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ABSTRACT

The application of the Volatility Process for.reprocessing
spent reactor fuels to zirconium fuel elements requires the con-
version of the fuel to a fluoride form. This conversion can be
accomplished by the dissolution of such fuels in a bath of molten
fluoride salts with a hydrogen fluoride spdrge.  Studies with
dummy zirconium fuel elements showed dissolution rates averaging..
2 mg/sq cm-min. The effect of submergence, geometridal configura-
tion,. and HF impingement rate appeared more significaht  than  the
effect of temperature.  Experiments with partially submerged
elements have indicated that at temperatures in the ndighborhood
of 700'C the gas phase reaction rate can exteed the salt phase

rate.  The use of the process involves problems with corrosion,
with entrainment of solids in the off gas, and with the recovery
and recycle of the hydrogen fluoride.  Tentative solutions to
these problems have been studied.
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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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LEGAL NOTICE

This report was prepared as a'n account of Government sponsored work. Neither the United States,
nor the Commission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, express or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

8.  Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this repon.

As used in the above, "person acting on behalf of the Commission" includes any employee or
e                                    contractor of the Commission to the extent that such employee or contractor prepares, handles

or distributes, or provides access to, any information pursuant to his employment or contract
with the Commission.
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1.0  INTRODUCTION

The hydrofluorination of zirconium-uranium alloy fuel elements in molten
fluoride salts is the initial step in the recovery of uranium from these fuels

(1,21by the Volatility Process.. This process is of interest because it pro-
vides a means of handling this type of fuel with a very small volume of waste,
as compared to the conventional aqueous processes.  Also, uranium hexafluoride
is produced directly whereas aqueous recovery processes require several inter-
mediate conversion steps to produce the hexafluoride.

The second step of the process, following hydrofluorination is the one
from which the name "Volatility" is derived.  In this step, the melt which
contains uranium and zirconium tetrafluorides in addition to fission product
fluorides and the inert fluorides originally present is sparged with elemental
fluorine. The uranium is fluorinated from the tetrafluoride to the hexa-
fluoride which is volatile and leaves the melt as a gas.  Some fission product
fluorides, notably molybdemum, ruthenium, and niobium also have high vapor
pressures at the prevailing melt temperature, and they are also present in the
off-gas stream along with some unreacted fluorine.  The gas stream is then

passed through adsorption beds at a controlled temperature such that uranium
and fission products are held on the bed, allowing fluorine and some nitrogen
used for purge to pass through the beds.

When the uranium has been completely removed from the molten salt, fluo-
rination is stopped, the temperature of the adsorption beds is raised, and
the uranium hexafluoride is selectively desorbed.  It passes to product cold

traps and eventually to storage cylinders.  The product is of sufficient
purity to be used as .feed in the gaseous diffusion cascade or to be reduced
to metal for reforming.  The barren salt melt remaining contains the majority
of the fission product waste and is dumped into waste cans and allowed to
solidify.  In this form, the waste is in a compact cake and can be buried for
disposal.  The sorption beds can be used for several batches before they be=
come loaded with fission products.  At this time they must be disposed of as
waste and new beds put in use.

The product decontamination step may also be accomplished by fractional
distillation of uranium hexafluoride from fission product fluorides instead
of using the sorption-desorption beds.  Considerable work has been done on
this method at Argonne National Laboratory.

The fluorination of a fused salt fuel and sorption-desorption decon-
tamination of product UFs have been operated in a pilot plant at Oak Ridge
National Laboratory.  Uranium loss to the barren salt was 0.03% and the 132

kg of   oduct met the specifications for feed to the gaseous diffusion cas-
cade.(                                                                            ;
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This processing method is particularly attractive for application to
zirconium matrix fuels which are charatterized by a high weight ratio (20
to 1) of zirconium metal to uranium metal in the form of long thin fuel
plates stacked parallel and closely spaced in bonded sub-assemblies.  This
type of construction does not lend itself to "decladding" procedures which
may be used to remove an excess of inert cladding metal from uranium.  There-

fore it is necessary to react, or dissolve, all of the metal in orddr to
produce chemical forms which will permit separation.

2.0  DISSOLUTION STUDIES

The method studied in the Unit Operations Section of the Chemical Tech-
nology Division at Oak Ridge National Laboratory has been hydrofluorination
in a molten salt bath.  The reaction, producing the tetrafluorides of uranium
and zirconium, is:

650'C4HF +U      > UF'  + 2H2 + 165 KCal/gm mole

4HF + Zr , ZrF4 + 2He t 163 KCal/gm mole6500C

The molten salt used in this work has been a mixture of sodium and zirconium
fluorides,  one of several suitable mixtures. The major functions  of  the...salt
are to retain all of the reaction products in a liquid phase at moderate temp-
eratures, and to keep the products (largely zirconium tetrafluoride) removed
from the reacting surface.

This study is concerned with the determination of the hydrofluorination
rate under conditions approximating those predicted for a pilot processing
unit.  The rate is reported in terms of weight of zirconium dissolved per
unit area in unit time. It was assumed for the sake of calculation that the

4

initial surface existed until dissolution was complete.  The assumption seems
reasonable for thin plates until 80% or more of the total weight has redcted.
The rates reported are recognized as empirical.  The relationships reported
in addition to others how being obtained may eventually lead to fundamental
rate expressions.

A description of the experimental results should follow a discussion of
the flow sheet of the processing cycle as shown in Fig. 1.  The fuel element

is placed in the dissolver vessel, resting on the gas distribution plate,
and the vessel is closed, purged with nitrogen, and heated.  Molten fluoride
salt at 650'C is then transferred from the salt preparation tank to the
dissolver by nitrogen pressure on the preparation tank.  The proper depth of

Clt, 303
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salt in the dissolver is determined by liquid level measurement using a
nitrogen bubbler dip tube and a differential pressure cell.

With the molten salt and the dummy fuel element in the dissolver and
the temperature at 650'C, anhydrous hydrogen fluoride is then introduced to

the gas distribution plate at a metered rate.  The hydrogen produced by the
reaction plus the unreacted hydrofluorie acid and a small quantity of purge

           nitrogen pass to the off-gas system where the acid is condensed and collected
for recycle.  The non-condensable hydrogen and nitrogen pass through a "wet-
test" gas meter and thence to waste.

Some of the equipment mentioned is shown in Fig. 2.  The dissolver vessel
is a section of six inch schedule 40 stainless steel pipe lined with one-

eighth inch thick copper and closed at the top with Inconel flanges sealed
with a copper ring gasket.  The off-gas line is one inch copper tubing, the
acid inlet line is three-eighths inch copper tubing.  The condenser consists
of a 20 liter copper receiver and a condensing worm of one inch copper tubing
immersed in a trichlorethylene bath cooled with dry ice to an operating temp-
erature of -78*C.

The balance of the hydrofluoric acid system, not shown, consists of a
recycle system:  a steel tank which supplies the renote pumping head of a
Lapp diaphragm pump unit.  The pump and valve assembly are fabricated entire-
ly from Monel metal, and are refrigerated to O'C to eliminate vapor binding.
This pump has given reliable service for about 100 hours of operation and
will meter reproducibly through the range of stroke adjustments.  The pump
discharges to a steam heated boiler which vaporizes the hydrofluoric acid

          and thence to a superheater unit which raises the gas temperature to about
1000C before it is' again metered through a fluorothene tube rotameter as it
passes to the dissolver vessel.  The rotameter is useful in providing a
visual check on the acid system operation.

The fuel elements used are dummies fabricated from Zircaloy-2 and Zircaloy-
3   to   simulate   STR type fuels in thickness and spacing   of fuel plates.      The  re-
latively close spacing of plates makes dissolution rate measurement difficult
because of the uncertainty of contacting all possible reacting surfaces.  In
all rate determinations, it has been assumed that the entire exposed area was
available and all calculations were made on that basis. The simulated assem-
blies have ranged in weight from one and a half to ele*en pounds and in area
ftom one-half to six square feet.

The fluoride salt mixture used in this survey was 38 mol per cent zir-
conium fluoride and 62 mol per cent sodium fluoride at the start of the dis-
solution.  This composition, for the Na-Zr fluoride system, is chosen because
of the melting point, as shown in Fig. 3.  This figure is a phase diagram for

U
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the system which shows that te avoid extremely high melting points the
zirconium concentration must be kept in the approximate range of 40 to

60 mol per cent.  High temperature is undesirable because of the increased
rate of equipment corrosion and also because of the appreciable vapor
pressure of zirconium fluoride above 700'C.

3.0  TEST RESULTS

The initial series of dissolution tests wa4 made te scout the temper-
ature dependence of the reaction rate.  The results, Fig. 4, indicate that

the temperature effect is relatively small.

The next test series explored the effect of acid addition rate.  The
results of this series when plotted as shown in Fig. 5 indicate that the
specific dissolution rate is proportional to the rate of acid addition, ex-

pressed in terms of superficial velocity.  The specific dissolution rates,
in mg/sq cm min, ranged from 0.2 to 0.6 in the first series and 1.0 to 1.3
in the second.

The second curve indicates results Obtained following a modification
of the dissolver which was made to reduce splash and entrainment difficulties.
The slopes of the two curves are essentially the same although they are dis-
placed.  This result led to the formulation of this expression:

R = K log ·G
0

R = Specific dissolution rate

K = Proportionality constant

G = HF mass flow rate

G  = 'Geometric factor
0

The specific rate is directly proportional to the logarithm of the acid
addition rate divided by a geometric factor G  (in consistent units) which
expresses the physical configuration of a pa.r icular. dissolver vessel.   In .
this expression, the G  factor could be interpretad as the.acid addition

rate for zerb dissolut on; however, extrapolation of plotted results indicates         •
no real meaning for this interpretation.

In· the temperature and addition rate experiments the dummy element was
fully submerged in fused salt.  In an attempt to determine the rate for areas

f . . . R 3gm
t,  Lt- U
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not submerged in salt, three test dissolutions were made with non-reactive
(copper) dummy elements interspersed with zirconium dummies, as shown in
Fig. 6.  It may be seen that the rates for the three cases were increasingly

higher as the distance above the salt increased.  The reactions were complete
in all cases and the high rate for the third case indicated that direct gas-
phase hydrofluorination might offer high dissolution rates.  A test was made

o            using no salt in the dissolver and the same acid rate as used in three pre-
vious tests.  The initial rate was high as shown in Fig. 7, but fell off to
zero when the amount of hydrogen evolved was equivalent to 40% dissolution
of the metal.

On examination of the element at the end of the test the condition
noted in Fig. 8 was found.  All surfaces of the element, except the bottom

which was exposed to the gas stream, were completely blocked by a dense
layer of crystals which ana ysis proved to be zirconium tetrafluoride.  It
was concluded that higher ambient temperatures in the dissolver were re-
quired to prevent the reaction' zone from cooling below 9000C, which i  the
temperature at which the vapor pressure of the tetrafluoride is atmospheric.
An additional experiment with the gas phase reaction resulted in complete
hydrofluorination at an average rate of 6.0 mg/sq cm/min. Additional work       -
on this reaction is scheduled.

These tests have proven.that complete hydrofluorinatien of massive
zirconium metal assemblies is possible at reasonable reaction rates in
both fused salt dissolutions and the dry reaction.  The fused salt method
is best suited for immediate use with Volatility processing and is now
being refined.  Some of the problems associated with the process are those
of corrosion and of solids contamination of the off-gas stream.

The major corrosion problem.exists in the reaction vessel which op-
erates at approximately 7000C *all temperature and is exposed te hydrofluorac
acid as well as molten fluoride salts.  The effegt appears particularly
troublesome at the gas-,salt interface region, possibly because a protective
film is not maintained in this area.  Several high nickel alloys are being
investigated for use by a group at Battelle Memorial Institute.  The most
promising appears to be INOR-8, an alloy developed by the Metallurgy Division

at Oak Ridge National Laboratory and the International Nickel Company.

0
The problems of solids contamination of the off-gas stream arises from

vapor phase transfer of zirconium tetrafluoride from the dissolver *essel
at 650° to 700'C.  The vapors condense in the cooler off-gas line as extreme-

ly small particles, possibly less than one micron, and are carried to the
hydrofluoric acid condenser where they are trapped in the condensed acid.
Over a period of time this entrainment could result in fouling of condenser

*

r t.    -
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surfaces with a film of radioactive solids, and also would result in an
accumulation of these solids in the hydrofluoric acid vaporizing stage of
the acid recycle.  Among the solutions of the problem under investigation
is a scrubbing column in which hydrofluoric acid is refluxed to trap solids
sp that they can be returned to the dissolver vessel.

The physical properties of anhydrous hydrogen fluoride are such that
•            operation of a reflux column is difficult.  The particular properties in-

volved are the high degree of association and the low heat of vaporization.
The column operates on a gas stream containing hydrogen·fluoride and hydro-
gen, with the hydrogen cencentration varying from zero te sixty or seventy
mol per cent.  Since the association of hydrogen fluoride increases with

decreasing temperature, variations in condensing temperature can cause
large composition changes in the column exit gas stream and therefore create
disturbances in the column liquid inventory.  The relation between condensing
temperatures and gas compositien is shown in Fig. 9.  In this figure, the

dew-point is plotted against hydrogen fluoride utilization in the dissolu-
tion process; high acid utilizatien results in high concentration of hydrogen4.

'               in the exit gas.

The reverse problem exists in an HF boiler, superheater and metering

,.               system.  Because of the low heat of vaporization, boil-up rate requires close
control, and the associative property makes it necessary to superheat the
gas to a temperature sufficient to achieve complete dissociation before meter-
ing.  At atmospheric pressure·this temperature is about 70'C.  For this reason,

4                 the primary metering for the dissolution studies is done in the liquid phase
with  the Lapp diaphragm  pump.

;

t
... 6 vise -li. 5
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