn] = —vnz (for a binary mixture) when AP = 0. The well-known results:
1/2
31/ 3y = =Dy 1¢/Dy et = ~(my/my) (24)
and
3= 3 00 = (my/mp)" 21 = 3,11 = (my/m )2 (26)

follow by the previous definitions.

The present discussion deals primarily with similar relationships under the same conditions
when &> 1. An important clue is offered by the treatment of Waldmann® of the interdiffusion of
a ternary system composed of two gases and a dust suspension. Since the dust was successfully
treated as being a third gas component in previous work, the same approach is followed with re-
spect to the interdiffusion of a binary mixture in a porous medium. The graphite is visualized as
being a large number of carbon particles suspended in the diffusion path. The particles are sub-
ject to forces which tend to cause them to move; however, they are fixed (Jd = 0) and exhibit a
concentration profile which is constant with position (vxd = 0). A combination of these condi-
tions, Waldmann's expression® for D;a (where m ; >> m, and the radii 7 are such that 7, >> )
and suitable diffusion equations [see Hirschfelder's Eq. (8.1-3), ref 6} lead to the expression:
Zi]i(mi)]/z(]+%ai)=0. (3)

i#td

The subscript i refers to the two gases, and subscript 4 refers to the carbon dust particles. When
the accommodation coefficients a, of the two gases are equal, Eqs. (3) and (24) are identical. This
is somewhat surprising because no direct restrictions (except those mentioned in connection with
m, and ) regarding a/A or 8 were applied to derive Eq. (3).

Other invesfigatorsg_]z have developed Eq. (24} (for 8 » 1) using the incorrect premise that

the net force on the graphite septum is zero since VP = 0. The latter is merely a condition that

8. Waldmann, Z Naturforsch. 14a, 589 (1959).

9R. B. Evans I, J. Truitt, and G. M. Watson, Interdiffusion of Helium and Argon in a Large Pore Graph-
ite, ORNL CF-60-11-102 (Nov. 23, 1960).

IOJ. Hoogschagen, J. Chem. Phys. 21, 2096 (1953).

”E. Wicke, private communication, November 1960,
]2H. A, Kramers and J. Kistemaker, Physica 10, 699 (1943),
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Poiseuille flow does not exist. Actually, the cell tends to move under the conditions of the ex-

periment in a manner discussed by Waldmann.®

It is apparent from the use of diffusion equations for a ternary mixture in the derivation of

Eq. (3) that Eq. (1) is merely a phenomenological expression — particularly when 1> 8 > 0.
Equation (1) is a convenient means of obtaining integrated rate expression in terms of D ¢
It will be necessary to define Dy eft and & in terms of D ,, Do and D,,. The AGOT data ap-
pear to be a limiting case where 5+ 1 and D, ¢ » D, = D5y, the latter being subject to cor-

rections for the internal geometry of the graphites.

INTERDIFFUSION SUPERPOSED ON FORCED FLOW

J. Truitt

A study of diffusion of argon through a graphite septum opposed to a forced flow of helium
through the septum has been completed for two relatively permeable graphites, Moderator No. 1
from Speer Carbon Company and AGOT from National Carbon Company. The flow problems in-
volved are of direct interest to gas-cooled reactor designs that attempt to remove fission prod-
ucts which diffuse from the fuel by purging an annular volume between the fuel element and a
porous sleeve. The objective of these experiments was to demonstrate a method for predicting
such superposed flow from diffusion and permeability data from separate and simple experiments.

The equation of interest is the integrated form of Eq. (1) (see ‘‘A Diffusion Model for Large-
Pore Graphites,’’ immediately preceding), where § = 1 and Dy, e”VxI =-Dy, e”sz. The equa-

tion is

JL J]—Jx](L)

exp = ' (4)
nDyy,e8) 41 =3%,(0)

which holds for steady-state linear flow (diffusion and forced flow). The symbo! L. {cm) repre-
sents the specimen thickness. The total flux J for the superposed case is the vector sum of

the uniform-pressure J” and the forced-flow flux J/; that is,

I1=3+1,. (5)

The forced-flow component, as defined by J/i = ~(K;/kT)- AP, where P = nkT, is discussed else-
where.? The symbol K (cm?/sec) denotes the permeability coefficient. It is pertinent to note that
K varies with P, T, and x;. To obtain K . for the superposed calculations, it was necessary to
integrate (K)~! with respect to L (actually x;), utilizing literature values of the viscosity of the
two gases involved (helium and argon) and the uniform-pressure concentration profiles. The re-
sults of a typical experiment, conducted at low J/ = h/ N/A values (with AGOT), are shown in
Fig. 17.3. The nonzero J, values when VP = 0 (actually n/ at AP = 0 on the plots) are clearly

demonstrated by these data. A comparison of the predicted and experimental values reveals the
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accuracy with which Eqs. (4) and (5) describe superposed flow. It is interesting that Eq. (5) suc-
cessfully relates two entirely different modes of flow. This suggests that the carbon-dust model
might be applicable to superposed flow and even to forced flow.

Although the results with the Speer graphite — using both pure gases and mixtures at the 0 and

L positions — were essentially the same as the AGOT results, an additional group of experiments
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conducted at high forced-flow rates revealed that Eqs. (4) and (5) will not give an accurate esti-
mate of contamination resulting from back diffusion. Under the conditions of these experiments,
whichare J=J, ~ Iy and x5 (0) = 0, Egs. (4) and (5) may be written as:

I ar Kye AP

- = —+ IOg-IO NA (L) . (6)
Ine/ 2:303Dy, .4 p '

log]0

The experimental data and the curves representing Eq. (6) appear in Fig. 17.4, The divergence
of the experimental curve and the theoretical curve at high AP values suggests the presence of a
Knudsen (small passage) contribution that was completely masked by the mechanism which con-
trols the rates near AP = 0. The deviation is too great to be attributed to pressure diffusion. Thus,
under the conditions of these experiments, the assumption of 8 = 1 (no Knudsen contribution) im-

plied in Eq. (4) is no longer tenable. Similar studies are planned for low-permeability graphites.
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INTERDIFFUSION OF NOBLE GASES IN A LOW-PERMEABILITY GRAPHITE

R. B. Evans Il

Considerable attention has been given to techniques of determining the permeability coeffi-
cients of graphites which exhibit low values of porosity and forced-flow rates.!3 In addition,
the apparatus for studying interdiffusion behavior has been modified such that very low diffusion

rates can be measured under steady-state conditions. The results of several diffusion experiments

B3y, 1. Ward and N. V. Smith, GCR Quart. Progn Rept. Dec 31, 1960, ORNL-3049, p 297.




which were conducted at uniform total pressure are presently available for the helium~argon—-CEY
graphite system. The CEY graphite was in the form of a coated pipe (]1/4 in. OD, 7/8 in. 1D, 5in.
long). This material is manufactured by the National Carbon Company,

Based on the permeability data alone, it was tentatively concluded (as a first approximation)
that the diffusion mechanism would be of the Knudsen type and that Eq. (1) (see ‘A Diffusion Model
for Large-Pore Graphites,’’ this report) with & = 0 would describe the diffusion mechanism. The
diffusion coefficients were calculated on this basis; that is, the concentration profiles were taken

to be linear, since 8 = 0. Plots of (Di eff)-1

vs P were prepared to test the initial conclusions.
Curves of this type are straight lines. Also, the slopes of the curves are indicative of the type of
mechanism under study: if the slope is zero, the mechanism is Knudsen flow; if the slope is posi-
tive and the intercept is zero, classical diffusion prevails. The results plotted in this manner are

shown on Fig. 17.5.
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It is apparent from the curves that the permeability and diffusion coefficients became identical
asP_+0ora/A=0. This is precisely what one would predict on the basis of established theory.
As the pressure is increased, however, (K)~' decreases slightly and (Di,eff)_1 increases markedly.
The difference between the two values would be very large at reactor pressures, and the contribu-
tion of the intercept (Knudsen flow) to the total flow resistance would be small. Thus, the tenta-
tive conclusions regarding Knudsen flow were incorrect. Even though the values of the CEY per-
meability coefficients are low ~ as well as variations of the permeability coefficient with pres-
sure — it appears that the mechanisms exhibited by the CEY are very similar to those observed

with the permeable graphites such as AGOT and Speer No. 1.
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SURFACE DIFFUSION IN LARGE-PORE GRAPHITE

P. S. Spangler

During the initial stages of the program, considerable attention was given to the relative mag-
nitudes of pore-diffusion rates and surface-diffusion rates. The absence of appreciable Knudsen
diffusion in large-pore graphites was established through pore-size distribution data, permeability
data, and the behavior of measured diffusion rates with respect to temperature and pressure. How-
ever, definite conclusions regarding surface-diffusion effects could not be drawn on the basis of
available data. To circumvent this difficulty, a special group of experiments was conducted at
low temperatures, where adsorption and surface diffusion effects (of argon) would be magnified.

An AGOT graphite specimen, for which surface area, porosity, and xenon adsorption charac-
teristics were known, 14 was subjected to a series of argon-adsorption experiments. The work
was coordinated and reported by W. T. Ward; 4 the determinations were conducted at ORGDP.
Based on this information, estimates of the surface rates were made by use of techniques de-
veloped by Gilliland et al.'5 These estimates revealed that the surface-diffusion rates would be
several orders of magnitude less than the gaseous diffusion which would take place in the pore
volumes under experimental conditions, and, also, that surface diffusion of noble gases would
not constitute a problem at reactor temperatures.

These conclusions were verified by a series of interdiffusion experiments conducted con-
currently (but with a different AGOT specimen) with the experiments discussed previously. The
experiments were conducted at +30, 0, and ~65°C at total pressures ranging from 1.5 to 4 atm.
Within the precision of the experiments, Eq. (4) (see *‘Interdiffusion Superposed on Forced Flow,"

this report) and the normalization formula shown in Fig. 17.1 were followed. No surface-diffusion

effects were detected.

FORCED-FLOW CHARACTERISTICS OF EGCR GRAPHITES

N. V. Smith J. Truitt W. T. Ward

A considerable effort'é=18 has been devoted to routine determination of porosity and permea-
bility of commercial graphites considered for use as components of the EGCR. The graphites of
most interest have been (1) uncoated fuel-element sleeves, (2) fuel-element sleeves coated with
pyrolytic carbon or with silicon carbide, and (3) moderator graphite. Special attention has been
given to the uniformity of these materials with respect to permeability and to type of flow to be

expected within these materials at EGCR operating conditions.

14\, C. Cannon et al., Adsorption of Xenon and Argon on Graphite, ORNL-2955 (Nov. 21, 1960).
15g, R, Gilliland, R. F. Baddour, and J. L. Russell, A.. Ch.E. Journal 64, 1162 (1960).
Y6GCR Quart. Progr. Rept. June 30, 1960, ORNL-2964, pp 202-6.

Y GCR Quart. Progn Rept. Sept. 30, 1960, ORNL-3015, pp 137-42.
18GCR Quart. Progr. Rept Dec. 31, 1960, ORNL-3049, pp 297-302,
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specimen preparation on the observed permeability. No serious error was introduced (by plug-
ging of the surface pores, for example) by the preparation procedures. Permeability of the mod-
erator graphite (AGOT from National Carbon Company) varies considerably with position of the
specimen within the manufactured block and with direction of gas flow relative to the extrusion
axis. Values of permeability range from 20 to 160 millidarcys for this material; the average per-
meability constant for the moderator graphite is 90 millidarcys (K ~ 6 cm?/sec).

From the data from several types of experiments it may be predicted that the gas flow within

the EGCR moderator will be in the viscous rather than turbulent region.
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18. EVOLUTION OF GAS FROM GRAPHITE
L. G. Overholser J. P. Blakely

Studies of the degassing behavior of reactor-grade graphites have been continued.! Special
attention has been given to graphites prepared from needle coke, in view of the projected use of
this type of graphite in the EGCR. The needle-coke graphites are being used as moderators at
high temperatures because of their greater dimensional stability in the presence of high neutron
fluxes. The projected use at the high temperatures, however, does aggravate the compatibility
problems arising from the possible interaction of the gas released by the graphite with other com-
ponents of the reactor. The studies?~4 have been made for determining the quantity and composi-
tion of the gas evolved by the various graphites at the temperatures of interest, as well as for acquir-
ing information concerning the rates at which the gas may be released.

Selected data are presented in Table 18.1 to show differences in the behavior of the various
graphites upon degassing to 1800°C by use of induction heating. The designated temperatures
represent the temperatures at which gas collections were made. The volume corresponding to
the particular temperature is the volume of gas collected between this temperature and the next
lower temperature (room temperature is initial temperature), the bulk of the gas being collected,
however, at the designated temperature. A very approximate correlation of the gas content with
the total ash content is evident. |t should be noted, however, that other graphites with an ash
content of <20 ppm have been found to evolve 40 to 50 cm? of gas per 100 cm? of graphite.

Other factors such as the atmosphere during letdown in the furnace and subsequent exposure

conditions frequently make it difficult to establish the true effect of the impurities present.

Data have been obtained for other graphites prepared under such conditions that the effect of
letdown atmosphere, method of purification, and particle size of the coke mix could be evaluated.
No important differences in the gas content were observed when either Ar or N, was used as the
letdown atmosphere or when purification was effected by thermal or gas processes. Variations of
the particle size of the coke mix also produced no significant effect on the gas content. All these
graphites, however, had an ash content of < 100 ppm.

Rates of evolution of gas at 300, 600, and 1000°C, along with analyses of the collected gas,
have been determined for a total of 18 varieties of moderator graphite.2=4 The data obtained in

most cases fit the equation
V=Alogt+B, M

where V is the volume of gas evolved inh cm3 (at standard temperature and pressure) per 100 cm3

of graphite, and ¢ is time in minutes.

]Reactor Chem. Div. Ann. Progr. Rept, Jan. 31, 1960, ORNL-2931, pp 139-48.
2GCR Quart. Progr Rept. June 30, 1960, ORNL-2964, p 190,
GCR Quart. Progr. Rept. Sept. 30, 1960, ORNL-3015, p 125,

GCR Quart. Progr. Rept. Dec. 31, 1960, ORNL-3049, p 287,

3
4

125



Table 18.1. Volume and Composition of Gas Evolved by Various Graphites at 1000, 1400, and 1800°C

Volume . .
Vol % of Constituents in Evolved Gas
Graphite Ash Tempoerufure (cm3 per 100 cm?3
(ppm) Q) of graphite) H2 Hydrocarbons HZO COZ NZ co
Sp-228B <20 1000 10.1 78 1 0.4 0.4 28
1400 7.2 66 0.4 2 4 28
1800 8.3 17 0.1 0.3 6 76
25.6 144 0.1 0.1¢ 0.8% 10.3¢
GLC 290 1000 14.1 56 2 0.4 1.4 0.4 40
1400 14.9 48 0.6 0.1 0.2 3 48
1800 10.0 69 1 0.1 10 28
39.0 224 0.5¢ 0.1 0.29 1.5% 159
AGOT-LS 400° 1000 39.8 44 0.5 0.4 0.3 1 54
1400 6.8 14 0.3 2 0.3 20 63
1800 2.1 7 0.2 0.4 33 58
48.7 194 0.2¢ 0.3% 0.1 2.6% 27¢
NCN 560° 1000 62.0 64 1 0.2 0.1 1 35
1400 26.1 60 1 0.2 0.1 7 31
1800 16.2 73 1 0.1 5 21
104.3 674 0.9¢ 0.2 0.1 3.29 339
AGOT-VCB  350° 1000 35.9 30 0.4 1.0 1 68
1400 6.6 18 1 1 0.9 18 60
1800 3.1 71 0.5 0.3 17 10
45.6 144 0.14 0.2 0.5 2 29¢
EGCR 300 1000 29.2 37 1 0.3 0.2 1 60
1400 10.3 69 1 0.5 0.3 3 26
1800 6.2 45 0.6 0.5 0.1 5 49
45.7 214 0.49 0.29 0.4 14 234

“Total volume of constituent, em3 per 100 cm3 of graphite.

bHigh caleium.

Gas evolved at 300°C consists mainly of H,, N,, and a mixture of hydrocarbons. Values of

A in Eq. (1) have ranged from 0.1 to 0.29 for the graphites tested.

The behavior at 600°C falls into two general classes. In the simpler case, the gas evolved at

this temperature is primarily H,0, hydrocarbons, and CO; the degassing rate is given by Eq. (1),

with a slope of 0.36 to 1.0 for the 15 cases examined. In one case (the EGCR moderator), con-

siderable SO, was evolved at this temperature. For a few graphites, however, considerable Co,

is evolved in early stages of the heating; for such graphites the rate curve has a large initial

slope which decreases abruptly to a value similar to that shown by graphites of the first class.
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These large initial slopes must be due to rapid release of surface oxide as CO,; this behavior
may be a consequence of the high calcium content shown by most graphites of this class.

The rate data collected for most of the graphites at 1000°C obey an essentially linear re-
lationship for a plot of volume vs log ¢ for times up to ~ 1000 min. For some graphites, how-
ever, the curves show a definite change in slope over extended periods of heating. The cause
of the change in slope for these cases is not clearly understood. It is known that in some in-
stances the concentration of H, increases and that of CO decreases as the degassing proceeds
at 1000°C. The evidence is not conclusive enough, however, to state that these changes are
solely responsible for the increase in slope. The slopes found for the various graphites for

periods up to 1000 min are in fair agreement.
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19. MEASUREMENT OF TEMPERATURE IN REACTOR ENVIRONMENTS

G. W. Keilholtz
W. T. Rainey W. E. Browning
R. L. Bennett H. L. Hemphill

BEHAVIOR OF CHROMEL-P-ALUMEL THERMOCOUPLES

Temperature measurements in the gas circuit of the Experimental Gas-Cooled Reactor are to be
made with Chromel-P-Alumel thermocouples. Since these couples have been observed' to show
large though slow decreases in emf on long exposure at 1000°C under special atmospheres, a pro-
gram of testing of such couples has been required.

Results of preliminary experiments? indicated that, when Chromel-P-Alume! couples are ex-
posed in flowing air or helium, only small increases in emf occur during extended exposures at
1000°C. Cross comparison® with wires of platinum indicates that both wires become more positive
during the exposure but that most of the change is in the Chromel. Exposure of such couples in
capsules to which finely divided chromium, type 347 stainless steel, polyethylene, or Refrasil insu-
lation are added reveals that contaminations from these materials are not primarily responsible for
the effects.

Large negative drifts in emf (3 mv) have been observed when Chromel-P-Alumel couples are
exposed in stagnant helium at 1000°C; however, evacuation of the capsule for the initial 18 hr at
temperature prevented the decrease in emf.

When test thermocouples whose hot junctions have been at 1000°C for periods in excess of 100
hr are withdrawn in 1-in. steps from the furnace, the error in temperature indication varies consider-
ably with past performance. Couples which have shown no drift or slight positive drift in output
show relatively small (less than 1 mv) error at all positions. However, couples which have shown
appreciable negative drifts (see Fig. 19.1) show pronounced error. |t appears that the abnormality
is located in that portion of the wires which lay during testing in the 800-900°C region of the fur-
nace. Similar measurements with cross comparisons vs platinum wires show the effect to be due to
the Chromel-P wire alone.

When Chromel-P wires were heated in stagnant helium, an immediate and progressive brighten-
ing, which started at the hot junction and moved toward the cooler region, was observed.* Longer
heating resulted in disappearance of the bright film except in the region where sharp thermal gradi-
ents occurred in the wire. Figure 19.2 shows a portion of wire exposed in the gradient region which
was still covered by the loose metal film over an oxide layer. Analysis showed the metal film to

contain more than 99% nickel.

]J. F. Potts, Jr., and D. L. McElroy, Thermocouple Research to 1000°C —~ Final Report, ORNL-2773,
p 104-13 (Jan. 16, 1961),

2Reactor Chem, Div. Ann Progn Rept. Jan 31, 1960, ORNL-2931, p 166.
3GCR Quart. Progn Rept. Mar. 31, 1960, ORNL-2929, p 217.

4

GCR Quart. Progr. Rept. Sept. 30, 1960, ORNL-3015, p 151,
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When using dull (oxidized) wires, sufficient oxygen and/or carbon can be furnished by the wires
alone to cause selective oxidation at certain temperatures. Therefore, dull-finish wires should be
used only in applications allowing an adequate supply of oxygen, such that only nonselective oxi-
dation occurs. Only bright-annealed wires should be used in those applications in which the wires

are not in contact with oxidizing atmospheres.

BEHAVIOR OF SHEATHED THERMOCOUPLES IN GRAPHITE ASSEMBLIES

Chromel-P—-Alumel thermocouples will be exposed, in service in the EGCR, to flowing helium
containing gases desorbed from moderator graphite. Accordingly, thermocouples, in stainless steel
sheaths such as have been specified for the EGCR, have been given stringent tests in such an en-
vironment.

The thermocouples were inserted into a cylindrical block of AGOT graphite (National Carbon
Company) which was contained in a vessel of stainless steel. A pressure of 3 psig of helium was

maintained within the vessel. The hot end of the graphite block was at 870°C. Control couples of

each type were exposed in thermowells of stainless steel which extended into the graphite cylinder.
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about 10]/2 in. from the hot junction; this section of the Chromel-P wire was found to be magnetic,
indicating a loss of chromium from the alloy.

It is not clear why thermocouples sheathed with types 310 and 317 stainless steel have been
satisfactory nor why those with sheaths of type 304 (from two manufacturers) have proved unsatis-
factory. It appears, however, that gaseous materials desorbed from the graphite play an important

role in this attack. Gastight sheaths must, accordingly, be recommended for such applications.

OXIDATION OF CHROMEL-P IN H,0-H, MIXTURES

Selective reaction, by oxidation or carburization, of chromium in the Chromel wire has been sug-
gested as being responsible for shifts in thermal emf of the Chromel-Alumel thermocouple in gas-
eous environments. Accordingly, a systematic study of oxidation of chromium in such alloys and
its effect on thermocouple output has been initiated.

Preliminary studies have followed the work of Moreau and Benard, who selectively oxidized
chromium in nickel-chromium alloys by high-temperature treatment with hydrogen and water vapor.

In these experiments, Chromel wires in a long tube were maintained in a thermal gradient from 25 to
1300°C and were exposed to flowing H,-H,0 atmospheres. After exposure the wires were joined to
platinum and tested by stepwise withdrawal from a standard furnace assembly as described under
“Behavior of Chromel-P—Alumel Thermocouples,’’ this chapter.

From available thermodynamic data and the assumption of ideal solid solution for the Chromel-P

alloy, the behavior of this alloy in H,-H,0 mixtures at various temperatures is expected to follow

that shown in Fig. 19.5. The limited data obtained to date seem to be in accord with this expected

behavior.

5). Moreau and J. Benord, J. chim. phys. 53, 787 (1956). ‘
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Additional data, in combination with studies of the diffusion-controlled rate of reaction, will be
required to establish the relationship between thermal emf and selective oxidation of the chromium.

A satisfactory method for the experimental study seems to have been demonstrated.

CALCULATION OF THERMOCOUPLE ERROR DUE TO INSULATION-LEAKAGE CURRENT

In the development of high-temperature measurement techniques using electrical methods, the
variations in electrical resistance of insulation with temperature become important. The resistivi-
ties of the common ceramic materials decrease almost exponentially with temperature. Therefore,
it is possible for leakage currents to become significant at high temperatures. In thermocouple
systems using ceramic spacing between wires, the leakage currents result in voltage division of the
output signal, with corresponding error in indicated temperature. The resultant error is a function

of several variable parameters as well as the geometry of the system.
A program was prepared by MIT Engineering Practice School students for calculation of the
theoretical error in thermocouple assemblies.® This program was based on a simplified model of

the assembly, as shown in Fig. 19.6. This model assumed junctions of two dissimilar wires 2 and

UNCLASSIFIED
ORNL-LR-DWG 55955

Ra Ty Raa
a VWA ANV~ === - SN j
E3_A_ N = £,
1
[ § RS <3 G
T, T T ;
; |
I 1 2
£q T n T r
i i ' ! 2
b VWA AV SN
Rip T4 Y

Fig. 19.6. Egquivalent Circuit of Insulated Thermocouple and Measuring Circuit.

b at temperatures T and T, with absolute emfs of £, and E,. The temperature at T was that to
be measured against the reference temperature T, and the emf output of the system was dependent
upon Ty — T,. The emf applied by the potentiometer to give zero current through the galvanometer
G was Ej. The resistivities of the wires were represented by R, , Ry,, R, , and Ryp and that
of the insulator by R;. Absolute emf’s of junctions between insulator and wires @ and b were E,
and E , respectively. The temperatures T4, T, and T ; were intermediate temperatures dependent

upon the thermal gradient of the system.

6G. K. Moeller, B. R, Bronfin, and P. W, Whitmarsh, Error Determination in High Temperature Thermo-
couple Measurements, KT-552 (Nov, 30, 1960).
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Sample calculations have given expected results for rather simple systems. However, further
calculations will be made on practical installations. In addition, the program will be modified to

allow for calculation of errors in sheathed assemblies.

THERMOCOUPLES FOR THE MEASUREMENT OF SURFACE TEMPERATURES
OF NUCLEAR FUEL ELEMENTS

When thermocouples are used to measure the temperatures of gas-cooled surfaces, corrections
must be made for the cooling action of the gas on the thermocouple. In a previous reporf,7 methods
of fabrication of thermocouples having small and reproducible cooling corrections were described.
Methods of measuring cooling corrections were given and theoretical heat transfer calculations were
developed. It was reported that the variation of thermocouple-cooling corrections with gas velocity
could be predicted with the theory.

This work has been extended to include the effects of the length of the lead wire and of a di-
mension (effective diameter) of the coolant channel.® From tests conducted under a small number
of cooling conditions, it is possible to predict the accuracy of attached thermocouples under various

cooling conditions encountered in measuring the temperatures of components of nuclear reactors.

CALCULATED RADIATION-INDUCED CHANGES IN THERMOCOUPLE comPOSITION®

Thermocouples used for measurement of temperatures in nuclear reactors may undergo transmu-
tations on exposure to neutrons which change the composition of the thermoelements; such a change
in composition will generally result in a change in the thermocouple calibration. In practical radia-
tion fields the magnitude of composition change can be substantial. To determine the extent to
which these composition changes take place, an |BM 704 computer program has been devised which
computes the modified composition of a thermocouple alloy as a function of time and of radiation
dose received.

This computer program has been used to evaluate the expected composition changes in Chromel-
Alumel, iron-Constantan, copper-Constantan, Pt vs Pt—10% Rh, tungsten-rhenium, and W vs W-26%
Re thermocouples. The products of the nuclear reactions of each isotope in a particular element
were calculated. The product isotopes were then summed into product elements for each time period
to establish the modified composition. The calculations were made for irradiations in a flux of 1 x

2 sec™! for periods up to 20 years.

10'4 thermal neutrons cm™
Table 19.1 gives comparisons of the original compositions of the thermocouple materials and
the compositions after ten years of irradiation. The changes indicated in the table are the absolute

changes in composition.

"Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 159,

BTemperature, Its Measurement and Control in Science and Industry, Fourth Symposium, March 2731,
1961, Reinhold, New York (to be published).
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Table 19,1, Comparisons of Thermocouple-Material Compositions Before and After Ten Years of Irradiation

Thermocouple Irradiation Percentage Composition by Elements
Material Time Al Si v Cr Mn Fe Co Ni Cu Zn
Chromel 0 0.36 0.00 9.58 89.87 0.00
10 0.36 0.14 9.43 89.76 0.10
Change +0.14 -0.15 -0.11  +0.10
Alumel 0 1.60 0.74 3.35 0.02 0.33 9520 0.04
10 1.59 0.75 2,21 .16 0.22 95.19 0.14
Change -—0.01 +0.01 -1.14 +1.14 -0.11 -0.01 +0.10
Iron 0 0.00 100 0.00 )
10 0.22  99.77 0.01
Change +0.22 -0.23 +0.01
Copper 0 0.00 100 0.00
10 5.04 89.92 5.02
Change +5.04 -10.08 +5.02
Constantan 0 0.05 0.96 0.20 45,01 55.10 0.00
10 0.05 0.63 0.53 47.73  49.59 2,77
Change -0.33 +0.33 +2.72 =551 +277
Rh Pd w Re Os Pt Au Hg
Platinum 0 100 0.00 0.00
10 98.15 0.32 0.92
Change -1.85 +0.32 +0,92
Pt-10% Rh 0 10.0 0.00 90.0 0.00 0.00
10 0.12 9.88 88.33 0.29 0.83
Change -—-9.88 +9.88 - 1.67 +0.29 +0.83
Tungsten 0 100 0.00 0.00
10 81.02 6.51 12.37
Change -18.98  +6.51 +12.37 *
Rhenium 0 100 0.00
10 8.83 91.15
Change ~-91.17 +91.15 *
W-26% Re 0 74.0 26,0 0.00
10 59.95 7.12 32,93
Change — 14.05 -18.88 +32,93

Chromel is quite stable to composition changes through transmutation reactions, because nickel,

the major constituent in Chromel, undergoes very little transmutation.

Alumel is also primarily of nickel, but the other elements in the alloy (manganese, iron, cobalt,

and copper) all change significantly. The greatest change is in iron, which increases from 0.02 to

1.16%.

Iron is stable to radiation transmutation. During a ten-year irradiation period the only signifi-

cant change is the growth of 0.2% manganese in the pure iron wire.
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Copper undergoes a significant change in composition; 5% nickel and 5% zinc grow in during the
postulated ten-year irradiation.

Constantan is composed primarily of copper and nickel. Since nickel is stable, the effects of
the copper transmutation are significant, though not as great as in pure copper.

Platinum is relatively stable and shows only 2% conversion to gold and mercury over a ten-year
period.

The Pt-10% Rh alloy is not stable to radiation transmutation. Essentially all the rhodium is
converted to palladium over a ten-year period. Fifteen per cent of the rhodium is converted to pal-
ladium in the first five months.

Tungsten is also not stable to radiation transmutation. During the ten-year period, 19% of the
tungsten is converted to rhenium and osmium.

Rhenium is the least stable of the thermocouple materials considered. Ninety-one per cent of
the rhenium is converted to osmium during the ten-year period.

Since neither tungsten nor rhenium is stable, it can be expected that W-26% Re also will not be
stable. Thirty-three per cent of the weight is converted to osmium at the expense of both tungsten

and rhenium,
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20. REMOVAL OF RADIOACTIVE GASEOUS FISSION PRODUCTS FROM OTHER GASES
W. E. Browning R. D. Ackley R. E. Adams

Problems associated with the removal, containment, and disposal of gaseous radioactive fission
products present in dynamic gas systems are becoming more demanding as the nuclear industry
undergoes expansion. A considerable portion of the radioactive by-products of uranium fission
appears as iodine, krypton, and xenon, which by virtue of their volatility are difficult to retain in
many types of fuel efements. This behavior has a marked influence on the design, location, and
operation of nuclear reactors and fuel reprocessing plants and in the design and operation of in-
pile experiments. Either by design or by accident, large amounts of gaseous fission products can
be present in the off-gas or ventilation systems discharging into the atmosphere adjacent to the
installation. To avoid serious biological hazards it is frequently necessary to provide facilities
to reduce the concentration of radioactive gases to acceptable values bef ore discharge of the
carrier gas into the atmosphere. This study is directed toward the solution of problems associated
with the removal, containment, and disposal of radicactive iodine, krypton, and xenon from gas

streams according to the needs of reactor development programs.

REMOVAL OF RADIOIODINE VAPOR

The study of adsorption of radiociodine from gas streams! has been extended to removal of
this element from air and air-steam mixtures at elevated temperatures and from helium streams
at temperatures from 300 to 430°C.

Removal of lodine from Air-Steam Mixtures?

This study was undertaken at the request of the Oak Ridge Operations Office of AEC in sup-
port of the hazards evaluation program for the Small Pressurized Water Reactor (SPWR) under con-
sideration by the AEC for location at Jamestown, New York. The study was designed to dupli-
cate, as closely as possible, conditions which would occur following a reactor accident postulated
by the AEC hazards evaluation team. The accident was assumed to result in loss of the coolant
and subsequent meltdown of the reactor core. The brief pressure surge would cause leaks in the
reactor pressure shell, and escape of fission products from these leaks would occur for about |
hr, which is the time required for the pressure differential to become negligible. The release of
iodine vapor in such an accident would require a removal system through which air could be re-
circulated within the containment vessel to reduce the quantity of iodine discharged to the atmos-
phere. Tests were, accordingly, conducted to study the removal of iodine vapor by activated char-

coal from air with varying concentrations of water vapor at temperatures from 70 to 120°C.

w. E. Browning, R. D. Ackley, and R. E. Adams, Reactor Chem. Div. Ann. Progr. Repl. [an. 31, 1960,
ORNL-2931, pp 170-81,

2R. E. Adams and W. E. Browring, Removal of Radiciodine [rom Air-Steam Mixtures, ORNL CF-60-11-39,

to be issyed.
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The experimental assembly, shown in Fig. 20.1, was constructed from glass pipe with external
heating provided by flexible heating tapes to a point just downstream of the experimental charcoal
trap. Thermocouples were provided to monitor temperatures at various points on the glass pipes;

one thermocouple was located immediately downstream from the test adsorber within the vessel
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Fig. 20.1. Experimental System for Steam-Air Experiments.

\
to monitor the temperature of the steam-air mixture. Vall temperatures of the glass pipe were main- ‘
tained equal to or, in some cases, slightly greater (1-2°C) than the temperature of the steam-air |
mixture. Drains were provided to permit collection of the condensate during an experiment. Me-
tered air and steam were mixed and supplied to the apparatus through a heated metal system. Dif-
ficulty in accurate metering of small quantities of steam was avoided by use of a heated and in-
sulated rotameter as a qualitative monitoring device during operation of the experiment. At the
end of the test, a final calculation of the steam injection rate was made, based on the temperature

1127 containing 1131) was injected

history and the amount of condensate collected. lodine vapor (
by passing a small portion of air thrcugh a glass U-tube containing elemental iodine crystals.
lodine vapor which passed the test adsorber was retained on the CWS-6 filter downstream, on the
silver-copper packing of the water-cooled condenser, on the final room-temperature charcoal ad-
sorber, or in the condensate drained at intervals from the system. No radiociodine was found in
gases exhausted from the system. lodine adsorption efficiency of the test specimen was deter-

mined by comparison of the iodine on the adsorber with that obtained from a complete material

balance (by radicassay) of iodine in the downstream sections of the assembly.
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The test adsorber was designed to simulate a small section of a commercial charcoal canister;3
one canister was cut open and the charcoal (8—14 mesh) and the perforated metal cylinders were
used to construct the test adsorber. A bed depth of 0.75 in. of charcoal was used in these tests.

Two experiments were performed with the system at about 100°C, with the iodine added in
laboratory air to which no water was added. These experiments, which were of 2 hr duration,
used superficial air velocities of 50 fpm past the charcoal and resulted in iodine removal efficien-
cies of 99.93 and 99.98%; the efficiency of commercial Dorex H-42 canisters at 25°C for iodine
removal from laboratory air is 99.99%.4

The removal of iodine from steam-air mixtures was tested in six experiments at gas velocities
from 23.9 to 75 fpm and temperatures from 75 to 118°C, and in a single experiment at 105°C with
a gas velocity of 290 fpm. The results of these tests are shown in Table 20.1.

Comparison with the data obtained without the addition of steam suggests a slight deleterious
effect of water vapor on the adsorption process. This effect could occur by the blocking action of
water vapor adsorbed on the charcoal surface, thus preventing the iodine vapor from efficient and
rapid contact with the surface. This effect coupled with the short bed depth of 0.75 in. would
allow some iodine molecules to pass through the charcoal mass without contact with a charcoal
surface.

The effect of superficial gas velocity on adsorption efficiency appears negligible or very small
at velocities up to 75 fpm; the iodine adsorption efficiency dropped significantly, however, at a
velocity of 290 fom. The difference (99.8+ vs 99.5+%) would be important in many applications.
Activated charcoal exhibits a high efficiency for iodine vapor removal from steam-air mixtures
for periods up to 2.75 hr with gas velocities less than 75 fom. From these tests, charcoal appears

entirely suitable for application in the SPWR iodine removal system.

Removal of lodine from Air at 25°C

A small effort has been devoted to testing the removal of iodine, from air streams at room
temperature, by specially treated cloth and paper filter media. Valuable applications for such
materials would include (1) composite filters for removal of particulate matter as well as iodine
vapor, (2) tapes for instruments for continuous monitoring of radioiodine, and (3) removal of iodine
from air streams where low pressure drops and reasonable efficiencies are required.

Table 20.2 shows the results obtained on several commercially available materials of possible
value for such applications. The retention of iodine by these materials varies widely, but two of

the materials appear promising.

3Dorex H-42, available from Connor Engineering Corp., Danbury, Conn.

4R. E. Adams and W. E. Browning, Removal of Radioiodine from Air Streams by Activated Charcoal,
ORNL-2872 (Mar. 17, 1960).
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Table 20.1. Efficiency of Removal of lodine from Steam-Air Mixtures on Charcoal from Dorex H-42 Canisters

Test Condition Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
Steam, % saturated? 96.3 101.9 98.9 56.4 82.9 73.2 98.7
System pressure, psig 0 0 0 1.25 1.0 6.5 1.25
Steam-air temperature, °C, 75 87 96 118 102 118 105
at charcoal trap

Ratio |,/ charcoal, 7.4 %1074 2.2x 107! 7.3x 1072 9.2 x 102 1.4 x 107! 1.2 x 10~ 2.8 x 107!
mg/g

Ratio I,/gas, 1.2x 1073 9.3x 10~3 5.6 x 1073 4.0 x 10-3 2.3x 1073 5.9x10-3 2.5 % 1073
mg/liter

Linear velocity of 26.5 30.1 23.9 74.9 36.8 47.2 290.8

gas through charcoal, fpm

Duration of test, 2,75 1.0 2.0 2.0 2.0 2.0 2.5
hr
lodine removal 99.80 99.94 99.93 99.91 99.86 99.91 99.54

efficiency, %

a Lo . _r
Caleulated from amounts of steam and air injected and conditions of temperature and pressure. Percentages greater than 100 would indicate gas
contains condensed water (e.g., fog). None of above percentages are significantly greater than 100.
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Table 20.2. Removal of lodine from Room-Temperature Air by Special Filter Media

Filter Media Linear Velocity 12 Concentration lodine Retention (%)
of Air (fpm) in Air (mg/liter) After 1 hr After 3.7 hr
x 102
Activated carbon 22.6 1.27 15.73 11.44

paper tape, type 166%

Activated carbon 22.8 2.86 99.88 99.86
wool cloth, type 165%

Activated carbon 22.5 2,15 2.56 2.49
wool cloth, type 1647

Nonwoven cloth 22.3 1.71 60.89 56.16
containing 12% carbon,

sample No. 16329

Charcoal-loaded 22,5 1.93 99.73 99.50
filter paper®

“Manufactured by Barneby-Cheney Co., Columbus, Ohio.

bObtained by H. Gilbert, Office of Health and Safety, AEC, Washington, D.C. Manufactured by Lantuck
Division, West Point Manufacturing Co., West Point, Georgia.

“Manufactured by Wiggins Teape and Alex Pirie Ltd., Gateway House, 1 Watling Street, London, England.

Removal of lodine from Helium at High Temperatures

A study®:% of the efficiency of removal of radiciodine from helium streams at elevated tempera-
tures is in progress in support of the Experimental Gas-Cooled Reactor Project. In these experi-
ments, iodine vapor is injected into flowing helium for a short period of time and is adsorbed on

the test material at elevated temperatures in the apparatus shown schematically in Fig. 20.2.

>GCR Quart. Progr. Rept. Dec. 31, 1960, ORNL-3049, pp 302-8.
6GCR Quart. Progr. Rept. Mar. 31, 1961, ORNL-3102, in preparation.
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Helium, without added iodine, continues to flow for an extended period; desorption of iodine from
the heated adsorber is monitored by counting the downstream room-temperature collectors. Upon
termination of the experiment the 1131 activity is determined in the test adsorber and in all down-
stream sections of the apparatus to permit an evaluation of adsorber efficiency.

Activated charcoals remove iodine vapor from helium streams with high efficiency at tempera-
tures as high as 430°C for periods up to 3 hr, but continued helium flow slowly removes the iodine
contained in the charcoal bed.® Additional study revealed that a wide variation in iodine retention
from high-temperature helium exists among the charcoals.

A moderately rapid test has been devised to reject worthless materials and to obtain data for a
more detailed study of the mechanisms of iodine release. lodine retention tests are now performed
using test adsorber beds approximately 0.25 in. deep to give a rapid indication of the relative value
of the adsorbent material. Table 20.3 lists the pertinent test conditions and results from this

screening study.

Table 20.3. Retention of lodine from Flowing Helium on Adsorbers at Elevated Temperatures

mesh, 10 wt % Ag

%This material is made by impregnating Pittsburgh BPL charcoal with salts of silver, copper, and
chromium.

) Temperature Bed Depth Gas Velocity Duration of Test lodine
Adsorbent Material ©c) (in.) (fpm) (hr) Retention (%)
Pittsburgh BPL, 320 0.375 13.6-110.8 144 16.0
8-14 mesh
| Columbia G, 320 0.25 13.6-110.8 166 94.7
| 8—14 mesh
Pittsburgh PCB, 325 0.25 14.9-117.4 168 97.6
6—16 mesh
Pittsburgh BPL, 325 0.25 13.6-75.6 168 30.2
12-30 mesh
« Whetlerite ASC,? 325 0.25 13.4-44.1 216 99.99+
12-30 mesh
Silver-plated copper 320 0.33 13.2-72.5 193 95.7
|

One type of charcoal, Whetlerite ASC, is noted to exhibit markedly superior iodine adsorption

and retention characteristics. Whetlerite charcoal is prepared by impregnating Pittsburgh BPL
charcoal with salts of copper, silver, and chromium. |t is designed for use in gas masks for pro-
tection against war gases and is available in commercial quantities. The apparent value of the
metal salts for iodine retention may be assessed by comparing the 30.2% iodine retention of
Pittsburgh BPL, 12-30 mesh, with the 99.99+% iodine retention by Whetlerite ASC, 12-30 mesh,
both at 320°C. Tests with this and other charcoals will be continued in an effort to obtain a more

complete definition of the mechanism of adsorption and release of iodine from surfaces.
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REMOVAL OF RADIOACTIVE NOBLE GASES FROM CARRIER GASES

The following studies, which are a continuation of work summarized previously,” have been
reported in greater detail in recent Gas-Cooled Reactor Project quarterly progress reports.8=12
The method of krypton and xenon removal receiving the most emphasis is that based on physical
adsorption; in this method the adsorber may delay the noble gases relative to the moving carrier
gas, with resultant radicactive decay of short-lived isotopes in the adsorber, or the adsorber may
act as a concentrator and collector. Therefore, the work is concerned mainly with obtaining basic

experimental and theoretical data for predicting the behavior of noble gases in adsorbers operating

under a variety of conditions and for optimizing adsorber design.

Dynamic Adsorption of Krypton

Experimentally, a gas-solid chromatographic technique has been extensively employed in this
work. A pulse of radicactive krypton or xenon is injected into a flowing carrier gas at the entrance
of a trap containing the adsorbent under study, and elution curves are obtained by using beta-
counting equipment.

Mathematical analysis of the elution curves yields two important parameters, the dynamic ad-
sorption coefficient &£ and the number of theoretical plates N. The coefficient & (em3/g), which is

a direct measure of retention time, is determined from

t F

max

0o

m

where ¢t (minutes) is the time at which maximum fission gas partial pressure occurs in the ef-

fluent, F (cm3/min) is the volumetric flow rate at the carrier gas pressure in the adsorbent but at

room temperature, and = is the mass of adsorbent (g). From a theoretical standpoint, this k£ value

is numerically approximately equal to the slope of the linear equilibrium adsorption isotherm .
V = k’P when the units of £”are cm3 g=1 atm=1. Omitting details of the calculation of N, this

quantity is a function of the shape of the elution curve and is a direct measure of the ratio of

a breakthrough time (arbitrarily defined) to ¢_ .
In coolant purification loops for helium-cooled reactors, the helium carrier gas is usually at

rather high pressures (e.g., ~ 300 psig). Consequently, knowledge of the effect of high-pressure

helium on the quantities £ and N is required. This effect was studied by obtaining krypton elution

7w, E. Browning, R. D. Ackley, and R. E. Adams, Reactor Chem. Div. Ann. Progr. Rept. [an. 31, 1960,
ORNL-2931, pp 17081,

8GCR Quart. Progr. Rept. Mar. 31, 1960, ORNL-2929, pp 221-23.

9GCR Quart. Progr. Rept. June 30, 1960, ORNL-2964, pp 210-12.
19GCR Quart. Progr. Rept. Sept. 30, 1960, ORNL-3015, pp 147-50.

”GCR Quart. Progr. Rept. Dec. 31, 1960, ORNL-3049, pp 302-8.
lzGCR Quart. Progr. Rept. Mar. 31, 1961, ORNL-3102, in preparation.
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curves for helium carrier gas pressures up to about 420 psia with Columbia G activated carbon,
814 mesh, at 25°C as the adsorbent and with Kr®> as the tracer. (Xenon behavior can be fairly
well predicted, with the aid of auxiliary data, from that of krypton.) The results {(Fig. 20.3) showed
that under the experimental conditions employed, the dynamic adsorption coefficient & decreased
only slightly with increased helium pressure and that the decrease in N with pressure, while appre-

ciable, would not be serious from the standpoint of adsorber design.®
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Fig. 20.3. Effect of Helium Pressure at 25°C on Dynamic Adsorption of Krypton by Charcoal.

In other studies the dynamic krypton adsorption measurements were extended to include some
other types of charcoal and, also, a greater variety of operating conditions, some of which corres-
pond to those of proposed designs for GCR-ORR loop experiment No. 2 traps. The charcoal types

: included were Columbia HCC 12/28X, Columbia ACC 6/14X, Pittsburgh PCB 12/30, and Pittsburgh
PCA 12/30. The k£ and N values obtained indicated that there were no large differences between
these materials. As the adsorbent temperature varies downward from 25 to —33°C, k increases

from about 55 cm3/g to about 500 cm3/g. The number of theoretical plates, N, was observed to
tend toward relatively small values at low carrier gas velocities. This is a result of transport of

krypton by longitudinal diffusion becoming important relative to transport by convection,%:10.12

Equilibrium Adsorption of Krypton and Xenon

Equilibrium (or static) krypton and xenon adsorption data are useful as a check on dynamic
adsorption measurements and theory and, also, as a convenient means for obtaining xenon ad-
sorption information, since the Xe'33 tracer for dynamic measurements is not as readily available
as Kr85. Such data, as adsorption isotherms, have been obtained at 0, 25, and 60°C for some of

the charcoals of interest and for Linde molecular sieves. These data have been summarized in a
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"1 In several instances, where comparable dynamic and equilibrium ad-

semiquantitative fashion.
sorption coefficients were available, good agreement was observed. More recently, the equilibrium
data were statistically analyzed by means of an Oracle linear regression code. In these calcula-
tions, the isotherms were fitted to the Freundlich equation, V = kP1/7, which gave a better fit, in
general, than the Langmuir equation over the range of the data. The temperature dependence of
the adsorption was represented by £ = AeB/7T, where k is an arbitrarily defined adsorption coeffi-

cient for the cases of nonlinear isotherms, A and B are evaluated constants, and T is absolute

temperature. The detailed results of these calculations have been reported. 13

Diffusion of Krypton in Charcoal

As mentioned under ‘‘Dynamic Adsorption of Krypton,’’ this report, transport by diffusion
assumes importance at low carrier gas velocities. Accordingly, a study of this mechanism was
undertaken. Experimentally, natural krypton with Kr83 tracer was injected into one end of a char-
coal column (previously flooded with helium), and relative krypton concentration as a function of
time, under the condition of no convection flow, was measured at the other end by means of a G-M
counter tube. The data were analyzed in conjunction with the applicable solution of the diffusion
equation, and effective or apparent diffusion coefficients were evaluated. The krypton diffusion
coefficients obtained with Pittsburgh PCB 12/30 activated carbon at 0, 25, and 60°C, with stag-
nant helium at 1 atm as the predominant component of the gas phase, were 0.0021, 0.0057, and
0.0141 cm?/sec respectively. These coefficients are approximately inversely proportional to the
corresponding slopes of the adsorption isotherms of krypton on Pittsburgh PCB charcoal. This
relationship is a consequence of the relative quantity of krypton available for gaseous diffusion
being determined by the extent of adsorption. Less extensive measurements were made for Pitts-
burgh PCB 6/16 and Columbia HCC 12/28X. No significant difference for krypton diffusion in the
three adsorbents, PCB 12/30, PCB 6/16, and HCC 12/28X, was observed, but this is probably due
to lack of resolution, since the effective diffusion coefficient should increase with charcoal grain

size, other factors being constant, 10:11,12

Retention of Krypton and Xenon by Linde Molecular Sieves Used for
Water and Carbon Dioxide Adsorption

Linde molecular sieves, types 4A and 5A, are being considered for use in removal of water
and carbon dioxide from reactor coolants. [f regeneration gases are to be vented to the atmos-
phere, the quantity of radicactive fission product gases associated with the sieves must be low.
Type 4A appeared attractive since dynamic krypton adsorption results indicated that krypton ad-

sorption was negligible. (Presumably, xenon adsorption would also be negligible since pores

]3R. D. Ackley and W. E. Browning, Adsorption of Krypton and Xenon on Activated Carbon and Linde
Molecular Sieves, ORNL CF-61-2-32 (Feb. 14, 1961).
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inaccessible to krypton would be inaccessible to xenon.) In a further study of the behavior of
type 4A sieves, equilibrium (or static) krypton and xenon adsorption data were obtained. Krypton
adsorption was observed to be appreciable at 25°C, and xenon adsorption, while apparently negli-
gible at 25°C, was measurable at 60°C. Times required for equilibration were relatively long.
These long equilibration times are probably the explanation for the observations in the dynamic
tests and for the apparently anomalous behavior of xenon at 60 and 25°C. Apparently, the pore
diameter in 4A is so close to the molecular diameters for krypton and xenon that these gases can
enter only at a slow rate, but the rate of approach to equilibrium increases with temperature. In
arelated study, which was performed by members of the MIT Practice School, dynamic retention
of krypton by type 5A sieves was measured, ot 25°C, as a function of the amount of loading with
carbon dioxide and with water. They observed that relatively high loadings were required, as in-
dicated by the dynamic adsorption coefficient &, to reduce krypton retention to negligible values.
In view of these results, provision for radioactive decay in the sieves may be required prior to

venting regeneration gases to the atmosphere. 11.12,14

Heat Effects During Adsorber Pressurization

During pressure testing of GCR-ORR loop traps with nitrogen, localized heating and bulging
of the metal of one of the traps were observed. In an effort to explain these phenomena, equations
were developed which expressed the temperature rise due to the heat of compression on sudden
pressurization, and calculations were made of the expected temperature rise due to the heat of
adsorption. Also, a few laboratory-scale tests were made under conditions simulating the pres-
sure testing. The calculated and laboratory results were in fairly good agreement and were con-
sistent with the observed localized heating in the loop traps when their geometry was taken into
consideration. On the other hand, the bulging did not seem to have been due to this relatively

mild heating but was apparently caused by the high pressure alone. 10+ 11

ASSISTANCE TO OTHER PROGRAMS

Personnel from this division have served in an advisory capacity in the design of iodine re-

moval equipment for the off-gas systems of the NS ““Savannah.”” Information concerning the iodine

removal efficiency to be expected from proposed designs was provided, the off-gas system in the
NS ““Savannah’’ was inspected, and an oral report on the subject was delivered to the AEC Advi-
sory Committee on Reactor Safeguards.

A proposed addition of an iodine vapor adsorber to the off-gas system of the LITR was eval-

vated in terms of atmospheric radiation doses to Laboratory personnel. '3 This evaluation was

ME. E. Wright, Jr., and A. R. McLain, Krypton Holdup in Molecular Sieves, KT-548 (Nov. 8, 1960).

ISR. E. Adams and W. E. Browning, Evaluation of lodine Vapor Adsorbers for the lLow Intensity Test
Reactor (LITR), in preparation.
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made by comparing doses that could result in the event of a partial reactor core meltdown while
utilizing the present off-gas system to those doses that would result if an iodine adsorber was in-
stalled. |t was concluded that the addition of an iodine adsorber is needed to reduce the iodine

hazard to a more acceptable level.

Consultation services have been and are being provided to project personnel responsible for
the design of the off-gas system for the Molten-Salt Reactor Experiment. Calculations are in pro-
gress to predict temperature rises in the HRT off-gas adsorber system and to relate changes in
HRT reactor power to adsorber temperature transients.

Data from the iodine adsorption experiments are being used in a review of the propo sed off-
gas systems of the HFIR. Calculations are being made for evaluating the expected performance
of the off-gas systems, both in terms of amounts of fission gases penetrating the systems and the
possible radiation hazards to personnel resulting from discharge of these fission gases to the
atmosphere.

Assistance has been given to several experimental programs in the design and evaluation of
off-gas systems connected with in-pile experimentation.'® These systems include provisions for
preventing a gross release of gaseous fission products in the event of experiment failure or for

continuous processing of off-gas during operation of the experiment.

16R. E. Adams and W. E. Browning, Evaluation of Experiment Off-Gas System for the EGCR-LITR Cap-
sule Experiment, ORNL CF-60-9-8 (Sept. 2, 1960).
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21, RELEASE OF FISSION PRODUCTS ON IN-PILE MEL TING OF REACTOR FUELS

R. P. Shields R. A. Lorenz
C. E. Miller C. J. Barton
W. E. Browning, Jr.

The most serious hazard from postulated accidents with nuclear reactors is generally associated
with release of fission products from fuel elements which melt because of a nuclear excursion or be-
cause of loss of reactor coolant. The release of fission products when reactor fuels are melted by
external heating is under study in the Chemistry Division.'

The present series of experiments will determine the release of fission products when reactor
fuels are melted by nuclear heating. Some of the parameters which may be important in this experi-
ment are type of fuel material, coolant composition, quantity of fission products present, operating
temperature prior to melting, specimen geometry, the rate of temperature rise, and the length of time
the specimen remains molten. In-pile tests will permit these parameters to be studied under condi-
tions resembling those of a nuclear accident.

In the initial in-pile experiment? an unirradiated stainless-steel-clad UO, fuel specimen will be
placed in a reactor furnace (described below) and moved to a position close enough to the lattice of
the ORR to build up traces of fission products. After 24 to 36 hr of irradiation the specimen will be
further lowered to a position where the fission and gamma heat will cause the specimen to melt. He-
lium gas sweeping over the specimen will carry fission products to filters and traps, where the fis-
sion products will be separated and collected. At the end of the experiment, the furnace and asso-
ciated tubing, filters, and traps will be removed for fission product analysis.

The details of the reactor furnace are shown in Fig. 21.1. The specimen is a stainless-steel-
clad U0, cylinder 0.210 in. in diameter by 1 in. long. Its density is about 95% of theoretical, and
3% of the uranium is U235, The specimen is mounted on a porous thoria pedestal which is supported
by a porous zirconia base resting on a beryllia heat conductor. The thoria serves as a container for
the molten UO,, and the thoria and zirconia both serve as heat insulators. The specimen is en-
closed by a thoria cylinder having a thoria plug and is surrounded by a zirconia cylinder. These
parts are all contained in a primary stainless steel container which is enclosed by a secondary
stainless steel container. The top and bottom of the primary container both have aluminum-filled
caps to transfer heat from the ends of the primary container to the side of the secondary container.
Water flowing past the secondary container will cool the experiment. The integrity of the two sys-
tems is monitored by stagnant helium pressurized above reactor tank pressure. Leaks in either con-
tainment system will be detected by a drop in the helium pressure.

During the time the experiment is in the reactor, a flow of helium (see Fig. 21.2) will pass

through the primary system and will carry particulate matter and fission products from the furnace

]G. W. Parker et al., Fission Product Release [rom UO, by High Temperature Diffusion and Melting in He-
lium and Air, ORNL CF-60-12-14 (Feb. 14, 1961).

2R. P. Shields et al., In-Pile Experiment for Measuring Release of Fission Products on Melting of Reactor
Fuels, ORNL-3087, to be issuved.
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Fig. 21.1. Reactor Furnace for Melt-Down Experiments.

through a stainless steel tube to three graded filters and a charcoal trap. The three graded filters
provide information concerning the size of the particulate matter. The charcoal, maintained at re-
actor tank water temperature (120°F), will remove iodine and possibly other fission products from
the gas stream. The sweep gas then will pass through a liquid-nitrogen-cooled charcoal trap lo-
cated outside of the reactor pool. This charcoal will retain all the rare gases released from the ir-
radiated fuel specimens. Radioactive gases in the inlet and exit lines to this trap will be monitored
by ion chambers connected to recording electrometers in the experiment control room. From the
cooled-charcoal trap the helium sweep gas will flow into the reactor off-gas system.

The facility tube (Fig. 21.3) enters the ORR top plate through the V-5 access flange and is
bent to pass into the F-9 lattice position. The lower end of the facility tube fits into a lattice in-

sert which is machined to fuel element dimensions. A hydraulic positioning mechanism is mounted
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Fig. 21.2. Experiment Flow Diagram.

on the top of the facility tube for the purpose of lowering the fumace into the reactor lattice or
raising it to a position above the lattice while the reactor is operating. This mechanism can move
the experiment 36 in. up or down. Solencid valves operated from the control panel direct the flow
of process water which operates the mechanism, while manual valves adjust the water flow rate and
permit regulation of travel speed for lowering the experiment to 2 in./min and for raising the experi-
ment to 6 in./min.

A pipe which penetrates the top of the reactor tank through the flange supporting the facility
tube permits tank water to be directed by a pair of mechanically linked valves either into the facil-
ity tube to provide a cooling medium for the experiment or through a pipe which runs to the bottom
of the facility tube to operate a hydraulic plunger to close the cooling water outlet. When the me-
chanically linked valves are in the latter position the facility tube is isolated from the reactor tank,

and the tube may be opened either to insert or to remove an experiment while the reactor is operating.
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The radial temperature profile of the experiment as a function of vertical position of the experi-

ment in the reactor has been calculated by an Oracle program which was devised to solve heat trans-

fer problems. Flux data for these calculations were obtained by direct measurement in the F-9 fa-

cility. The thermal neutron flux was measured by exposing a cobalt wire and was found to have a

peak value of 9.4 x 10'3 neutrons cm

-2 sec‘]

the heat appears to be of the order of 3 w/g.

. Measurement of the gamma heat is still in progress;

1

Operation of the first experiment has been approved by the Operations Division and the Reactor

Experimental Review Committee; we expect to insert the experiment in March.
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22. EFFECT OF RADIATION ON BERYLLIUM OXIDE

G. W. Keilholtz J. E. Lee, Jr.
R. P. Shields W. E. Browning, Jr.

Beryilium oxide, because of its excellent neutron cross section and moderating ability, has been
proposed for use as a moderator in a variety of high-temperature nuclear reactors. In such usage,
beryllium oxide must withstand irradiation by neutrons, both fast and thermal, and by gamma rays to
high total dosages and must withstand the considerable stresses resulting from such irradiation. An
experimental program! is in progress to determine the resistance of BeO to reactor irradiation as a
function of specimen composition and dimensions, irradiation temperature, thermal stresses, and
radiation dosages. This program is designed to determine the conditions under which BeO modera-
tor material may be used without failure in nuclear reactors, to determine the effects of radiation on
the important properties of this material, and to establish, if possible, the mechanism of failure un-
der irradiation.

The experimental assembly has been described previously. =3 Each assembly consists of six
capsules, each containing three specimens spaced inside an Inconel housing which provides an an-
nulus through which a controlled helium-argon coolant mixture is circulated to control the specimen
temperature. |n any one experiment the dosage received by capsules at the top of the lattice is less
by a factor of 3 or 4 than that received by those near the bottom of the lattice. The irradiation tem-
peratures were varied from a maximum of 1100°C to a low of 120°C. The specimens contained in
the capsules were 1 in. in length and from 0.428 to 0.800 in. in diameter. The beryllium oxide
studied to date had a density of 2.9 g/cm?, fabricated by hot pressing, or 2.6 g/cm?®, fabricated by
isostatic pressing and sintering.

Five assemblies totaling 57 BeO sample specimens have been irradiated in the Engineering
Test Reactor at Arco, ldaho. These assemblies, in which total dosages® as high as 102} nut of
fast neutrons have been accumulated, have been disassembled in hot cells,® and the BeO speci-
mens have been removed from the capsules. Severe physical damage was observed on materials
receiving largest dosages in these tests.

Examinations are in progress to establish (1) possible changes in lattice parameters, (2) changes
in grain size of the material, (3) changes in form or identity of species observed by metallographic
techniques, (4) retention of gases formed as a consequence of irradiation, and (5) thermal conduc-

tivity of the irradiated specimens.

]Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, ORNL-2931, p 157.

N

ANP Semiann, Progr. Rept. Sept. 30, 1958, ORNL-2599, p 70.

w

ANP Semiann. Progr. Rept. Oct 31, 1959, ORNL-2840, p 79.

These fluxes are in some cases estimates based on previous experience in the ETR facility. Flux moni-
tors attached to these specific experiments are presently under examination. Values given here are believed
accurate to 125%,

4

Disassembly and preliminary examinations were carried out at Battelle Memorial Institute, Columbus,

Chio.
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An intensive study of these materials is still in progress. The following observations and con-
clusions, however, are apparent from inspections of all materials irradiated in this study.

1. Cracks begin to appear in the BeO specimens after an irradiation to fast-neutron dosages of
approximately 7 x 1029 nut.

2. The cladding (type 430 stainless steel) on the BeO specimens increases up to 2.5 to 3.0%
in diameter; BeO irradiated at lower temperature seems to enlarge more than that at high tempera-
ture for similar dosages.

3. One capsule burst its cladding after an irradiation of approximately 102! nut at 120°C.

4. Specimens of BeO irradiated at 120°C for an estimated 102! nut seem to disintegrate slowly
into powder when removed from the capsule and exposed to the atmosphere in the hot cell.

5. lrradiated BeQO specimens apparently become more difficult to polish for metallographic
study as the dosage increases.

6. Thermal conductivity apparently decreases with increased dosage as evidenced by progres-
sive increases in measured thermal gradients in the specimens during irradiation. These changes
amounted to greater than 30% for higher doses.®

A sixth iradiation assembly with somewhat larger pieces (1.2 in. in diameter) of the low-density
BeO is being assembled for insertion into the ETR in March 1961. In addition, and since the re-
sults of the completed irradiations have clearly shown failure of BeO under the test conditions, de-
sign of a new series of irradiation assemblies to test systematically the effect of important param-

eters has been started.

6 Pronounced changes (as much as a factor of 5) in thermal conductivity of BeO on irradiation of small
specimens to ]02] nvt have been observed by French scientists, according to M. Salesse and R. Caillat,

French AEC.
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23, CHEMISTRY OF ORGANIC MODERATORS AND COOLANTS
W. T. Rainey L. B. Yeatts, Jr.

A research program has been initiated to determine the chemical kinetics of the pyrolytic and
radiolytic decomposition of potentially useful organic moderators and/or coolants. The program to
date has been concerned with survey of the literature, planning of experimental procedures, and the
design, procurement, and assembly of equipment.

The initial research is to be a chemical kinetic investigation of the pyrolytic decomposition of
biphenyl. Since the initial decomposition mechanism is of primary importance, the number and con-
centration of secondary reaction products will be limited by decomposing less than 0.5% of the bi-
phenyl sample. For this study a quantity of highly purified bipheny!l has been obtained. A chroma-
tographic analysis shows only air, tetrahydrofuran solvent, and biphenyl. A pyrolysis furnace with
a temperature-control unit which permits only minor temperature variations is available. A vacuyum
line to permit separation of the organic materials following pyrolysis has been assembled. The
separation is to be made on the basis of boiling-point differences, with three fractions: first, per-
manent gases and low-boiling hydrocarbons; second, materials with boiling points ranging from room
temperature to 260°C; finally, the high-boiling polymeric products. Vapor chromatographic equip-
ment is being obtained for use in the identification of these decomposition products. A dimethyl-
sulfolane column at 0°C in series with a Linde 5A molecular sieve column at 25°C will be used to
analyze the mixture of permanent gases and low-boiling hydrocarbons. The intermediate-boiling
compounds are to be identified through the use of a didecy! phthalate column and a silicone rubber
column. The polymeric products will be analyzed on a molten-salt column which is useful up to
500°C; the stationary phase will be a eutectic mixture of lithium, sodium, and potassium nitrates

supported on firebrick.
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24, PREPARATION OF REFRACTORY OXIDES FROM MOLTEN SALTS

J. H. Shaffer H. H. Stone
G. M. Watson L. O. Gilpatrick

Refractory oxides of beryllium and uranium have been prepared from their fluoride salts, dis-
solved in molten-salt solvents at 800°C, by reactions with water vapor. Upon optical examination,
these oxide particles were found to be high-purity single crystals of sizes ranging up to 200 ;. Be-
cause of these unique properties, further development of this relatively low-temperature method for
preparing refractory oxides was desired.

Preparations of beryllium oxide were made by reacting water vapor with various concentrations
of beryllium fluoride in lithium fluoride at 800°C. While the particle sizes of BeO obtained from
each experiment were comparable (none over 100 1), the apparent concentrations of impurities in-
cluded in the crystalline oxide were found to diminish as the concentration of BeF, in the fluoride
melt was decreased. Spectrographic analyses of various batches of BeO prepared by this technique
showed typical total impurity concentrations of approximately 500 to 750 ppm. Of these impurities,
approximately 80% was attributed to solvent and container-corrosion materials that were incom-
pletely removed by the recovery process.

Uranium dioxide prepared by this water-vapor reaction technique demonstrated properties of near-
stoichiometric UO,. The unit-cell lattice parameter, a,, was found to be 5.472 +0.002 A by x-ray
diffraction measurements and corresponds to UO, 4g10.003- In addition, petrographic observations
of the UO, product verified the presence of garnet-red single crystals of UO, that were free of in-
clusions. Of the total reportable impurities (500 ppm) found in the prepared UO, by spectrographic
analysis, approximately 95% of the contamination was from solvent and container materials. Prepa-
rations of UO, have been made from UF; dissolved in solvent mixtures of LiF-BeF,, LiF-NaF, and
LiCl-NaCl.

When water vapor was reacted with mixtures of UF, and BeF, dissolved in a molten-fluoride
solvent, some of the UO,, particles were completely coated with BeO. Subsequent experiments
showed that single crystals of UO,, added to a mixture of BeF, and LiF prior to the reaction with
water vapor, could also be coated with BeO. However, petrographic examination of the oxide pre-
pared by both techniques indicated that only UO, particles of sizes less than 20 i+ were coated with
BeO.

These results demonstrate that single crystals of refractory oxides can be prepared from molten
salts at relatively low temperatures. Additional experimental techniques are being developed in an
attempt to improve the purity of these oxides and to provide more economical methods for their pro-

duction.
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25. PREPARATION OF PURE BERYLLIUM COMPOUNDS BY SOLVENT EXTRACTION
R. E. Moore

Beryllium oxide of very much greater purity than that now commercially available may be of con-
siderable value for special reactor applications.! A liquid-liquid extraction process is being de-
veloped for the preparation of ultrapure beryllium hydroxide which could be converted to the oxide
or to other compounds. Discussions of the process and distribution coefficients for many impurities
at various pH values are reported elsewhere.? Figure 25.1 shows the effect of pH on the distribu-
tion coefficient for beryllium and several typical impurities.
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Fig. 25.1. Distribution-Coefficient Dependence on pH.

Several gram-size quantities of Be(OH), were prepared for spectrographic analysis by the ex-
traction process. The starting material, Be(OH)z, contained at least 725 ppm metallic impurities,
together with approximately 2000 ppm phosphorus and some fluoride. The purified product gave the

following spectrographic analysis:

]R. E. Moore, Purification of Beryllium Compounds: A Literature Survey, ORNL-2938 (June 1, 1960).

2ANP Project Semiann. Progn Rept. Oct 31, 1960, ORNL-3029, pp 5658,
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Element Parts per Million Parts of BeO

Reportable impurities

Mg 5
Si 10
Sn 5
v 5
3 5

Elements below present spectrographic

standards

Mo < 50

Zn <25

Sr, Cr, Ni, Ti <20

Al, Bq, Cq, Fe, K, Li, Na <10

Co, Cu, Mn, Pb <5

Ag <0.5

P, F Not detected

A comparison of the results of these analyses demonstrates the potential of this liquid-liquid ex-
traction technique for obtaining ultrapure beryllium compounds. Accordingly, larger batches of ul-
trapure beryllium hydroxide are being prepared for primary use in developing improved spectro-

graphic standards.
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