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PREFACE

The purpose of this symposium is to review and bring into
focus experience, progress and basic information on nuclear fuel
reprocessing methods. The principal emphasis is on nonaqueous
methods.

To lend perspective and orientation, one session is devoted to
the technology and economics of the more conventional and well-
established aqueous processing methods. This session is followed
by a series of papers describing pyrometallurgical or nonaqueous
methods. Much progress has been made in the development of
processes based on halide volatility and on oxidation-reduction re-
actions in metal-oxide and fused salt-liquid metal systems. This
is a very broad and potentially fertile area of research which ex-
tends beyond the area of fuel reprocessing. Fused salt-liquid me-
tal systems also are of interest in such areas as the development
of fuel cells, application of wear or corrosion resistance coatings
or cases on metals, methods for inorganic as well as organic
synthesis, etc.

The last two sessions are devoted to basic data and thermody-
namic properties. Phase relations and thermodynamic data are
particularly helpful in the design of new and better reprocessing
methods or in the improvement of existing methods. Often the
necessary data are not available and special emphasis has been
placed on the evaluation or estimation of thermodynamic data from
phase diagrams.

The papers on thermodynamics have been contributed by indi-
viduals from various disciplines and backgrounds. Itis apparent
from these papers that there is a dire need for standardization of
the nomenclature employed for the thermodynamic description of
solutions. Time did not permit the adoption of a common nomen-
clature for the papers published in this volume. The interested
reader must bear the burden of deciphering the symbolism employ-
ed not only in this volume but in the published literature in general.
Hopefully the various disciplines will evéntually adopt a common
formalism.
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APFLICATION OF AQUEOUS REPROCESSING TO LIQUID METAL FAST BREEDER

REACTOR FUEL®

W. E, Unger, R, E, Blanco, A. R, Irvine, D, J, Crouse, C, D, Watson

Oak Ridge National Laboratory
O2k Ridge, Tennessee
U.S. A.

Abstract

The low-priced power that is one of the incentives for the develop-
ment of the Liquid Metal Fast Breeder Reactor (IMFBR) depends in part
on economic processing of spent fuel, Some form of the Purex Aqueous
Solvent Extraction process is used by nearly every major fuel process-
ing facility in existence, and it will be desirable to extend its
application to include the processing of the IMFBR fuels, These
fuels are inherently more difficult to process than present light-
water reactor (IWR) fuels, owing to the fact that IMFBR fuels will
operate at higher specific powers and for greater burnup and will
contain more plutonium than the corresponding IWR fuels, The
higher specific power and burnup produce heat dissipation problems
during handling and transport of the spent fuel. The high plutonium
content makes short cooling & significant economic incentive, and
development work will be aimed at improving our technique for accom-
modating short-lived fission products to make short-cooled process-
ing feasible,

# Research sponsored by the U, S, Atomic Energy Commission under
contract with the Union Carbide Corporation.



Introduction

This paper presents a description of the problems involved in the
application of aqueous chemical processing technology to the reproc-
essing of spent Liquid Metal Fast Rreeder Reactor (IMFBR) fuels,

The present status of technology is also presented, based on the
development program in progress at Oak Ridge National Laboratory

and on technology available from private and AEC reprocessing instal-
lations, The objectives of the ORNL development program are: first,
to reduce, with time, the uncertainties that exist in applying present
aqueous processing technology to future IMFER fuels; second, to pro-
vide the technology necessary to adapt IWR fuel processing plants to
the processing of IMFBR fuels in the interim period before the IMFBR
fuel load increases to the point that it can support a separate proc-
essing plant; and to provide the technology necessary for eventual
commercial IMFBR fuel reprocessing plants, The latter, long-term
approach is reserved for those problems that are occasioned by the
economic incentive for short-decay processing and which are of such
technical complexity as to require an extensive development period.

The first fuels to be reprocessed will be produced in the Fast
Flux Test Reactor (FFTF) and the demonstration reactérs now being
proposed, The Atomic International Reference Oxide Reactor (NAA-
SR-Memo-12604), has been selected as the reference reactor for the
initial reprocessing development program, since it is representative
of many of the new problems in reprocessing, which are not present
or are not as significant with light water reactors (IWR) fuels.
These problems are derived from four factors: (1) the desire to
minimize inventory costs and reprocess the fuel as soon after dis-
charges as possible, which causes higher thermal power, radiation
level, and concentrations of important volatile fission products;

(2) a high concentration of plutonium, which requires special consid-
eration for criticality control; (3) the presence of liquid sodium
on, or in, the fuel rods, and (L) the dimensions and method of fabri-
cation of the fuel assemblies, which present problems in preparing,
or disassembling, the fuel prior to reprocessing.

The present intention is to modify the current technology for
shipping and reprocessing IWR fuels to the extent required for IMFEBR
fuels, The Purex solvent extraction process is used in all major
fuel reprocessing facilities in existence and its important favor-
able features also apply to the processing of IMFBR fuels, The
unexcelled separation efficiency, the process versatility, the ease
of adaptation of the process to continuous high-capacity equipment,
and the vast operating experience available from major processing
facilities make the aqueous solvent extraction process an obvious
choice for adaptation to reprocessing of IMFBR fuel.



Purex Process

The Purex proces, as applied to IWR oxide fuels (see Fig, 1) con-
sists of fuel shearing to rupture the corrosion-resistant sheath and
expose the fuel, dissolution in nitric acid, solvent extraction, and
conversion of the uranium and plutonium nitrate product to oxides
for refabrication into fuel elements, The spent fuel is transported
from the reactor to the chemical processing plant in shielded casks,
which are unloaded in a water-filled pool or canal. The fuel elements
are transferred to a head-end cell, sheared into approximately 1/2 in.
lengths and the product leached with nitric acid in batch dissolvers,
The residual sheared, leached hulls are disposed of as solid waste,
The nitric acid solution of the fuel, containing uranium, plutonium,
and nearly all of the fission products, is the feed solution for the
solvent extraction process,

The solvent for the Purex process is an organic complexing com-
pound, tributyl phosphate (TBP), in an inert hydrocarbon kerosene-
like diluent such as dodecane, The solvent is brought into intimate
countercurrent contact with the aqueous feed solution where the TBP
extracts the uranium and plutonium into the organic phase, leaving
the fission and corrosion products in the aqueous solution., The
latter is stored as high-level radioactive waste. The organic solu-
tion is selectivity stripped of plutonium with dilute nitric acid by
reducing the plutonium valence from +4 to +3. The uranium is then
stripped in a third contactor, The plutonium is further purified
by additional extraction cycles or by ion exchange.

The uranium and plutonium may be precipitated from their dilute
nitric acid solution and converted to oxides by thermal decomposition,
or they may be directly converted to oxides by the sol-gel process,
in which the nitric acid is removed from aqueous solutions of pluto-
nium or uranium by extraction with an amine or heavy alcohol. In the
sol-gel process the uranium or plutonium, as the acid extraction
proceeds, gradually forms into a colloidal suspension or sol, This
can be handled like a true solution. Progressive removal of water
by evaporation or by extraction with a hygroscopic solvent converts
the sol to a plastic gel. Sols of plutonium and uranium can be
combined and gelled together to form an oxide in which the two ele-
ments are homogeneously dispersed, The gel when fired to ~ 1200°C
approaches theoretical density and is suitable for fabrication into
reactor elements,'\*??) The sol-gel process is designed to couple
easily with the Purex process for preparing plutonium for recycle.
However, uranium from IMFBER fuels has little value and will probably
be stored, Makeup uranium will be supplied from diffusion plant
tailings for many decades.

IMFBR Fuels

It is expected that oxide fuels sheathed in stainless steel will
be a characteristic of the early IMFBR reactors, and, for this reason,
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oxide fuels have been adopted as the reference fuel for initial
processing studies, Advanced fuels, such as the carbides and nitrides,
have attractive properties and may be of future interest. From early
scouting experiments, it appears that carbides and nitrides are easi-
ly converted to oxides by heating in an oxidizing atmosphere.

The oxide core fuel element has three zones: the center section
is the core containing uranium oxide plus about 20% plutonium oxide
as the fissionable material, and the two end sections contain depleted
uranium oxide that form the axial blanket of the reactor (Fig. 2).
While it is practicable to separate the core from the two end blanket
sections and process them separately, there is no apparent advantage
in doing so, and it has been assumed that they will be processed
together. Elements of depleted uranium oxide that form the radial
blanket surround the core section of the reactor.

The average burnup of the fast breeder fuel is expected to be
approximately 80,000 Mwd/metric ton for the core, and about 33,000
Mwd/metric ton for the core and blanket mixture (see Table 1). This
average burnup is about that expected for IWR fuels, Fast-breeder
reactors will have a high fissionable plutonium inventory and the
specific power will be about 150 kw/kg of fuel in the core compared
to 35 for IWR's. This combination of high burnup and high specific
power makes the decay heat of discharged core fuel from fast-breeder
reactors about a factor of 5 higher than that of thermal reactors.
There will also be a higher concentration of long-lived fission pro-
ducts in the IMFBR core fuel, roughly in proportion to the higher
burnup. Fast-breeder fuels have a higher plutonium content than
light-water fuels by about a factor of 10, which complicates the
control of criticality, emphasizes the importance of plutonium chem-
istry, and may occasion the need for shielding for plutonium product
handling operations to attenuate the neutrons generated by a-n reactions
and spontaneous fissions, The value of the plutonium content of IMFBR
fuel results in an economic incentive for minimizing the decay period
before reprocessing.

Interim Processing

During the interim period, before facilities designed specifically
for short-cooled fast-breeder fuel are available, it should be possi-
ble to process the fuel from early fast-breeder reactors, the FFTF
and demonstration reactors, in existing IWR processing facilities
modified for this purpose. Such fuel could be cooled until shipment
is possible (not necessarily optimum for commercial fast-breeder fuel
but economically tolerable during the interim period) and then proc-
essed at about half normal capacity in an existing IWR plant altered
to accommodate the greater length of the FFIF elements, deal with
sodium contamination, and provide capacity for the higher plutonium
content,
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Table 1. Fuel Comparison:

Light-Water Reactors and Future Fast Breeders

Typical LWR Typical IWR With
Typical Fast Fuel With Pu Recycle Enriched U0,
Burnup, Mwd/metric ton
Core 80,000 313,000 20,000
Core and blanket, average 33,000
Specific power, kw/kg fuel in core 150 30-40 30-40
Decay heat, w/kg fuel
30-Day decay:
Core 200 50 L7
(Core and blanket) (80)

150-Day decay:
Core (76) 22 17
(Core and blanket) (30)

Plutonium content, g/kg fuel
Core 240 27 8
(Core and blanket, 72% Pu is fissile) (100)

Iodine, curies/ton 30-Day 150-Da; 150-Day 150-Day
Core 'E_“I%x 5 —Trz 3 —
Core and blanket 2 x 10° g
Process containment factor for

1-ton/day capacity ~ 108 ~ 108 ~ 10% ~ 10%




A preliminary evaluation was made of the capacity of the NFS plant
for the processing of IMFBR fuel. Assuming a mixed core and blanket
feed of 180 days decay, a throughput of 1/2 ton/day of IMFER fuel
was found to be compatible with existing licensing agreements at NFS,
Modifications in the front end receiving and mechanical head-end
facilities, and in the plutonium tail-end ion-exchange equipment
would be required. A flowsheet based on 15% TBP and subcritical
feed concentrations would be dictated by the geometrically unrestric-
ted equipment at NFS. A plant operating time of 40 days should
accommodate the 20 tons of fuel discharged per year from a 1000-Mw(e)
IMFBR reactor, It was assumed that the capital modifications required
would cost $5 million, the annual charges of which would be borne by
the IMFBR fuel processed, in addition to the plant operating cost of
$31,300 per process day, On this basis the fuel reprocessing
cost would be on the order of 0.l mill/kwhr(e),!®

Process Adaptation

The long-range economic success of the LMFBR concept-is dependent
upon a relatively cheap fuel cycle and it is necessary to establish
chemical processing feasibility and acceptable processing costs if
the IMFBR concept is to be attractive to commercial interests., The
high plutonium content of IMFBR fuel represents a high dollar value,
and the inventory penalty while the fuel is not producing power can
become an appreciable fraction of the processing cost. At 12% per
annum, a month's storage is the economic equivalent of a 1% process
plutonium loss; and a 6 month preprocessing decay, required under
present technology for the decay of fission product iodine, would
constitute an inventory penalty approximately equal to the process-
ing cost. The optimum preprocessing decay period cannot now be
established, but the incentive for minimizing it is readily apparent.
The problems of heat dissipation, radicactivity, and volatile fission
product retention are an exponential function of the decay period.

Shipping and Receiving:

ILWR fuel has been shipped in casks safely over a number of years
using only air as the primary coolant., Shipping IMFER fuel in air-
filled casks is not feasible at cooling time of less than one year,
For this reason we are proposing that a liquid metal be used as the
primary coolant., Sodium is an obvious choice, assuming that its loss
during accident conditions can be prevented. All shipments of spent
fuel are subject to the Department of Transportation (DOT) regulations
which state that a cask must survive a 30 ft drop and a 1475°F fire
of 30 min duration without, excessive release of radioactive materials
or reduction in shielding.(4 Mechanically reliable closures are
commercially available that can probably be adapted to survive any
of the postulated impact conditions of a major accident, We have
made a conceptual design of a cask that uses steel for shielding.
Approximately 20 in, of steel will be required and the cask can be

10




so rugged that its rupture during any postulated impact, particularly
if fitted with an energy-absorbing exterior frame as shown in Fig, 3,
is virtually not conceivable, The illustrated model survived the 30
ft fall and impact on an unyielding surface, with only superficial
damage to the cask proper and no leakage of the seal,

The postulated fire test would not produce excessive temperatures
in the fuel cavity owing to the heat capacity of the massive steel
shield, This will require that the cask be at near-ambient tempera-
ture prior to the initiation of the fire, and a secondary coolant
system is envisioned (see Fig. L).

The conceptual design illustrated would accommodate 18 fuel ele-
ments, although a 36-element cask may be technically attainable.
The major parameters were varied as a function of the ratio of weight
of the cask to weight of fuel, Ws/Wr (see Table 2). The cask design
has not been optimized, but one restraint was the arbitrary acceptable
maximum fuel-pin cladding temperature of 1300°F, its maximum opera-
ting temperature in the reactor. Graded shielding refers to the
tapering of the ends of ,the carrier to the minimum required shielding
to economize on weight.\®) Shortening the fuel by cropping the
inactive fuel element ends (gas plenum and end fittings) is attractive
from the shipping standpoint, in reducing the carrier size and weight,
but the investment in cropping equipment at the reactor station for
less than a 5000 Mw(e) stagion has been estimated to offset the
saving in shipping cost. (¢

IMFER fuels will be immersed in molten sodium during their
irradiation, and probably during transit to the processing facility.
There may be sodium inside the fuel pins, either as the result of
failure of the tubes or by design (sodium bonding for heat transfer).
The presence, or the threat of the presence, of sodium in the fuel
pins will influence the method of handling and storage of IMFBR fuel
at the reprocessing plant, The receiving facilities must be designed
to withdraw the subassemblies from their sodium-filled container(s)
into an inert atmosphere (see Fig(s)., 5 and 6), Storage of the fuel
will be in sodium, or, if it is to be cleaned before shearing, in
inert gas with forced cooling. The possibility of failed, sodium-
logged pins makes storage in water unattractive,

Head-End:

The preparation of the fuel element for subsequent chemical steps
is complicated because of the need for efficient dissipation of
large amounts of heat while performing remote operations. A core
fuel element will exceed the maximum allowable temperature of 1300°F
in about 20 minutes if not cooled,

The most attractive and versatile head-end step at present is the
mechanical shearing of the fuel into short lengths, Melting of the

11
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Table 2, Effect of Parameter Variation on Fuel Shipping

Temperatures (°F) Shielding-to-Fuel

Basis for After Fire Accident Ratio

Variable Comparison Condition Outside Skin Max, Pin (WS/Wf)
Decay time 36 subassemblies 20-day-cooled 710 1155 Lo
90-day-cooled 510 805 28
Excess 18 subassemblies, Full length (17 ft 8 in.) 555 895 56
hardware 20-day-cooled Cropped (7 £t 8 in,) 800 1291 L9
Shipment 20-day-cooled 6 subassemblies 1,00 610 106
quantity 18 subassemblies 555 895 56
36 subassemblies 710 1155 L0
Shielding 18 subassemblies, Uniform shielding 520 872 83
design 20-day-cooled Graded shielding 555 895 56

Note: Unless otherwise noted,
hardware intact.

all shielding is graded and fuel subassemblies are shipped with all




cladding or dissolution of the cladding in molten metals such as zinc
or antimony-copper alloy are interesting alternatives for some possi-
ble cladding materials, but both require the physical separation and
recovery of the fuel oxides, a difficult step.

If it is practical to disassemble the fuel element into individual
rods or small clusters, the heat dissipation problem is ameliorated
and the mechanical shear can be small, relatively inexpensive, and
easily maintained (see Fig, 7). Disassembly involves trimming the
end fittings with an abrasive saw and slitting the shroud with a
milling slitter, The wire-wrapped pins can then be handled in arrays
of about 25 without exceeding the maximum temperature of 1300°F, If
spring clip spacers are used in place of wire wrapping, an additional
removal step to free the rods will be required,

The problem of the retention of *3I, encountered even in the
processing of IWR fuels of 150 days decay, is an important problem
with IMFBR fuels. TIodine retention factors are required that are in
the range of 10® for 150-day-cooled FFTF fuel (near the range of
present practice) to 10® for future IMFBR fuel processed after 30
days decay., The chemistry of iodine is complex and much more knowl-
edge is needed of the behavior of iodine in the various conditions
encountered in a fuel processing plant before a treatment system
can be designed with the reliability required for IMFBR fuels, As
an example, the presence of organic vapors and organic iodides in
the off-gas system reduces the efficiency of iodine removal steps.
Early studies indicate that the organic materials can be eliminated
from the off-gas by conversion to CO,, H 0, and I, in a catalytic
oxidizer using Hopcalite catalyst (oxides of copper and manganese)
at 150 to 500°C, A catalytic-oxidizer-charcoal-adsorber system was
tested in the Transuranium Processing Plant (TRU) at Oak Ridge
National Laboratory and an iodine retention factor of about 10° was
demonstrated,

It has been found that fission gases interstitially trapped
in oxide fuels can be volatilized and collected in a relatively
small volume when oxide fuels are heated in oxygen at temperatures
greater than ~ L00°C. Similar volatilization is expected on oxida-
tion of carbide or nitride fuels, Early studies show that nearly
quantitative removal of noble gases and >90% removal of iodine and
tritium is obtained on conversion of U0; to U;05. The release of
gases is more difficult when the fuel contains a high percentage of
Pu0, (~ 20%)., However, >90% of the tritium and 20-98% of the
krypton have been removed from highly irradiated 20% Pu0,-U0,. The
removal of iodine from Pu0,-U0, remains to be demonstrated,

The efficiency of iodine removal from off-gases should be much
higher if it is contained in a small volume of gas after the fuel
is sheared but before it reaches the dissolver, This should greatly
reduce the problems attributed to removing iodine from dissolver
off-gases in current processing experience, The oxidative heat
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treatment may have other advantages as well, Sodium contamination
(failed fuel rods) would be deactivated, and the oxidation of U0,
to Uz;05 involves a phase change which tends to break the oxide into
a fine granular form, making the physical separation of the oxides
from the stainless steel cladding a possibility and providing for a
faster dissolution of the fuel in nitric acid, This improvement is
probable but whether it applies also to the mixed oxide is yet to
be determined., The oxidation of uranium oxide before dissolution
also decreases the evolution of nitrous oxides in the dissolver off-
gas., The oxidation step may also be a useful mea?s og converting
the carbide and nitride advanced fuels to oxides, (728

Dissolution:

The dissolution of solid solutions of (Pu,U)0, proceeds quite
readily in nitric acid and the use of fluoride as a catalyst does
not appear to be required, IMFBR fuel samples irradiated to 100,000
Mud/metric ton have been successf?llg 9issolved in hot-cell tests at
ORNL in 8 M HNO; in L to 8 hours,'®’*°) Residues contained <0,2%
plutonium a2nd consist mainly of ruthenium and rhodium and insoluble
stainless steel.

Irradiated fuels prepared by the sol-gel, co-precipitation, and
mechanical blending processes have been successfully dissolved,
However, if a true solid solution has not been formed, the Pu0, may
dissolve too slowly in nitric acid, The sol-gel and co-precipitation
processes inherently produce intimate mixtures of PuO, and UO,.

Care must be exercised to assure homogeneous blending of oxides if
a solid solution is to be produced,

Elemental iodine is evolved rapidly from the hot nitric acid
dissolving solution., Todine present as the iodide oxidizes rapidly
to elemental iodine, and that present as the iodate is reduced to
elemental iodine by the nitrous acid formed during dissolution of
U0,. In small-scale tests at ORNL, > 99% of the iodine has been
removed during dissolution by a proper arrangement of the condenser
system (to avoid refluxing iodine back to the dissolver) and by
adding iodide and nitrite to the system at the end of the dissolving
period, It is desirable to remove iodine before extraction because
of the difficulty of containing iodine in the subsequent processing
steps,

Extraction:

Solvent extraction processes require organic extraction media,
and organics are susceptible to radiation damage, However, radiation
damage to the solvent, in spite of the high specific activity of the
IMFBR fuels, should not be a significant problem,

The estimated total single-cycle dose to the solvent in pulsed
column operation is about 0,11 watt-hr/liter for the 15% TBP flowsheet
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and about 0.25 watt-hr/liter for the 30% TBP flowsheet, These

doses include an allowance of 20% of the P-y dose obtained in the
extraction-scrub section to cover alpha irradiation and irradiation
from ®*I (which may have accumulated in the solvent). The estimates
are for columns operating in the organic-phase-continuous mode at

80% of flooding with an efficiency corresponding to an HETS of 2,5

£t (®) "The British have demonstrated sustained solvent extraction
where the single-cycle dose was about 1.4 watt-hr/liter.(11) By
using high-speed conta%§gss, such as the centrifugal contactors in
use at Savannah River the extent of solvent exposure to radia-
tion can be held far ﬁelow the limits that have already proved
satisfactory in plant practice.(la)» These contactors also have

high capacity and quick response and are applicable over a wide

range of scale. On the bases of laboratory and hot-cell tests, we
have concluded further that pulse columns, such as are currently used
in many fuel processing plants, are adequate for IMFBR fuel processing.

Separation of plutonium from uranium is accomplished in the Purex
process by reducing the plutonium to the three-valent state to ’
selectively strip it from the solvent. Ferrous sulfamate is used as
the reductant in U, S, processing plants, However, IMFBR reactor
fuels have a much higher plutonium content and, consequently, the
use of ferrous sulfamate could contribute relatively large amounts
of iron and sulfate to the waste. The sulfate also would interfere
severely with plutonium extraction in the second TBP cycle.

The use of ferrous nitrate, stabilized with a small concentration
of a holding redugtapt such as hydrazine, has shown promise in small-
scale cold tests,\?) Its use has the advantage of eliminating sulfate,
although it still contributes iron to the waste (about as much iron
as there is total weight of fission products). By appropriate con-
trol of the acid concentration, the partitioning can be accomplished
using as little as 25% of the stoichiometric amount of iron otherwise
needed, reducing the iron contributed to the waste to about 20% of
the weight of the fission products.

Uranium(IV) has been studied extensively as a reductant by meny
investigators and is used on a production basis in France., It has
the advantage of not adding metal contaminants to the waste. The
U(IV) nitrate can be prepared by electrolytic reduction, by reduction
with Hy, in the presence of platinum catalyst, or by photoactivated
reduction with formaldehyde. The reaction rate for reduction with
U(IV) is slower than for Fe(II), which may be of importance if
short-residence contactors are used.

Final purification of plutonium by extraction using secondary
amines is an attractive alternative to anion exchange, the process
used in present processing’ plants, A continuous countercurrent
extraction process has obvious advantages over the batch ion exchange
process, particularly where criticality considerations may be limit-
ing and where the equipment must be remotely operated and maintained.
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Shielding will probably be required, because of the a-n reactions

and spontaneous fissions from the plutonium, In addition, extraction
processes will couple readily to the preparation of reactor-grade
oxides by the sol-gel process.

&xmwrx

The economic advantage of large-scale processing plants is so
prominent that central processing facilities of capacities in the
order of 5 tons/day or greater throughput are generally to be pre-
ferred to a proliferation of small (< 1 ton/day) facilities. The
continued expansion of the power economy and the increasing technol-
ogy of power transmission makes large central power parks, in the
order of 20,000 Mw, a plausible concept. An on-site processing
facility to serve this power park (~ 1 ton/day) begins to acquire
favorable economics due to savings in fuel shipping and inventory
costs, The essential processing problems are Similar except for fuel
transport.

It is expected that plant design trend will be in the direction
of high-capacity, small-volume equipment; this is equivalent to
minimizing the plant inventory of both reactor fuel and process rea-
gents, Continuous equipment (as opposed to the batch operations
characterizing the industry in the past), and perhaps parallel lines
to ensure operational continuity, will be easier to maintain and
cheaper to operate, Minimizing the in-process inventory will serve
both safety and economy considerations.

Fuel casks are expensive but are most economical in large sizes
(about 120 tons). Casks will be designed to ensure containment of
the enclosed fuel throughout the postulated accidents that might
occur during shipment. The cask seals will be designed to permit
the carrier to be readily loaded and unloaded at the processing
plant to minimize carrier turnaround time.

Present mechanical shears are designed to accept entire subassem-
blies, denuded only of their hardware. Were the fuel elements design-
ed to be readily disassembled, preshipment disassembly might prove
economical by decreasing the cask size and facilitating heat dissipa-
tion during shipment., Small, inexpensive, easily maintained, high-
capacity shears will be especially attractive if the fuel is easily
disassembled,

The most noxious problem facing processing plants of the future
is that of the volatile fission products, especially 13I, The
volatile fission products, iodine, the noble gases, xenon and kryp-
ton, and tritium, perhaps can be volatilized from oxide fuel at
moderate temperatures (LSO to 750°C). If dilution by the cell
atmosphere is minimized, the fission product gases can be very con-
centrated, meking their capture and reduction to solid form efficient
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and reliable,

The advantages of continuous leachers have always been recognized,
but the simpler batch dissolvers were not only adequate but even
preferred for small plants, particularly where process control relied
upon chemical analysis, Gontinuous leachers are presently under
active development, in response to the obvious advantages of their
small physical volume from the standpoint of criticality control.,

Countercurrent solvent extraction has been carried out in a
variety of contactors: mixer-settlers and pulse columns and more
recently in fast centrifugal contactors. The latter reduces radiation
and chemical damage to the solvent, and reduces the solvent inventory
(and therefore the fire hazards associated with the organics are also
reduced). Centrifugal contactors are so responsive that automatic
control can be used to simplify operation.

The cell ventilation and vessel off-gas systems are primary
sources of routine and accidental radiocactivity release, Recycle
of cell off-gas is feasible and will minimize the volume of off-gas
needing routine treatment. Recycle will probably be quite economi-
cal and the use of an inert cell atmosphere (necessary for the sodium-
contaminated IMFBR fuel) will become practical, The use of inert
cell atmosphere throughout the plant will practically eliminate the
hazard of solvent fires,

In many cases the aqueous high-level radiocactive wastes will con-
tinue to be stored for interim periods in tanks, However, the trend
is toward solidification and immobilization of these wastes as soon
as possible, as dictated by safety and economics, The technology of
solid%ficat}on of wastes is now in the final stages of develop-
ment, 1618
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AQUEOUS REPROCESSING OF THORIUM-CONTAINING

NUCLEAR FUEL ELEMENTS

G. Kalser, E. Merz and H.J. Riedel

Institut fir Cnemische Technologle
Kernforschungsanlage Jillich GmbH

Germany

Abstract

The KFA-TBP 23/25-process 1s being developed for the
aqueous reprocessing of thorium-containing fuel elements.
In the proposed head-end, a rapid and complete dissolu-
tion of highly sintered (Th,U)O,-particles 1s achieved
by digestion in molten potassium pyrosulphate. Fertille
materlal 1s 1solated as potassium sulphatothorate in a
Eggcentration step and may be stored until most of the

Th has decayed. 233Pa, the 27,4-day precursor of 233U,
will be recovered by adsorption on powdered unfired vy-
Egg. Uranium, consisting mainly of the isotopes 235y and

U, 1s decontaminated by a TBP solvent-extraction pro-
g8edure. A sultable flowsheet for an economical reproces-
ging of the sulphate-containling feed solution was deve-
loped and tested in cold runs.

*® Work performed under a Joint project sponsered by the

German Federal Ministry of Science
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Introduction

Computer calculations on the long~term potential of
high-temperature gas-cooled reactors in the future com-
pound network of the Federal Republic of Germany indi-
cate that this reactor type wlll secure a conslderable
share of the generating capacity far beyond the year
2,000. The estimates for the year 1985 come up with a po-
wer output share of about 30, 000 MWg, nhin? ghould fur-
ther increaseto about 250,000 MWe in 2010 (1),

The first reactor generation is expected to be opera-~
ble in the middle of the seventies. In order to guaran-
tee a complete fuel eycle to the future reastor users,
appropriate procedures for the reprocessing of spent
fuel elements must be evolved in time.

In the Federal Republic of Germany the development of
the technology for reprocessing spent HTGR-fuels began
in 1966. The results and experience gained to date inde-
cate that in the first reprocessing period only a wet
chemical process such as solvent-extraction can satis-
factorily separate the feed and/or bred material from
the fisslon products. This concluslen is not surprising
since 1n 25 years' of experlence in reprocessing, only
extraction processes have been practical on an industrial
scale.

KFA-TBP 23/25-Process

Process~-Philosophy

In planning the KFA-TBP 23/25-process we have been
gulded by the following conslderations:

l. Fuel elements for high-témperature gas-cooled reac-
tors consist of pyrolytic carbon coated uranium and/
or thorium carbide or oxide particles dispersed in a
graphite matrix. On a technlcal scale the removal of
all of the carbon, that means the structural graphite
as well as the coating, appears feasible only by burs+
ning.

2. Mixed oxldes should be preferable as the fuel partic-
les because of cheaper production and better beha-
viour under reactor conditions than the carbides.
Their strong chemical reslstance against the only
known dissolving agent, F -catalysed nitric acid,
may require the application of a technologically ad-
vanced solubllizing procedure.
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3. The maln part of the process. the solvent-extraction,
shall be a TBP-procedure. Only when using the "clas-
sic" extraction medium whose technology has already
been thoroughly investigated, will the setting up of
a total process line be possible in the near future.

4, For the present, an isolation of decontaminated tho-
rlum can be renounced. The small share of the cost of
the thorium on the complete fuel cycle costs makes 1t
adgisible to store the used thorium until most of the
228Th has decayed.

5. The process should be capable of treating fuel ele-
ments after short cooviing periods. Therefore, a pro-
cess step for the recovery and purification of the
relatively long-lived 233U-precursor, 233Pa, has to
be provided. This point 1is partlicularlly important
with regard to the reprocessing of fuel elements from
the pebble~bed reactor. The continuous loading and
unloading of feed and bred elements has the highest
economical efficiency only if the fuels can be re-
processed immediately after beilng discharged from the
reactor.

Qutline of the Process

Based on the above considerations the flowsheet shown
in figure 1 was developed.

In the first step the crushed fuel elements are
burned in a fluidized-sollds furnace at temperatures be-
tween 700 and 850 ©C.

The remaining thorium-uranium mixed oxide particles
are then digested in a potassium pyrosulphate melt. Af-
ter the reaction has been finished, the liquid melt will
pneumatically be pushed out of the crucible and poured
into the requisite amount of water necessary for disso-
lution.

Insoluble fission product sulphates, principally ba-
rium- and strontium sulphate, are separated by a cyclone
separator or by filters and the clear solution is then
passed over a vycorglass-column to remove the protacti-
nium still present in equilibrium.

The resulting protactinium-free fuel solutlon of a
now reduced specific activity level will be concentra-
ted and adjusted to TBP-extraction conditions by adding
nitric acid and aluminium nitrate. The uranium concen-
tration of the feed solution amounts to 20 g/l; it 1s

27



HEAD -END

MTGR FUEL ELEMENTS

URANIUM RECOVERY AND PURIFICATION

3 VOL % TBP

BURNING N A FLUIDIZED
SCKDS FURNACE

 URANIUM FISSION WASTE TREATMENY
EXYRACTION -CYCLE PRODUCT! AND STORAGE

(Th LIG,
FISSION PRODUCTS

25207 - SALT-MELT DIGESTION
DISSOLUTION OF THE SALT-MELT
IN_WATER

SPARINGLY SOLUBLE FISSION
PRODUCT - SULPHATES

2 URANIUM
EXTRACTION=-CYCLE

DIL SULFURIC ACID
M2€20%  |pRocess-soLuTioN

PROTACTINIUM OXALATE SEPARATION

ADSORPTIVE PROTACTINUM J

|7 URANIUM TAIL-END

HNO3 A(NOy)y
POTASSIUM SULPHATO-THORATE CONCENTRATING AND
{ ZIRCONATE AND -CERATE } FEED ADJUSTMENT

FEED SOLUTION

URANYL-NITRATE

Figure 1: KFA-TBP 23/25-Process; Schematic Process-Flow-

sheet

28



nearly free of thorium, becaulse sparingly soluble potas-
sium sulphatothorate 1s precipitated in the concentra-
tion step. Also 1ts content of zirconium and cerium
should have decreased considerably compared to the 1ni-
tital produet solution, because like thorium both ele~
ments form sparingly soluble double salts with potassium
sulphate.

The extractive separation and decontamination of the
uranium with a solution of 5 vol ¥ tri-n~butylphosphate
in Kerosene 1s achleved in the first extraction cycle
following a fiowsheet specially designed for the present
feed conditians.

For the second uranium extraction cycle the applica~
tion of the published flowsheet designed for the TBP 25~
process 1s projected; the s?g? 1s intended for the ura-
nium tail-end purification .

Experimental Results

Head-End
Burning

No thorough description of the burning step will be
given here since most of the de%a%ls are already known
and partly published elsewhere 3), An essential diffe-
rence of our approach compared to the other known me-
thods is the fact that we are not using any alumina as
a diluent and thermal transmltter in the fluidized bed.
To avold thermal hot spots close above the bottom flow
plate, the burning gas is diluted by refluxing carbon
dioxide. This method avoids the difficulties encountered
in the dissolution of the ashes in the presence of alu-
mina.

Salt-Melt-Digestion

The knowledge of the most effectlve reaction tempera-
ture was of declslve importance for a rational carrying
out of the pyrosulphate salt-melt dissolution. The tem-
perature determlnes not only the kinetics of the reac-
tions

002 + 2K25207 ——-&UOstu + 2K280u + 802 1)
ThO2 + 2K28207 —**'TP‘(SOM)2 + 2K280u 2)
FP(oxide)+ nK28207 ———)FP(sulphate)n+ nkK,S50), 3)
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but also the degree of thermal decomposition of the po-
tassium pyrosulphate

K23207 E— KZSOU + SO3 b)

and thereby the minimum quantity of melt necessary per
welght unit of mixed thorium-uranium oxide. Thorough in-
vestigations showed that the most favourable temperature
range lies between 700 and 750 ©C. Under these conditions
the pyrolysis of K 820 1s kept within tolerable limits
and the reactlions E) tz 3) proceed fast enough to guaran-
tee a complete dlssolutior of 100 grams of fuel partilc-
%es in the 4.5-fo0ld quantity of melting material within
hours.

Protactinium-Recovery

The method of the sorptive protactinium pre-isolation
originates from investigations of American scientlsts
some years ago. They succeeded in removing 97 % of the
protactinium present in ﬁitrate solutions by sorption on
powdered unfired Vycor (4). our own experiments have
shown that this procedure can aiso be applied in the sul-
phate system since the process solutio? ﬁetained only

3 -~ 4 2 of nonadsorbable protactinium 5). It should be
pointed out that these data were obtalned with tracer
amounts of protactinium, however, we are quite optimi-
stlc regarding a separation of macro-quantitles, since
F00DE and MOORE have already confirmed the%g tracer re-
sults with mmol quantitles of protactinium ).

Thorium-Isolation and Feed-Adjustment

With respect to the technical aspects of the process,
the pyrosulphate salt-melt dissolution exhibits a cer-
taln disadvantage in that very dilute solutions are ob-
tained. The reason for this is the poor solubility of
thorium sulphate, which under the conditions in question
permits only thorium concentratlons of about 5 g/l. Natu-
rally, the content of fissile material is comparably low
too, and amounts to approx. 1 g/l with fuel particles
having a thorium : uranium ratio of 5 : 1. Since the re-
processing of such dllute sclutlons may hardly be done
in an economical way, we declded to introduce a concen-
trating step in ader to end up with solutions of 20 g/1
after the feed adjustment. The uranium losses observed
in connection with the quantlitative thorium preciplitation
are rather small; the sulphatothorate isolated 1n experi-
ments carried out so far contalned always less than
0.1 ¥ of the total uranium,
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Plrst Uranlum Extraction. Cycle

The chemical flowsheet developed for the first extrac-
tion cycle is shown in figure 2.

Extraction-Serub Unit

The following operation conditions were chosen: feed
solution with an uranlium content of 20 g/1, 1 mol alumi=
nium nitrate, 2.5 mol/1 of free acid and a sulphate con-
centration of ¥ 0.5 mol/l. The exact sulphate concentra-
tion depends on the uranium to thorium ratic of the dis-
solved (Th,U)OQ-particles, it never exceeds however
0.5 mol/1.

The aluminium nitrate concentration employed is a com-
promise between economical aspects (minimum of solid
waste, low costs of chemicals) and practical require-
ments (low stage values and an uranlum concentration in
the organic phase as high as possible in the feed input
stage).

The acid concentratlon of 2.5 mol/1, which together
with the acid from the scrub section results in a total
acld concentration of 3 mol/l in the extraction secti?n
was chosen to ensure a good ruthenium decontamination 75.
This fission product requires special attention in the
first extraction cycle. A partial pre-decontamination
of some other unpleasant flssion products like zirconium,
nlobium and cerium has already taken place durlng the
concentrating step.

The number of theoretical stages necessary for a bet-
ter than 99.99 % recovery of uranium may be deduced from
figure 3.

As one can see, the necessary theoretical stages at a
sulphate concentration of 0.5 mol/l amounts to 6. In
practice about 8 stages are needed because of a 75 %
efficlency of the individual stages. When the sulphate
concentration 1s lower than 0.5 mol/l, the number of
stages decreases, because the uranium distribution coef-
ficients are increasing.

For scrubbling of extracted fisslon product activities,
5 molar nitric acid i1s used. Agaln the high acid concen-
tration serves for a good ruthenlum decontamination but
it causes also a diminution of the zirconium-niobium and
cerium content of the organic phase. As can be seen from
figures 3 and 4 the operating line of the scrubbing sec-
tion intersects the inherent uranium equilibrium line,
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Figure 2: KFA-TBP 23/25-Process; Chemical Flowsheet for
First Uranium Solvent-Extraction Cycle
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1. e. a pinch-point operation 1s employed in this part
of the extraction-scrub unit.

Stripping Unit

Stripping of uranium is achleved using .01 molar ni=-
tric acid. Applying the flow conditions shown 1in figure
2, three theoretlcal stages, respectively four practical
stages, are necessary to strip more than 99.99 % of the
uranium out of the organic phase.

Status of Development amd Outlook

The labosratory studles of the individual process steps
are nearly completed. Therefore we have initlated the
planning of a small pllot plant with a daily throughput
of approx. 1 kg (ThU)O, which will be processing spent
fuel elements in the Hgt Cells of the KFA-JUlich by the
end of 1970. The final Jjudgement on the egonomy and the
industrial applicabllity of the KFA-TBP 23/25-process
awaits completion of these studles -~ both experimental
and pllot plant operation.
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FUEL REPROCESSING IN INDIA - TECHNOLOGY AND ECONOMICS
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Trombay, Bombay (India)

Abstract

The paper presents the approach to the establishment of
reprocessing facilities in India in the context of the technological
development and economic factors in a developing country. The
impact of less expensive labour and construction costs and less
developed transportation facilities on the size and distribution of
reprocessing facilities is discussed briefly. The capital and
operating costs for the Trombay demonstration plant and the es-
timated costs for a 500 Kg per day plant under construction for
BWR and CANDU type fuels are included. The plans for repro-
cessing fast reactor fuels are also discussed.

* Director, BARC and Member for Research and Development,
Indian Atomic Energy Commission.

**Head, Fuel Reprocessing Division, BARC.
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Introduction

The fuel reprocessing programme in India is developing in
stages. The first demonstration plant (1) was set up in Trombay
to reprocess the metallic uranium fuel irradiated in the CIRUS, a
40 MW heavy water moderated research reactor. This plant has
been in operation since 1965(2). With the setting up of the power
stations at Tarapur and Ranapratapsagar, a plantis under con-
struction for the reprocessing of the BWR type fuel from the
Tarapur power station and the Candu type fuel from the Ranapra-
tapsagar power station. The third power station is under con-
struction at Kalpakkam near Madras based on a Candu design. The
Indian nuclear power programme also includes the setting up of a
fast test breeder reactor at Kalpakkam. A reprocessing complex
for the irradiated fuel from the Candu type power station as well
as the fast test breeder reactor is planned for construction at
Kalpakkam. The present paper attempts to outline the background
to the decisions regarding the setting up of the fuel reprocessing
plants in various locations in the country, the economics of the
construction and operation of such facilities and the research and
development programme pertaining to fuel reprocessing of thermal
as well as fast reactor fuels.

The fuel reprocessing plant at Trombay operates on the conven-
tional Purex process with a codecontamination cycle, a partition
cycle, a third uranium purification cycle and an ion exchange cycle
for the final purification and concentration of plutonium. The plant
has seven solvent extraction columns of the pulsed perforated plate
type, two ion exchange columns for the plutonium cycle and 100
vessels including 10 evaporators for the concentration of intercycle
products and high and medium active wastes. The process equip-
ment involved fabrication of 100 tonnes of stainless steel. The
piping inside the cells is about 100, 000 ft. The cells have heavy
density concrete walls (220 1b per cft) with thickness ranging from
5 ft at the dissolver end to 3 ft at the product end. The plant was
constructed during 1961-64 at which time the cost of heavy con-
crete complete with steel was Rs.17 per cft ($ 96% per cu. yard).
The cost of fabrication of stainless steel equipment was Rs. 7, 500/ -
per tonne ($ 1550% per tonne). The over all capital costs of the
plant were as follows:

Rs. Million ($ Million)*

Cost of equipment, piping and
services (including erection) 19.0 (4.0)

Civil Engineering Works (including
plumbing, drainage and site
preparation etc.) 12.0 (2.5)

Electrical installation 2.5 (0.5)
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Rs. Million ($ Million)*

Ventilation and airconditioning
equipment - 1.7 (0.3)

Charges towards plant and building
design, supervision of fabrication,
construction and installation 2.0 (0.4

37.2 (7.7)

*Based Rs. 4.75 per $ prevalent when the plant was built.

The plant cost can also be broken up broadly as follows:
Rs. Million ($ Million)
Main Process Building complete

with process equipment, utilities,
general services and plutonium

facility 25.5 (5.3)

Waste Treatment & Storage

Facilities 9.7 (2.0)

Engineering costs 2,0 (0. 4)
37.2 (7.7)

The operation of the plant requires 200 persons. About
1/3 of the plant is now being utilised for non-operational purposes,
viz., for development work. The fixed charges are calculated at
12-1/2% on Rs. 26 million.

Labour & Supervision Rs. 1.50 million
Overheads Rs. 0.45 "
Equipment & Stores Rs. 1.00 "
Power, water & other services Rs. 0.40 "
Fixed charges Rs. 3.25 "

Rs. 6.60 million

For the nominal capacity of 30 tonnes uranium per year the
cost of reprocessing works out as Rs. 220/~ {$ 29) per kg uranium.
For fuel irradiated to 1000 MWd tonne, the cost of processing with
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respect to plutonium is Rs. 275 ($ 37) per gm upto its conversion to
plutonium oxide. The operation of the plant has shown that a more
economical plant with 6 solvent extraction columns (1A, 1S, 1BX,
1C, 2D & 2E), 2 ion exchange columns, 50 process vessels and

50, 000 ft of piping with half the cell volume of the Trombay Plant
can be constructed for efficient operation with an O & M strength

of 150 persons. Capital cost of such a plant at today's wages and
prices would be about Rs. 34 million ($ 4.6 million - 1968). If

such a plant is built now it would not use heavy concerete for cells
nor would the thickness of the cell-walls be as high as has been used
for the Trombay Plant. The cost of conventional concrete assumed
is Rs. 12 per cft ($ 43 per cubic yard) for cell walls. At today's
prices the cost of‘fabrication of stainless steel equipment would be
Rs.12,000 per tonne ($ 1600 per tonne). The cost of reprocessing

in such a plant would work out as Rs.200/kg ($ 27 per kg) of uranium
and corresponding cost of Rs. 250/gm with respect to plutonium. :

The experience in the operation of the plant has provided not
only the knowhow for the design of future bigger plants but has in-
dicated the fruitful areas of research and development for efficient
utilisation of the resources allocated for the purpose.

Power Reactor Fuel Reprocessing

The first power station which is expected to go in full operation
by the middle of 1969 is at Tarapur, 60 miles north of Bombay. This
has two boiling water reactors of nett output 380 MWe usigg uranium
oxide of initial enrichment varying from 1.8 % to 2.5 % U 5. The
second power station of the Candu type is under construction at
Ranapratapsagar near the city of Kota in Rajasthan. The first unit
of 200 MWe will deliver power in 1970/71 and the second unit two
years thereafter. The third power station which will also be of
Candu type is under construction at Kalpakkam, 50 miles south of
Madras. The first unit will deliver 200 MWe in 1973. The capacity
of the second unit on this location is likely to be 200/300 MWe and
the time schedule for this unit calls for completion in -1974/75. The
power programme of the Indian Atomic Energy Commission visualises
the addition of 200 to 500 MWe nuclear power every year in the form
of Candu type of reactors.

The approach to the reprocessing of irradiated fuel from power
reactors is conditioned by non-availability of highly enriched uranium
and the consequent urgent need for plutonium for the fast reactor
programme to utilise the vast thorium reserves in the country, the
variation in capital investment and operating costs of reprocessing
plants compared with more advanced countries and the problems
involved in transporting large quantities of radicactive material
over long distances in the country in the background of the develop-
ment of rail and road transport. The location of power stations is
based on the demand for power and the economics of nuclear power
generation vis-a-vis conventional power stations. The scope for
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the sizing and siting of reprocessing plants extends from small
plants attached to each power station to a large scale central plant
catering to many power stations. It is not always found feasible to
have package plants in every reactor location on account of the
limitations associated with the capacity of the environments to ac-
cept discharge of liquid and gaseous wastes from reprocessing plants
in addition to those generated from the nuclear power stations. While
India has a fairly extensive railway net work the existence of two
different gauges of railways and the already heavy goods and passenger
traffic on the existing railway lines impose limitations for rail trans-
port of irradiated fuels in some sectors. Roadways are not uniformly
developed all over the country and in each instance a decision has to
be taken about the feasible mode of transport. These factors coupled
with the longterm nature of the decisions regarding the locations of
future power stations preclude the possibility of a large size central
reprocessing plant. The compromise of setting up regional repro-
cessing plants near suitable nuclear power stations appears to be

the solution, transporting irradiated fuel from nearby nuclear power
stations wherever transportation by road or rail of irradiated fuel

is safe and feasible. The first reprocessing plant for power reactor
fuels, under construction at Tarapur, is based on this principle and
will reprocess fuels from the boiling water reactor station which is
only a kilometer away and from the Candu power station in Rajasthan
500 miles away from where a combination of transportation by road
and rail is felt to be feasible.

In the context of the economics of setting up of reprocessing
plants in India the influence of size is not considerable above 1
tonne per day capacity, according to present day prices and skilled
labour costs. Fig. 1 gives the estimated cost for construction of
reprocessing plants in India for treating Candu type fuel elements
irradiated to 8000 - 10000 MW days per tonne, the plant operating
for 250 days. Approximately the cspiltal investment for plant follows
the relation Rs. 75 x 10° (MT/day)”* “.

In this connection a comparison of capital costs and reprocessing
costs estimated in India with those estimated for more advanced
countries say U.S.A., is revealing. The basic differences in the
capital as well as the operating costs arises out of the wide differ-
ences in the skilled labour cost which is lower in India by a factor
10 to 15 and the appreciable difference in construction costs. For
instance, the cost of a cubic yard of concrete is reported to be
$ 100 in the USAI(3), against Rs. 12 per cft ($ 43 per cubic yard)
in India. Similarly the cost of construction of a plant building com-
plete with normal services in U.S.A. is estimated as $ 2.5 to 3 per
cft(3) as against Rs. 7 per cft in India ($ 0.95 per cft). Engineering
and commissioning costs for such plants form about 12 % of the total
cost of construction in India whereas the figure mentioned for U.S.A.
is above 20 %. Applying suitable weightage factors for reduced com-
pliment of labour due to mechanised construction in the advanced
countries one can estimate that a plant for 1 tonne a day that can be
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set up in India for Rs. 75 million ($ 10 million) would cost $ 27
million in North America with no change in design. In the developed
countries perforce it becomes necessary to incorporate instrumenta-
tion and automation to reduce the labour costs for operation. Thus

a plant of 1 tonne a day may cost $ 28 to 30 million in North America.
This estimate is close to the reported cost of the N¥S plant( . Fig.
1 gives the compariso(rg of costs for different capacities, based on
published information ) and estimates for plants in India.

A similar effect is seen in the operating costs as well. Fif-
teen per cent charges on investment are reported for Canadian con-
ditions(5) as against 12.5 % adopted for computation of Indian pro-
cessing cost. Reprocessing cost in a 1 tonne a day plant operating
for 250 days a year in India is estimated at Rs. 66 ($ 8. 8) per kg
uranium as against Rs. 210 ($ 28) per kg in North America based
on labour costs ratios with suitable weightage for decreased number
of O & M staff and assuming all other charges like chemicals,
consumables, spares, maintenance materials, power, water, etc.,
to be the same in both countries. k‘ig. 2 gives the estimated op-
erating costs in India and Canada and compares the operating costs
with respect to the major components. It is seen that cost of re-
processing one kg uranium in India follows approximately the re-
lation Rs. 66 (MT/day)* 'x' being nearer minus 0.6 below 1 MT/day
and nearer minus 0.45 above 1 MT/day. Incidence of fuel reprocess-
ing costs on power costs in India decreases rapidly from 0. 45 p/Kwh
to 0.17 p/Kwh when the capacity is increased from 100 kg to 500 kg
per day. Thereafter the decrease is marginal; 0.12 p/Kwh for a 1
tonne a day plant and 0. 06 p/Kwh for a 5 tonne a day plant (Fig. 3).

From the above it will be clear that the considerations that
govern the decisions regarding the capacity of reprocessing plants
are quite different at least for the time being between India and the
more advanced countries like U.S.A. and Canada. The unit repro-
cessing cost obtained in India with a 500 Kg a day plant is obtainable
only with a plant of 3 to 4 tonnes a day in developed countries. It
is expected that for the next decade with the pressing demand on
finance for capital investment it will not be economical nor techni-
cally advantageous to set up reprocessing plants larger than 0.5 to
1 tonne a day in India.

The Indian Nuclear Power Programme is based on the pro-
duction of plutonium in natural uranium reactors and utilising the
plutonium for conversion of thorium into uranium-233 ultimately
leading to the uranium-233 - thorium cycle. This is necessitated
by the limited resources of uranium and vast reserves of thorium.
The two reactor systems of interest for the utilisation of plutonium
are the Fast Breeder and the Molten Salt Breeder reactors, The
need for separating enough plutonium for going over to these systems
influences the decisions regarding the setting up of fuel reprocess-
ing facilities. Normally, one would optimise the timing and the
sizing of the reprocessing plants to ensure maximum load factor.
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The initial slow pace of development of nuclear power, the setting
up of our first few nuclear power stations in locations far apart
over a vast country like India and the necessity for setting up
regional processing plants do not, as discussed earlier, permit to
avail of full load factor. The object essentially is to ensure that all
plutonium produced in nuclear power stations is recovered as
quickly as possible. The regional reprocessing plants are sized
in a fashion that they can absorb the load from nuclear power
stations in the region as and when they are set up. For instance
the Tarapur Reprocessing Plant has been designed for a capacity
of half a tonne uranium per day though the minimum load available
is from the Tarapur Boiling water power station (25 tonnes a year)
and the two units of the Ranapratapsagar power station (50 tonnes
a year). This plant can very likely absorb additional load from
another Candu type 400 MWe station in a location from where trans-
portation of fuel should be feasible. By the present analysis,
transportation to this plant should be feasible from a power station
accessible by road from a railhead in Central or Northern India.
Similarly transportation of irradiated fuel should be possible from
many of the southern parts of the country to the Fuel Reprocessing
Plant proposed to be set up at Kalpakkam near Madras. Between
these two reprocessing plants fuel from nuclear power stations of
the Candu type upto a total of 2,000 MWe installed capacity can be
processed.

The Tarapur Fuel Reprocessing Plant

The design of this plant is based on the Purex Process. A
codecontamination cycle followed by partition cycle and two separate
purification cycles for the uranium and plutonium are visualised.
Purification cycle for plutonium will be chosen from among a TBP
process and TLA process. The boiling water reactor fuel element
is about 14 ft long and contains massive pieces of zircaloy and al-
so various minor materials of construction other than zircaloy.

The fuel element from the Rajasthan Power Station is only 19" long
and does not contain any material other than zircaloy. The end
pieces are also not very thick. Because the plant would be treat-~

ing boiling water reactor fuel elements a decision in favor of chop-
leach process was taken. In the Kalpakkam (Madras) Reprocessing
Plant it is quite likely that if all fuel to be reprocessed in this
facility is of the Candu type chop leach process would not be favoured
and a chemical decladding process would be adopted. The choice
lies among the Zirflex process, the Thermox process and sulfuric
acid dissolution. Information available on the Thermox process 6)
and the few experiments carried out in Trombay on the oxidation

of the zircaloy and separation of the insoluble oxide from the dissclver
solution are quite encouraging for the adoption of the process. 71511

fact an extension of this process to a ""chemical chop concept(

would reduce the fine oxide to be handled and would leave a large
portion of the zircaloy in compact solid form.
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The Plant will have 11 to 14 columns depending on the plutonium
purification procedure decided upon. The use of TLA appears attrac-
tive on account of the fewer solvent extraction contactors involved,
and hence a decrease in the cost of equipment. Experiments are b?é'?g
carried out in Trombay on the use of TLA for the final purification
as well as on the use of uranous nitrate(9) for the partition and in
the final purification cycle using TBP solvent extraction process.

In any case, for partition, enough experience has been built up in
Trombay on the use of ferrous sulphamate which can be used in the
event of any difficulties in the use of uranous nitrate. The plutonium
purification cycle at the Trombay plant uses ion exchange process.
The performance with respect to decontamination as well as the
capacity of the resin has been quite satisfactory. However, the
final concentrations of the plutonium product have not been as good
as reported. The concentrations obtained in plant scale operation
are invariably lower by a factor upto 2 or 3 than those obtained in
laboratory experiments under identical conditions. This experience
has led to the exploration of the possibilities of other methods.

Based on the results of experiments in progress, provision
will be made for recovery of neptunium-237 from the third uranium
cycle raffinate. The plant is proposed to be operated on high acid
flowsheet for the first two cycles and at lower acidity in the third
uranium cycle.

For the reconversion of plutonium nitrate to plutonium
oxide experiments are being conducted on continuous precipitation
and continuous calcination. Experiments on the residence time
indicated the possibility of designing criticality safe equipment for
throughput of the order of 500 to 600 grams plutonium per hour.

Fast Reactor Fuel Reprocessing

It is generally contended that the economics of power gen-
eration by fast breeder requires reduction in inventory of fissile
material and hence can admit only a very short cooling period
before the irradiated fuel is reprocessed. This contention is
basically valid, but there are other areas of fuel cycle which
contribute more significantly to fuel cycle costs. The proponents
of short cooling time are of the view that reduction in fuel cycle
cost by decreasing cooling time is far easier than reduction of
cost in other areas of the fuel cycle. One has however to balance
this with the problems involved in processing short cooled fuel
elements and the context of such processing.

The choice for fast reactor reprocessing lies between aqueous
and non-aqueous methods. The handicaps adduced to aqueous pro-
cesses are the degradation of the solvent and the consequent effects
on reprocessing efficiency and decontamination factors, criticality
problems and the problem of iodine accumulation and release.
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Chemical solutions appear to be in sight for minimising the impact
of solvent degradation on efficiency of fuel reprocessing by aqueous
process. (10) Thig and the development of short residence time
solvent extraction equipment will remove the limitations on aqueous
processing due to solvent degradation. Criticality problems es-
pecially with respect to the dissolver generally appear to be not
insurmountable and can essentially be solved by proper designs and
use of built in poisons in equipment. The iodine problem however
remains to be properly understood and solved.

The non aqueous processes, both the volatility method as well
as the reductive salt transfer method using metal alloys, show great
promise. The technological problems associated with such processes
are not insurmountable in small scale units. It appears therefore
that both the processes should be competative for clogse coupled
systems whereas aqueous methods have potential for larger units.
The problems associated with the transport of short cooled fuel may
necessitate the setting up of close coupled plants in any case and
the economics of aqueous versus non-aqueous methods will have to
be worked out in this context.

The process and technological problems associated with the
fluidised bed fluoride volatility process are the behaviour of
plutonium, the efficiency of conversion of plutonium to its hexa-
fluoride, the decontamination factors with respect to the ruthenium,
the quantitative separation of plutonium from uranium and their
mutual contamination factors, the clogging of off gas filters during
decladding of zircaloy clad fuel by hydrochlorination or hydro-
fluorination and the heat removal during the fluorination. As
mentioned earlier these problems can probably be solved if equip-
ment used are not complicated in shape and design and the capacity
is limited. The fluidised bed fluoride volatility process is essenti-
ally suitable for uranium-235 systems and the introduction of
plutonium into such a system perforce introduces some problems.
While the number of pieces of equipment required for fluoride
volatility system is less than what is required for an aqueous pro-
cess, the materials of construction are more expensive and the
problems of fabrication greater in the light of very stringent re-
quirements of corrosion resistance to fluorides at high temperatures.

A difference in capital investment by a ratio of 3 : 2 is
expected between aqueous and volatility procesges in a plant close
coupled to a 1000 MWe fast reactor station. (llf A reduction in
operating costs by 50 % is also estimated. Such significant ad-
vantage in capital costs may not be available in the Indian context
of lower unit costs of fabrication of equipments and installation
of piping. Similarly the major contribution to decrease in operat-
ing costs is from reduced labour force required. The already
low labour costs in a developing country dilutes the impact of this
aspect of cost reduction.
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Madras Fuel Reprocessing Complex

As mentioned earlier, a reprocessing plant for treating
irradiated fuel from 1000 MWe of installed power in the form of
Candu reactors is planned at Kalpakkam near Madras. A Fast
Test Breeder Reactor is also planned for being set up at Kalpakkam.
Considerable amount of development work still remains to be done
in India on the various methods of reprocessing in general and the
reprocessing of fast reactor fuel in particular. Therefore the fuel
reprocessing complex planned at Kalpakkam will consist of facilities
for reprocessing half a tonne a day of Candu type fuel elements
and research and development laboratories in the field of reprocess-
ing. In this complex, facilities will exist for development work
and plant scale operation for the separation o uranium 233 from
thorium irradiated from the fast or thermal reactors and for
developmental work and pilot plant operations of the different
non-aqueous processes. All the production facilities are planned
under one roof to provide for flexibility in the utilisation of per-
sonnel and for economies in common services. The cells and
process equipment will however be different and separate.

The thermal reactor reprocessing facility would be quite
similar to the one proposed at Tarapur except that the head-end
might be restricted to a chemical chop (Zirflex or Thermox) pro-
cess. The other difference visualised would be the use of mixer
settlers for the partition and final purification cycles, in order to
reduce the height of the cells. This will provide the necessary
plant scale experience in the use of mixer settlers.

The demonstration facility for reprocessing fast reactor fuel
will have a capacity as mentioned above of 1. 6 kg plutonium a day.
The fuel is received in the form of disassembled fuel pins of U0, -
Pul; clad in stainless steel approximately 5 mm in outer diamefer.
A simple cutting procedure is preferred for cutting the fuel into
small pieces. A dissolver with product at 90 g uranium and plutonium
per litre is visualised. This will be diluted with nitric acid to
25 to 30 g uranium and plutonium per litre and 3 M in nitric acid.

The fast fuel reprocessing line will have three cycles of
decontamination without the separation of uranium and plutonium.
The first cycle extraction contactor will be 2 3 cm diameter
pulsed perforated plate column. All subsequent contactors will
be mixer settlers. The product from the first solvent extraction
cycle is expected to be 30 to 35 g of uranium and plutonium per
litre. After adjusting acidity this will be fed to the second cycle
which will operate under the same conditions as the first cycle.
The third cycle will also be a repetition of the first cycle with
adjustment of acidity based on the nature of the residual fission
products. Evaporation for concentration of aqueous products as
well as high active wastes would be avoided. Provision will be
made for recovery of neptunium-237 to minimise build up of
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plutonium-238. The uranium and plutonium in the final decontaminated
product would be separated if acquired either by TLA process of if
experiments prove successful by reduction with hydrogen in presence
of platinum catalyst. The uranium product will be stored to allow

the decay of uranium 237 and plutonium will be precipitated as
plutonium oxide for recycle. When the development work on centri-
fugal contactors and stacked clone contactors prove successful the
first solvent extraction column will be replaced by the equipment
which proves most successful in trials.

The production facilities are expected to cost Rs. 75 million
($ 10 million) of which Rs. 45 million can be assigned to the Candu
type fuel reprocessing and Rs. 30 million for fast breeder fuel re-
processing. The research and development laboratory to be set
up separately is expected to cost about Rs. 15 million ($ 2 million).
The approximate cost of reprocessing is expected to be Rs. 125
($ 17) per kg of uranium in the Candu type fuel and Rs. 30, 000
($ 4000) per kg plutonium in fast reactor fuel. These estimates
for capital costs and reprocessing costs are perforce precise only
to an order of magnitude as more details remain to be worked out.
Lack of familiarity with reprocessing high burn-up high plutonium
fuel has introduced an element of cautious conservatism in the cost
estimates for the fast reactor fuel reprocessing.

Conclusion

The figures presented for comparison of costs cannot be
assumed to have long term relevance with respect to absolute
values. Itis only recently it has been possible to attempt extra-
polation of available data on the economics of reprocessing for
long term planning. The results of the preliminary studies have
brought out the interesting features with respect to Indian conditions.
With the setting up and operation of the Tarapur Plant, the data will
acquire better precision. The trend of increase in labour costs in
India will have a significant impact on the construction and operating
costs in the future on account of the appreciable labour component.
The size of the optimum plant will thereby increase and this trend
will be supported by an increase in the size of nuclear power stations
and improvements in transportation by rail and road.

It is foreseen that for sometime to come fast reactor fuels
are best reprocessed in close -coupled plants, avoiding thereby
the additional technological problems of safe transportation of
high burn-up plutonium bearing fuel. Agqueous reprocessing with
modifications and refinements has become the universal method
for thermal reactor fuels on account of the proved performance
with respect to economics as well as process efficiency. For
fast reactor fuels the choice will remain open for quite some
time. While aqueous methods do not have insurmountable pro-
blems for extension to high burn up short cooled fuels, non aqueous
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methods offer an attractive alternative, especially for reprocess-
ing plants coupled to fast reactors upto about 1000 MWe. The
Indian programme visualises development work in the various
non aqueous processes as well as on short residence solvent
extraction contactors for aqueous processing in connection with
the reprocessing of irradjated fuel from fast reactors.
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MELT REFINING OF EBR-II FUEL*

D. C. Hampson, R. M. Fryer, and J. W. Rizzie

Argonne National Laboratory,
Idaho Falls, Idaho

U. S. A.

Melt refining is-the neme given to the process of selective
removal of fission products from highly irradiated metallic reactor
fuel by a high-temperature oxidation step in which the ceramic
crucible is the source of oxygen. Volatilization of fission products
contributes to the overall fission-product removal, Data obtained
from four years of totally remote operation with irradiated fuel
has, in general, confirmed theoretical and laboratory-obtained
results. The purified metal is remotely refabricated into fuel
elements for reinsertion in the reactor (EBR-II).

*Jork performed under the suspices of the United States Atomic
Energy Commission.
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I. Introduction

Experimental Breeder Reactor II (EBR-IIL) is an unmoderated,
heterogeneocus, sodium-cooled fast breeder reactor with a power
output of 62.5 megawatts of heat (1). The energy produced in
the reactor is converted to 20 megawatts of electricity through
sodium~to-water heat exchangers and a conventional steam cycle,
The plant was built under the asuspices of the USAEC as a demon-
stration central-station fast breeder reactor,

The nuclear driver fuel of EBR-II currently consists of metallic
uranium enriched to 52,18% in the U235 isotope and alloyed with 5%
fissium.* When approximately 1.2 to 2 atom percent of the uranium
in the fuel has fissioned, the fuel is discharged from the reactor
and processed to remove fission products, re-enrich the alloy, and
restore its original metallurgical and nuclear properties. Pro=-
cessing is accomplished by melt refining in the directly adjoining
Fuel Cycle Facility (2,8) which is an integral part of the EBR-II
complex.,

The Fuel Cycle Facility consists of a conventional rectangular
air-atmosphere hot cell and a circular argon-atmosphere cell
(Fig. 1). The two cells are joined by a lock system. All process
operations that expose fuel directly to the atmosphere take place
in the argon cell, Operations involving fuel that is protected by
a stainless steel jacket or cladding are accomplished in the air-
atmosphere cell. Since the process does not remove all classes
of fission products from the fuel, all processing operations are
totally remote.

Feed for the process is an irradiated fuel subassembly from
the reactor. The product i1s a newly reconstituted and re-enriched
fuel subassembly ready for insertion in the reactor.

A pyrochemical process was chosen for EBR-IT because of its
promise of reducing the reprocessing cost associated with nuclear
power. The principal characteristics of the process which promise
reduced costs are its simplicity, compactness, low volume of dry
active wastes, and capability for handling short-cooled fuels with

¥Fisgium is a term used to represent a mixture of fission product
elements (atomic numbers 40 to 46) which when alloyed with uranium
impart to the alloy desirable metallurgical and radiation-sta-
bility properties. In this fuel, concentrations of fission-
product alloying elements are: 2.5 w/o molybdenum, 2 W/o ru-
thenium, 0.26 w/o rhodium, 0.19 w/o palladium, 0.1 w/o zirconium,
0.04 w/o silicon, and 0.01 w/o nicbium. Silicon (0.04 w/o) is
added to improve the radiation stability of the fuel.
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an sttendamnt refluetion in fuel inventories. Another advantage is
the reduced criticality problem agsocigted with small volumes of
metallic fuels in the absence of muclear moderators(2). No attempt
will be made to evaluate the economics of the overall process,
sinpee this psper is concerned only with the results produced by
melt refining.

Melt refining was chosen as the specific pyrochemical demonstra-
{ion proeess for the metallie fuel of EBR-II, A large number of
parametric studies (3) were made to aid in predicting the
disposition and interactions of individual fission products and to
define the physical specifications for the process, Phese studies
were made on a small scale with either inactive or tracer-level
materials, However, some of the varlables, such as buildup of
isotopes of uranium with continusal recycle, could not be verified
in small-scale runs. Two of the primary objectives for the operation ‘
of the melt refining process in the Fuel Cycle Facility were to
evaluete the veracity of the small-scale experiments relative to
full-scale (both size and activity level) runs, and to demon-
strate that a pyrochemical process could be operated on a full-
plant scale by totally remote means for a meaningful period of
time. With regard to the chemistry of the process, the full-scale
ruaus corfirmed the experimental amd theoretical predictions.

With regard to the time period, the successful operation for more
than four years by totally remote means exceeded the original
design specifications for the demonstration of this process.

II. Head-End Processing Steps

The fuel subassemblies are 92 in. long, are hexagonal in shape,
and contain 91 enriched uranium-alloy fuel elements (clad pins).
The fuel pins are 13.5 in. long by 144 mils in diameter, and are
sealed in a stainless steel can (9 mil wall) which is 18 in. long.
The 6-mil annulus between the fuel pin and the cladding wall is
filled with sodium which acts as & heat transfer medium during
power operstion.

The external surfaces of & subassembly (Fig. 2) are covered
with residual sodium after removel from the reactor. The sodium
is removed from the subassembly ih the interbuilding coffin (2)
by an oxidation and water-dissolution procedure, After sodium
removal, the subassembly is transferred to the air cell for mechani-
cal dismantling. Individual fuel elements are transferred to the
argon cell, where they are mechanically decanned and chopped into
1.5 in. sections for ease of handling (2, 8). The chopped, sodiums
coated fuel is ready for melt refining. Refabrication of new fuel
elements from the melt-refined fuel is described in an accompanying
paper (10).

60



19

m?—s MAX. AFTER WELDING

=-13.500 65115 N
FOELPN | 9 LEVEL
AP 049 WIRE

j

5 ) i 180 DiA.
1_ 009 WALL I
-Eon
i: X 13.500 ='I .
L
[ )
SODIUM . RESTRAINER - PLUG
g 878 "
[ —— ———————— e —— —

EBR I FUEL ELEMENT-MARK I-A

STAINLESS TRI-FLUTE BLANKET; ; g

(Sl FIEI. ELENENTS)

2. EBR-IT Driver Fuel Subassembly



ITITI. Description of Melt Refining

The irradiated, chopped fuel and a precalculated quantity of
re~enrichment uranium is charged to a lime-stabilized zirconium
oxide crucible.® Zirconium oxide was preferred to other ceramics
because contamination of the melt by the substrate metal (Zr) is
negligible, and pouring yields from ZrO2 crucibles were somewhat
better than those from the other ceramics considered (3). 1In
addition, zirconia provided better cerium removal.

The crucible is placed in a sealed furnace (2), and the fuel alloy
is melted and liquated for 3 hrs at 1400°C under an inert argon
atmosphere. During the run, the crucible is covered with a ceramic-
fiber fume trap which has been shown effective in trapping cesium
and iodine (CsI)(6). After purification, the fuel alloy is chill-
cast into a graphite ingot mold. This process is termed melt
refining (2,3).

Melt refining removes three classes Of fission products from the
fuel, and these represent about two-thirds of the total fission
yield. The chemically inert fission gases xenon and krypton are
evolved on melting (3). Fission products such as bromine, iodine,
and cesium, which have high vapor pressure at 1400°C, are volatil-
ized and trapped by the fume trap (3,5,6). Chemically reactive
fission products, such as yttrium, strontium, barium, lanthanum,

and the lanthanide elements, react with the oxygen in the zirconia
crucible to form oxides. These oxides remain with the crucible
when the alloy is poured into the mold, Fig. 3 (3, 5).

One group of fission products, atomic numbers 40 through 46, are
not removed by the melt refining process. Zirconium, atomic
number 40, has exhibited fractional removals, but this is attributed
to reaction with carbon and other impurities in the alloy rather
than to the oxidative process., These fission products constitute
the so-called fissium elements. For the first core loading of
EBR-II, it was felt advisable not to start with a pure uranium fuel,
which has undesirable metallurgical and radiation-stability
characteristics, and would be subject to compositional changes
during each resctor-processing pass. Instead, the steady-state
concentrations of fissium metals in recycled fuel were calculated
as a function of fission yield, percent burnup, melt refining re-
actions, dross (skull) purification and recycle (7), and pouring
yields. This calculated composition was chosen as the alloy for
the first core loading of EBR-II (4) (see footnmote p. 1).

*The approximate compogtion of the crucible is: Cal , 5 w/o;
HfOp, 2 w/o; SiO2, 0.7 w/o; Alp03, 0.5 w/o; Ti0z, 0.3 w/o;
Fe203, 0.3 w/o; balance ZrOp.

62




APPROXIMATE DISTRIBUTION OF ELEMENTS
IN MELT REFINING PROCESS

OFF -GAS

Xe 100%

Kr 100%

I trace FUME TRAP
Cs 100%
Cd 100%
Rb 100%
I >75%
(Na) 100%

CRUCIBLE

Y 5%
Rare Earths 5%

Ba 90%
Sr 90%
Te 10%
SKULL
U 5-10%
Pu 5-10%

Noble Metals 5-10%

y o5% ‘ PRODUCT INGOT
u 90-95%

Rare Earths 95%
Ba 10% Pu 90-95%

Sr 0% Noble Metals 90-95%

Te 90% (MO, Ru, Nb, Zr,)
Rh, Pd, Tc, etc

3. Fission Product Removal in Melt Refining
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IV, Melt Refining Performance

1. Fission Product Removals

Considerable preoperational research was done on the behavior
of many of the fission products during melt refining ( 3 ).
For direct comparison with current work, the most important work
was that of Trice and Steunenberg (5). They completed a series
of small-scale melt refining experiments (L0O-g charges) with
highly irrediated EBR-II-type fuel and determined fission product
distributions as well as removals. From these experiments, it was
concluded that uranium, molybdenum, and ruthenium show no preference
for the ingot or skull, and distribute directly according to the
pouring yield. The removels of rare eesrths, tellurium, iodine,
cesium, and barium-strontium were generally 99% or better. The
single determination on plutonium hinted at a very slight partition
to the oxide.

Plant-scale runs typically involve 10- to 12-kg charges of
irradiated fuel plus makeup enriched uranium. The melt refining
crucible is 9-1/2 in, high by 6-3/8 in. in dismeter, and is covered
by a Fiberfrax*(2) fume trap with dimensions of 10 in. in diameter
by 5-l/h in. high. Because of the large size of these components
and the high levels of activity involved, sampling of these com-
ponents was difficult and complete fission-product distributions
were not obtained for plant operation,

For the same reasons, and because of the heavy analytical load
of routine fuel analyses (uranium, plutonium, noble metals, and
trace impurities), complete fission-product analyses were not
obtained for each run. Certain fission products were selected as
representative of major classes.

Cesium and lodine were selected as representative of those
elements having high volatility. Barium,laenthanum and cerium
were selected as representative of the chemicelly reactive group,
with cerium as a representative for rare earths., The behavior
of the gaseous fission products (xenon, krypton) was so well
established thet they were not checked.

For plent startup, 1400°C and 3 hrs of liquetion were chosen
as the initial melt-refining parameters. These runs were made
primarily to confirm that plant-scale results would agree with
laboratory-scale results. Accordingly, removals for these con-
ditions are presented first, The removals for the volatile and
the chemically reactive groups were genersally 98.5% or better.

*Fiberfrax 1s a trade name of the Carborundum Company for a ceramic
fiber composed of alumine and silica.
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Plutonium exhibited a slight preference for the skull, showing
approximately 5% removal from the refined alloy. The noble metals
distributed directly according to pouring yield.

Data obtained from these early runs confirmed that 3 hrs and
1400°C are adequate conditions for acceptable. fission product
removals., They essentially duplicate the data from the small-
scele experiments ( 5). The results also confirm that technetium
may be considered a noble metal. The stability of the noble metald
is more clearly presented in the next section (IV-3). The data for
pluto?i?m are at low concentration levels, but they confirm previous
work (3).

Off-gases from the melt refining furnsce pass first through the
in-cell filter containing a 2-in. layer of activated carbon and a
high-efficiency glass filter medium, then through a vacuum pump
and an oil separator to a shielded holdup tank (500 cu ft) con-
taining 1000 1b of activated carbon. When meteorological con-
ditions are favorable, the gas in the holdup tank is discharged
through a heated (430°F) bed of silver-nitrate-coated packing
(silver nitrate tower), through a bank of high-efficiency filters
for removal of submicron particles, and through a 200-ft high
gbtack to the atmosphere,

Prior to plant startup, two experiments were performed in the
plant furnaces to evaluate the behavior and distribution of iodine
In one of these experiments, one wire of 1131 (as palladium iodide
which decomposes at 350°C) was added to 8 kg of fuel and melt re-
fined at 1400°C for 3 hrs. During refining, the charge contained
in the Zr02 crucible is covered by the fume trap. The fume trap
collected ~ 80% of the I131, ~20% distributed to metallic surfaces
in the furnace assembly, and the crucible and skull retained approxi-
mately 2%. Of the small amount that reached the in-cell filter
(0.3 mCi), only 0.3% passed through it (as is typical of most radio-
chemical determinations, the material balance is not perfect).

Very minor smounts (0.1%) of the original iodine eventually sppearad
in the cell atmosphere.

In a companion experiment, 1 Ci of elemental iodine was intro-
duced into the pipe entering the off-gas delay tank at a point
downstream of the in-cell filter and the exhaust pumps. Approxi-
mately 25% of the charge (250 mCi) reached the tank. Three suc-
cessive pumpouts (following backfilling with argon) resulted in a
total of 0.1k uCi of 113l being extracted from the tank, The
percentage passed by the tank charcoal was thus 6 x 10'5% (11).

Following the confirmation of the initial parameters, data
were obtained to ascertain the effect of liguation time while
maintaining the 1400°C liquation temperature. Table 1 presents
these data.

65



During a typical melt-refining run, 2 hrs elapses between the
start of the run and the time at which 1400°C is reached. The
EBR-IT fissium alloy melts in the range 1030 +to 108000, so the
alloy has normally been molten for 20 to 30 min before 1400°C
is reached. From the data of Table 1, it is concluded that cesium
and barium-lanthanum are effectively removed from the bulk alloy
upon reaching 1400°C. Todine is also effectively removed in rela-
tively short liquation time at 1400°C (it has been shown that the
iodine is normally deposited after volatilization as an iodide,
primarily CsI (6),

Table 1

Effect of Liquation Time on Fission-Product Removals at 1400°C

Average Percent Removal No. of Runs on

Liquation Barium- Which Average
Time (hr) Cesium Lanthanum Cerium is Based

L > 99 > 99 99 1

3 > 99 > 99 98.5 Many

2 > 99 > 99 95.5 3

1.5 > 99 > 99 90 1

0.5 > 99 > 99 73 1

0.25 > 99 > 99 69 2

The removal of cerium, and presumebly the other rare earths, on
the other hand, is strongly time-dependent at 1400°C, The cerium
data are plotted in Fig. 4 for illustration. This time dependency
was not observed in the small-scale runs where the time was varied
between 1 and 3 hrs. However, this is not unexpected, since the
crucible contact-surface-to-volume ratio of the small-scale runs
was a factor of three larger than for the plant-scale runs. It
has been shown that diffusion through the reaction zone is probably
the controlling process for cerium removal {3, 9, 10). Thus,
it is reasonable that a 1-hr liquation in small-scale geometry .
should produce the same results as a 3-hr liguation in the plant-
scale crucible. Either of them would essentially effect quantita-
tive (98-99%) removal of cerium, and additional liquation time
would not produce a significant increase in removal of cerium.

Some data were obtained to assess the effect of temperature on
fission-product removals. Because of plant operational reguire-
ments, however, the determinations were over relatively narrow
temperature ranges.

At 3 hrs, no effect of temperature was discernible within the

accuracy of analytical results for Cs, Ba-La, or Ce., In order to
accentuate any change that may have occurred, the tests with 2-hr
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liquation time weré made. These fesults are shown in Table 2.
Table 2

Effeet.of .Liguation Temperature On Fission Product Removals

3-Hour Liquation 2-Hour Liquation

Temperature Average | No.of | Temperature| Average No,uf
(og) Element. _Removal(%l Runs | o Removad—{%)] Buns

1400 Cesium | >99 L 1Loo >99 3

Be—te 99 2 >99 3

Cerdium %8BS 5 95.5 3

1350 Cesium > 99 1 1350 >99 2

Ba-La > 99 1 >99 2

Cerium 98.5 1 92.5 2

1300 Cesium > 99 2 1300 >99 1

Ba-la > 99 2 96.5 1

Cerium 98.5 2 7 1

Cesium shows no tempersture effect over the range considered.
The data for I13l are too incompléte to allow conclusions. Pre-
vious work had shown complete removal at 1400°C and at least 90%
removal at 1300°C (3). Barium-lanthanum was removed quentitatively
during all the 3-hr runs checked, but it did exhibit a slight
lowering of removal for a 2-hr liguation at 1300°C. Extension of
the temperature range would probably amplify this effect, con-
sidering the chemical similarity of barium, lanthanum and cerium.

The data for cerium are interesting. No apparent temperature
dependence is exhibited for 3-hr liquations, but there appears a
fairly strong dependence for 2-hr liquations. To correctly estimate
the magnitude, the time effect must be subtracted out before the tem-
perature dependence is established. The data are too meager, however,
to allow this separation.

The final conclusion about the cerium behavior is that there
exists a combined time-temperature dependence that would allow
some parametric juggling in the operation of a melt-refining pro-
cessing plant. In genersl, the data for the elements investigated
confirm laboratory and theoretical estimates, and appropriate choice
of parameters will provide adequate fission-product removals.
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2. Gross Gamma Activity Distribution

Gross radiation distribution measurements were taken for one of
the early melt refining runs (all readings are at 1 ft). The feed
materlals (corrected for decay) showed an input to the run of 7 x
10k R/hr (l2> After being refined, the activity distribution on
the various components showed the following:

Reading Percentage of
(R/nr) Total

Refined Ingot k.5 x 103 8
Crucible (1.5 x 104) L

+ ka1l (3.5 x 10%) 5.0 x 10 8l

Fume Trap 4,0 x 103 8

Ingot Mold 3 _—

Total 6 x 10t 100

The charge for this run averaged 0.4 a/o (atom percent) burnup.
At 1 a/o burnup, %ocalized radiation readings would fall in the
range of 102 - 10 R/hr. The difference between charge and product
can be attributed to self-shielding in the ingot and gas evolution
from the refined alloy. The subsequent high radiation background
within the shielded cells precluded repeating this experiment with
fuel containing a higher activity level.

3. Alloy Compositional Stability and Plutonium Buildup

As noted previously, the initial "equilibrium" core loading
for EBR-II was calculated from knowledge of the behavior of the
various figsion products in the melt refining process. Compositional
variations were later followed in one batch of fuel that was re-
cycled five times between the reactor and the processing-refabri-
cation cycle. The fuel received 1 to 1.2 a/o burnup each cycle in
the reactor. None of this fuel was intermixed with other batches
during this experiment and the only compositional adjustments made
were to add sufficient U-235 each cycle to compensate for that
consumed in the reactor.

After five cycles, the composition of the fuel had not changed
{within analytical accuracy) except for zirconium, siliconm,
plutonium, technicium, and U-234 plus U236. These starting con-
centrations for these elements and the concentrations after five
cycles are shown in Table 3.
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Teble 3

EBR-II Fuel-Alloy Composition Changes

Composition After

Initial Composition Five Processing
Element (w/o) Cycles (w/o)
Uranium-236 0 09 0.52
Plutonium None 0.12
Technecium None .05
Zirconium 0.10 0.09
Silicon 0.01 0.07

The concentrations of plutonium and technicium increased
because they are formed in the reactor and are not selectively
removed in melt refining. Neither of them was present in the initial
alloy composition. A slight increase in U-236 is also apparent.
This isotope is formed in the reactor as a result of the n, ¥
reaction on U-235, No separation of urenium isotopes results
from melt refining.

The increase in silicon concentration comes from small amounts
of the Vycor (quartz) molds that enter the melt during the sub-
sequent injection-casting operation. Continued recycle of the metal
resulted in a steady increase of silicon. No attempt was made to
remove silicon, since postirradiation surveillance of the fuel showed
that fuel with silicon contents in the range of 200-800 ppm ex-
hibited less radiation damage than the fuel containing the original
concentration of silicon (50-100 ppm).

The total fission yield of zirconium is greater than that of any
other noble metal in the alloy. If zirconium were not removed from
the alloy by some mechanism, it would grow at the expense of the
other noble-metal concentrations. The current alloy compositions
show that, if anything, zirconium has slowly decreased in concentra-
tion. The analytical data for zirconium typically exhibit wide
variance, and no estimate of the percentage of removal is attempted.
The removal of zirconium has been correlated with the presence of
carbon and cerium in the alloy ( 3). The stabiiity of the
alloy is readily apparent and confirms original estimates of the
behavior of the process.

4, silicon Addition

As mentioned above, it was desirable to increase the silicon
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concentration of the alloy to about 40O ppm. Other investigators

who attempted to add silicon to uranium melts ncted that quanti-

tative alloying was difficult to achieve; several experiments were
therefore conducted at FCF to determine the best way to add silicon
to EBR-II driver fuel. The methods that were considered were: (1)
direct addition of silicon metal to uranium-fissium-alloy melts,

(2) direct addition of a uranium-silicon master alloy to the uranium-
fissium-alloy melts, (3) direct addition of fissium silicides to
uranium-fissium-alloy melts, and (4) direct addition of silicon dioxide
to uranium-fissium-alloy melts.

Table L4 shows the results of initially adding silicon metal to
the charge (uranium and uranium - 5 w/o fissium) before alloying
at 1400°C.

Table L

Direct Addition of Silicon Metal to Uranium And
Uranium - 5 w/o Fissium Melts at 14009C

Charge(g) Stoichiometric
U Si Silicon Actual

Type of Melt Concentration Concentration
Uranium 11,501 253 2.15 w/o 1,95 w/o
Uranium 10,351 211 2.01 w/o 1.85 w/o
Uranium 7997 163 2.00 w/o 1.86 w/o
U-5 w/o

Fissium 10,951 * 3.8 ~ 350 ppm 300 ppm
U-5 w/o

Fissium 11,166 ¥ 3.8 ~ 340 ppm 290 ppm
U-5 w/o

Fissium 11,213 ¥ 3.8 ~ 340 ppm 290 ppm

*> w/o Fissium

An interesting point that resulted from the experiment is that
86.5 * 1.5% of the silicon initially charged remained with the
product for each case.

Two experiments were conducted where silicon was added to a
uranium - 5 w/o fissium melt through a master alloy. The master
alloy was composed of U-238 and silicon (1.86 w/o Si). The
desired final composition was 400 ppm Si. Results indicate that
a near-perfect stoichicometric silicon pickup is possible when
silicon is added by the master alloy method. This method is
presently being used at the Fuel Cycle Facility for silicon addition
to alloy melts.
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Zirconium disilicide was added directly to an allcy preparation
charge as a means of adding zirconium and silicon to the fissium
alloy. Results indicated that 100% of the silicon and 85% of the
zirconium alloyed with the product.

Vycor glass tubing (99.9% SiOp) was added to a depleted-uranium
charge. The oxygen introduced as Si02 reduced the melt yield;
therefore, this technique was not used for adding silicon to the
fuel alloy.

5. Melt-Refining Pour Yields and Throughput

The yield of one melt refining operation is defined as the ratio
of the weight of the chill-cast ingot to the total weight of spent
fuel, enrichment adjustments (U-235 and U-238), and fissium elements
charged to the furnace before the melt. The throughput at melt
refining is defined as the total weight of alloy processed per week
in the melt refining furnaces (there are two furnaces in the EBR-IT,
FCF). The throughput is directly related to the yield of each melt
refining operation.

The pouring yield in melt refining is dependent on a number of
conditions, such as charge size and geometry, furnace atmosphere,
and crucible material. These conditions were not varied for the
melt refining runs. The conditions that were investigated were the
effect of liguation time, liquation temperature, and fission product
concentration (percent burnup).

For what were defined as standard operating conditions, i.e.,

3 hrs of liquation in a zirconia crucible at 1400°C, the effect of
burnup on pouring yield is shown in Fig. 5 The straight line is
a least-squares fit of data points obtained.

The effect of liquation times or temperatures on pouring yield
could not be separated from the effect of fission-product removal.
Pouring yields are directly dependent on the quantity of dross
produced. Iower temperatures and the resulting lower reaction
rates would require longer reaction (liquation) times to produce
the same fission-product removals. Previous work with unirradiated
uranium showed that the dross consisted of 10 to £0% oxidized metal
and 80 to 90% occluded metal. This work also showed that higher
pouring temperatures resulted in higher yields. This is probably
a result of a lower viscosity of the matrix metal at higher temper-
atures, which results in better "draining" of the occluded metal
from the dross.

The highest temperature consistent with equipment limitations
was selected, 1400°C. This resulted in a 3-hr liquation time
which was consistent with a single shift (8 hrs) overall operating
cycle for the melt refining furnace.
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In addition to refining the spent fuel, one of the necessary jobs
of the melt refining furnaces is to consolidate the recycle material
being returned from the refabrication process. This material comes
in two bulk forms, '"heels" and "shards." An explanation of the
sources of this material is given in an accompanying paper(10). A
summary of the consolidation and melt refining operation carried
out in the melt refining furnace is given in Table 5.

The average throughput of alloy per furnace during normal pro-
cessing periods was x 25 kg per week. This included both spent
and recycle fuel. The total amount of fuel refined in the Fuel
Cycle Facility and the total weight processed through melt refining
is shown in Table 5 (two furnaces).

Table 5 .
Melt Refining Throughput and Yields
No. of Total Ave, Charge Total Ave, Pour
Runs Charge Burnup Refined Yield
(xe) (a/0) Ingots (/o)
Type (kg)
Irradiated Fuel 310 2279 0.825 2090 91.7
Recycle Runs 191 2117 1974 93.2
Alloy Prepara-
tion Runs 73 79U 748 ok.2
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Summary

In the work reported on in this paper, two areas are of partic-
ular interest. The first is that the melt refining process is the
first demonstration of pyrochemical processing of reactor fuel
on a full-plant scale. The second i1s that equipment can be de-
signed to be operated by totally remote means on a productive
schedule, and can maintain this schedule for over four years of
continuous operation,

The data obtained from these operations essentially confirm
data that had previously been obtained on unirradiated or small-
scale runs. This is noteworthy and encouraging in that designers
of future pyrochemical processes may continue to have confidence
in data that were derived from laboratory or theoretical results,
The melt refining furnaces were installed in the shielded cells in
1963. They were tested with unirradiated uranium melts, and in
1964 the first melts with irradiated fuel were conducted. During
the h-l/2 years that the two melt-refining furnaces were in oper-
ation in the argon cell, a total of almost 600 runs of 10 to 12 kg
each were made in these furnaces. The majority of the runs were
made for purification of the reactor fuel. The remainder were
made for blending of new (unirradiated) alloy or for consolidation
of recycle material.

The moduler design of the furnaces permitted remote repair or
replacement of any components that had failed. The longevity of
the equipment and the ease with which repairs could be made re-
affirmed the desirability of proper design and preoperational
testing of all equipment that must be operated remotely. The over-
all operating availability of both furnaces for the past four years
exceeded 85% of operating time.
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REMOTE REFABRICATION OF EBR-II FUELS®

M. J. Feldman, N. R. Grant, J. P. Bacca, V. G. Eschen,
D, L. Mitchell, and R. V. Strain

Argonne National Leboratory,
Idaho Falls, Idaho
U.S. A.

The melt-refining process used for purifying the highly irradi-
ated EBR-IT metallic fuel does not remove all of the fission products,
hence refabrication of the product fuel must be done remotely. The
steps involved in refabrication of fuel elements and subassemblies
are: injection casting, pin processing (shearing and inspection),
loading into a sodium-filled Jjacket, welding the jacket closed and
leak testing, bonding the sodium in the jacket, and assembling the
completed elements into a subassembly. The subassemblies are rein-
serted into the reactor. Nearly 35,000 fuel pins and elements have
been fabricated by totally remote processing to tolerances of one
mil or less. Process variables and yields for each step of the
process have been investigated.

*Work performed under the auspices of the United States Atomic
Energy Commission,
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Introduction

The reprocessing of fuel from Experimental Breeder Reactor IT
(EBR-II) requires a system of sophisticated equipment operated re-
motely in two large cells of the Fuel Cycle Facility (FCF). The
fuel itself is an alloy of 52 %-enriched uranium and 5 w/o fissium.
The fissium consists of fission-product elements (molybdenium,
rhodium, ruthenium, palladium, zirconium, and niobium) that are not
removed by pyrometallurgical processing.zl) In the FCF the first
series of operations includes fuel handling, decanning, and melt
refining, as described in an accompanying paper. 1) The following
series of operations, the refabrication steps, are described in this
paper,

In the argon cell, the first step is that of melting the refined
ingot and injection casting the uranium alloy into Vycor molds.
Next, in the pin processing operation, the fuel pins are removed
from the molds, sheared to length, and inspected for length, weight,
diameter, and internal porosity. Acceptable pins are loaded into
stainless steel jackets containing a precisely measured quantity of
sodium. An end closure (restrainer) is inserted in the jacket and
the final closure weld completed. These fuel elements are trans-
ferred to the air cell where the closure weld is leak tested. The
final element operations are sodium bonding and sodium bond testing.
Acceptable elements are fabricated into subassemblies, which, after
final acceptance testing, are returned to the reactor.

Three other operations involved in fabrication are not accomplished
by remote means. The stainless steel jackets are fabricated from
purchased components, and each jacket is loaded with a carefully
measured quantity of sodium. Other stainless steel components are
purchased and fabricated into preassemblies, which when combined with
91 fuel elements, form a completed subassembly. A summary of operating
experience in the FCF is presented at the end of the report.

Injection Casting(2) ‘

Two of the requirements for the reactor fuel were that the dia-
meter (0.144 in.) had to be closely controlled, and the grain struc-
ture had to be randomly oriented. To combine these factors with
remote opergtion, an essentially new process had to be developed.
Using a casting process together with controlled cooling solved the
random grain structure. The diameter problem was resolved by forcing
the molten metal into tubes with a precision bore. After considerable
development work, the injection-casting furnace shown in Fig. 1 was
ready for use in FCF.(3,4) With minor modifications, the furnaces
have been used to produce fuel pins in the argon cell since 196k, A
production summary is given in Table I.

78



6L

STANDARDIZED LIFT LUGS —————_ {

FURNACE BeLL—————————— I\

MOLD CLUSTER-(00-120 MOLDS 4

PALLET snmn~—\

IMMERSION TC

]

CRUCIBLE PEDESTAL
Zr0Q, INSULATING BRICKS

NOUCTION HEATER ——M— 1|

] ld

GAS COOLING TUBE

¥_mn-m SEAL

INDUCTION SPINDLE

T

PAN L BUSHING PLATE L

J

CRUCIBLE ACTUATOR

FURNACE BASE ——— | |
QUENCH ARGON »u:r“j.

PNEUMATIC BRIDGE

1. Fuel Cycle Facility Injection Casting Furnace

——

L3
-

THOz COATED, GRAPHITE
CRUCIBLE (ELEVATED POSITION)

COUNTER BALANCED COVERS

RESISTANCE HEATERS

FREEZE SEAL

r—1— VACUUM-PRESSURE BRIDGE
| 4 INDUCTION BRIDGE

T —MINERAL INSULATED
POWER LEAD

INJECTION CASTING FURNACE
T e W N



The ingot from melt refining is placed in a thoria (ThOp )-coated
graphite crucible, which is positioned on a zirconia insulation
pedestal in the furnace. A pallet stand holds approximately 100
Vycor®* molds above the crucible. The cylindrical molds are sealed
at the top end, have a precision bore, and also are coated with thoria.
Around the crucible (which also serves as a susceptor) is the in-
duction heater. The induction coil is an uncooled, 3/8-in.-dia
solid molybdenum coil, which is powered by a 10,000-cycle, 30-kW
motor generator. Temperature control of the melt is obtained by
using a platinum-rhodium immersion thermocouple sheathed in a sealed
tantalum tube. The thermocouple passes through the center of the
pallet to the crucible. There is a backup thermocouple located under-
neath the graphite crucible. A gastight chamber is formed by a
furnace bell in combination with a Bi-8n eutectic-alloy freeze seal
(Cerro-tru).

After the furnace is charged and the seal frozen, a vacuum of 50-
100 n is obtained. The charge is heated to 1350° C, and the automatic
casting cycle is initiated. This raises the crucible into the elevated
position so that the molds are immersed approximately 1-1/2 in. into
the melt. Since the molds are relatively cold, a plug of metal forms
in the tube. The molds are therefore held in the melt for a short
time (8 sec) before the furnace is pressurized to 1.7 atmospheres
(abs.). The pressure drives the molten metal up into the evacuated
molds. After 2 sec, the metal begins to freeze in the molds, at
which time the crucible is lowered to its original position and a
flow of cooling is recirculated over the molds. The furnace is
cocled for approximately U4 hrs (to a crucible temperature of less
than 200° C), the seal is melted, and the furnace is unloaded. The
fuel pins in the Vycor molds are transferred to pin processing; the
heel remaining in the crucible is broken and recycled to melt refining
or rerun in the injection-casting furnace. One fuel pin has several
small pieces cut from its center, and these samples are sent to an
adjacent laboratory for chemical analysis.

Pin Processing

The Ein processing operation consists of several individual
steps.( »5) Each step is performed by an equipment module that can
be individually replaced. The equipment modules are supported on a
cascade base that contains the necessary pneumatic and electrical
connections., These service connections are automatically made when
the module is placed into position on the base frame. A complete
set of spare equipment modules is provided so that when repairs are
required on a module, the spare module can be installed and the pin
processing operation can continue.

*Vycor is the trade name for high-silica glasses from Corning
Glass Works.
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1. Demolding: Vycor glass molds are removed from the castings
by placing the castings, one at a time, onto a slot formed by two
parallel hard-faced bars spaced slightly closer than the mold dia-
meter. A single flat-edge blade powered by a pneumatic ram pushes
the mold between the parallel bars, bresking the glass from the fuel
pin. The broken glass is collected in a metal container located
underneath the demolder. The cast fuel pin falls downward to a pair
of rails and rolls to the front face of the demolder.

2. Shearing Station: The cast fuel pin is placed into the shear
from the top, and drops into shearing position between spring-loaded
pressure pads and the shear tools. One set of shear tools is sta-
tionary while the second set is mounted in a movable block which is
actuated by a pneumatic cylinder. Both ends of the pin are simul-
taneously sheared to produce a 13.5-in. length when the movable blades
slide past the stationary blades. The shear blades are fabricated of
hardened tool steel (Super High Speed Coballoy), and have four cutting
edges that can be rotated into position for shearing. Each cutting
edge will normally shear 1000 to 1500 castings before failing.

3. Length-Measuring and Weighing Station: After shearing, the.
fuel pin drops through the shear station and rolls down inclined
rails below the shear to the length-meesuring stetion. The length is
measured by forcing the pin longitudinally ageinst a dimension-
measuring transducer by means of a pneumatically operated ram. When
the ram is released, the pin rolls down inclined rails to the balance.
The deflection of the balance is measured through a transducer system.
A movable rail section on the top of the balance raises the pin off
the balance and allows the pin to roll down to the diameter- and
porosity-checking station.

4, Diameter and Porosity: From the previous staticn, the fuel
pin falls onto a longitudinal set of rails and is fed into an air
gauge by means of a push-rod mechanism operated by an electric motor.
The air gauge and an eddy-current coil are mounted inside a removable
brass block, and the pin is pushed through the air gauge and the
eddy-current coil simultaneously.

5. Data Recording System: Signals from the in-cell pin- proces-
sing equipment are fed to a data recording and processing system
located outside the cell in the operating annulus. The signals for
length and weight are converted into numerical values and displayed
on a digital voltmeter. Pin-diameter values are integrated over the
pin length and used by the data system to calculate the pin volume.
The signal from the eddy-current porosity coil is fed into a recorder
which plots the results on a strip chart. The data system operates
a key-punch machine which punches the casting-batch number, pin
number (determined by pin sequence during processing), length, weight,
and volume for each fuel pin on a data card. This data card then
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becomes the permanent fabrication record for the fuel pin, and is
used for accountability and criticality-control purposes in all sub-
sequent fabrication steps.

The operator reviews the data as exhibited on the data recording
system, and then makes a decision whether to accept or reject the
pin. Rejects are transferred to a separate tray, chopped into seg-
ments, 3 to 4 in. long, and recycled to melt refining. The identity
of accepted pins from this station forward throughout the balance of
the operations is maintained with the data card by positioning the
pins in specific locations of various receptacles.

Table T

Summary of Injection-Casting and Pin-Processing Production,
1964 through 1969

Total Number of Casting Runs 518
Total Weight of Alloy Charged 6074 kg
Number of Castings Processed Ll 080
Number of Acceptable Fuel Pins 36,620
Percentage of Acceptable Fuel Pins 83.1%

Reason for Rejection:

(a) Sheared Short 21.0%
(b)  Short Casting 27.29%
(c) Low Weight 13.5%
(d) Diameter or

External Defects 5.0%
(e) 1Internal Porosity 33.0%

Jacket Fabrication
Long before the pins that will be loaded into the Jjackets are
cast, the stainless steel components must be purchased and fabricated. .

Each Jjacket consists of four components: +tube, tip, spacer wire, and
restrainer. The first three are manufactured from Type 30LL stain-
less steel, and the last from Type 304 stainless steel.

The tubing is of welded construction with an inside diameter of
0,1560 * 0.0005 in. and a wall thickness of 0,0090 * 0,0005 in. An
extensive testing program is carrie% 3ut on the tubing, including
100% pulsed eddy-current inspection 6) for wall defects. The maxi-
mum acceptable defect level is lO% of the wall thickness. Acceptable
tubing is cut to length and a bottom tip is heliarc-welded to each
piece. The spacer wire, 0.049 * 0.0005 in. in dismeter, is heliarc-
welded to the tip and wrapped around the tube with a 6-in. pitch.

The top end of the wire is welded to the tube with a capacitor-
discharge welder. The jackets are inspected and the internal
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volume is determined as described in the next section. The re-
strainers, which are fabricated and inspected elsewhere, are cleaned
and taken into the argon cell at the same time as the sodium-filled
jackets.

Sodium Loading

Sodium is employed in the 0.006-in.-thick annulus between the
fuel pin and the element cladding to provide heat transfer from the
fuel pin.(7) A precise amount of sodium is placed in each element
s0 as to leave a maximum gas-plenum volume to accommedate irradiation
swelling of the fuel and yet keep the fuel pin completely covered
with sodium during reactor service. The sodium loading operation
consists of two parts -- jacket preparation and sodium-charge pre-
paration.

Jacket preparation consists of a visual inspection, leak testing,
and measurement of the internal volume. The visual inspection is
employed to detect damage which may have occurred during shipping,
as well as to provide a double check for defective welds which may
have been missed during the fabrication inspection. The jackets are
leak tested by pressurizing the interior of the jacket with helium
and analyzing air flow passing the exterior of the jacket with a
mass spectrometer. The test is capable of detecting leak rates of
10'8 std cc/sec at a pressure difference of L gtmospheres. The
internal volume of each jacket is measured by utilizing a motorized
alr gauge coupled to an electronic integrating circuit. Each jacket
is placed in one of ten classifications depending on its internal
diameter. Each class varies from the next by 0.0001 in. in the
range of 0,1555 to 0.1565 in.

Sodium-charge preparation consists of calculating the weight of
sodium required, extruding sodium into wire, cutting and weighing
lengths of the wire, and placing the charges in the Jjackets. The
weight of sodium required for each element (0.65 to 0.85 g) is
calculated by subtracting the average volume of the fuel pins of
a casting batch from the average volume of the jacket class to be
used. One of the factors that affects the sodium level is the
volume reduction which accompanies the transformation of the uranium
alloy from the gamma phase to the alpha phase during the bonding
operation. Complete transformation of the entire fuel pin causes
a volume decrease of about 0.035 cc (about l% of the original pin
volume). Experience has shown that only about 0.026 cc (0.025 g)
of sodium must be added to the calculated sodium charge to achieve
the desired sodium level in the element, because the entire pin is
not retained in the gamma phase during the injection-casting oper-
ation. The sodium charge is obtained by extruding sodium (obtained
from the reactor's secondary sodium system) through a die at room
temperature into l/8-in.-dia.wire. The wire is cut to precise
lengths by using a special cutter which permits variation of the
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length of the wire with a micrometer adjustment. The lengths of
sodium wire are weighed to check the accuracy of the cut and are
placed in the jackets. All the operations requiring sodium handling
are carried out in an argon-filled glovebox (impurity levels: Op -
20 to 60 ppm; Ho0 - 20 to 60 ppm; Np - 0.5% max).

Average values for pin volume and jacket volume are used for
calculating the sodium charge for each element, so the final sodium
levels of the individual elements vary slightly. ZILevels between
0.50 and 0.80 in. above the fuel pins are acceptable (Fig. 2). Less
than 3% of the elements fabricated have been rejected because of high
or low sodium levels.

Settling and Welding

The jackets containing the sodium charges are transferred to the
argon cell in sealed polyethylene bags. The fuel pins are placed in
the jackets and heated to allow the pins to displace the sodium and
settle to the bottom of the jacket; then the combination fuel re-
strainer and end plug can be inserted into the top of the jacket.
The restrainer's purpose is to prevent gross fuel movement during
irradiation by ratcheting mechanisms. The restrainer is sealed to
the top end of the element tubing by means of a capacitor discharge
weld (Fig. 3). This method was developed to provide a reliable,
remotely operated welding machine for very thin-wall tubing. The
weld is accomplished by placing the top of the end plug of the
element 0.040 in. from a tungsten electrode, preheating the top of
the element for 5 sec. with a high-frequency discharge, and discharg-
ing a 0.17-farad capacitor bank charged to 150 V across the ionized
path between the electrode and the end plug. The capacitor dis-
charge fuses the end plug to the top of the jacket, thus sealing
the element.

The primary reason for rejection of welds is improper alignment
of the electrode with respect to the top of the end plug, which
causes a misshaped weld with lack of fusion on one side of the
element. There are two other causes of unacceptable welds that
occur less frequently: (a) contamination of the lip of the jacket
with sodium causes blowouts, and (b) improperly shaped (blunted)
electrode tips cause misshaped welds. The overall acceptance rate
for the closure weld is almost 97% (see Table II).

Since the fuel pins and bonding sodium are now protected, the
elements are moved to the air cell for subsequent operations.

Leak Testing

The closure weld is tested for leaks by means of a pressure-decay
leak-detecting device. The device operates on the principle of
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determining a leak rate by thne loss of pressure from a very small
volume over a period of time. The system has many advantages over
more common methods of leak testing. Use of high pressures will
break through a sodium oxide film covering a small hole; it has been
demonstrated that other methods such as a mass spectrometer in a
vacuum system will not detect that type of leak. Also, as discussed
below, a system leak in the pressure-decay method will give a positive
identification. The top weld of the element to be checked is sealed
with a seal gland into a chamber of approximately 0.06 cc in volume.

A metering chamber also 0.06 cc in volume is pressurized to 82 atmos-
pheres from a helium gas cylinder. The metering chamber is then opened
to the test chamber with the top end of the element sealed in it,
producing a resultant pressure of about 41 atmospheres in the two
chambers. If there is a leak in the weld, the gas is forced into the
gas plenum region of the fuel element and the pressure is reduced

to about 20 atmospheres., If a leak around the sealing gland exists,
the pressure in the chamber approaches zero. Each weld is pressurized
for 7 min, during the test. This duration in combination with the
readout equipment presently in service results in a sensitivity of
about 10-4 cc/sec. The lower sensitivity of this leak test compared
to the one carried out on the tip-to-tube weld is acceptable, since
the consequences of a leak in the gas plenum are much less serious
than those of a leak near the bottom of the element during reactor
operation.

Experience has shown that the capacitor-discharge welding technique
produces very few slow leaks at the closure weld. Either the weld is
good or the defect is large enough to allow high leak rates and rapid
depressurization of the leak-detector head.

Sodium Bonding

Following the completion of leak testing of the fuel-element
closure weld, a sodiuT bonging operation is the next fabrication
step for the element. 9,10) This operation is required in order to
establish a high-quality heat transfer path in the 0.006-in.-thick
sodium-filled annulus between the fuel pin and the jacket. The
establishment of such a path will allow for the effective removal of
heat from the fissioning fuel-pin material to its jacket and sub-
sequent removal by the EBR-II primary-sodium coolant.

The impact-bonding technique employed consists of heating groups
of 50 elements in a special magazine within an electrical resistance
furnace to a temperature of 500° C (Fig. 4). When this temperature
is attained, a vertically oriented mechanical impact is delivered
similtaneously to the 50 fuel elements by means of a single-acting,
spring-return pneumatic cylinder coupled to a hardened steel striking
platen in the bonding machine. Bonding impacts are transmitted from
the pneumatic cylinder's striking platen to the elements through
hardened tool-steel transition pieces at a rate of approximately
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100 impacts per minute. These impacts, usually 1000 in number in
any bonding sequence, cause the fuel elements to move vertically up-
ward in free flight for a distance of approximately 1 to 1 l/h in,
and return to their starting positions before the subsequent impact
is initiated. Forces resulting from the impacts cause the gas
entrapments in the sodium thermal-bond annulus of the fuel element

to move upward out of the bond region and into the gas plenum at

the top end of the element, thus leaving the bond itself free of
gaseous defects. Defect removal is aided by high transient pressures
that apparently result in the sodium near the element lower end
during the impacting process and by small, but significant, move-
ment of the fuel pin with respect to its jacket. This latter feature
aids the upward travel of gas bubbles by a mechanical "wiping" action,

Following completion of the impacting procedure, a carefully
controlied furnace cool-down is carried out for the elements in the
bonding machine. This cooling procedure ensures that the bond
sodium will reach the solid state (approximately 100° C) progressively
from the bottom ends of the elements toward their top ends. The
controlled cooling eliminates shrinkage voids, tears, etc., which
will develop in the sodium if top-to-bottom or otherwise uncontrolled
rapid cooling is allowed to take place.

Experience has indicated that when recycling the bond rejects and
using up to three bonding sequences (three operations, each of which
utilizes 1000 impacts delivered while maintaining a temperature of
5000 C), a 91% acceptance rate has resulted (see Table II). The
operation does cause some deformation of the tip, but this does not
appear to be significant. Impacting the elements for more than three
sequences may cause excessive damage. A bonding sequence for 50
driver elements requires approximately U4 hrs.

Sodium Bond Testing

Following the completion of impact bonding, the same 50-element
magazine used in the bonding operation is positioned in the sodium
bond-testing machine (Fig. 5). This machine utilizes an encircling-
type coil coupled with a pulsed eddy-current system to indicate the
quality of the fuel-element sodium bond, the sodium level within the
element, the fuel-pin overall length, and other less important inter-
pretable features.(11)

The mechanical portion of the machine incorporates a pneumatically
operated turntable which allows individual positioning of the 50
elements contained in the magazine at the proper test location. A
pneumatic cylinder raises each element from the magazine, upward
through the eddy-current coil to a position where it is grasped by
an element drive mechanism. This drive mechanism raises the element
upward through the eddy-current coil for the element's entire length,
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then reverses its movement to downward, and returns the element to
the magazine.

A strip-chart recorder is synchronized to the element drive system
so that a one-to-one ratio results in the test recording. This re-
cording provides duplicate indications of the element's sodium bon-
and sodium level; the first resulting from the upward travel of the
element through the encircling eddy-current coil, and the second
from its downward travel through the coil. TFigure 6 presents a
typical eddy-current recording for an EBR-II driver element.

The pulsed eddy-current system of the machine with its integral
encircling coil is able to detect discontinuities (gas voids, tears,
etc.) as small as 0.015 in. in diameter in the sodium-bond annuli of
EBR-II driver elements. In addition, the system is capable of in-
dicating the level of the sodium column in the fuel element to an
accuracy of + 0,020 in. Sodium entrapment in the gas plenum regions,
and gas pockets in the sodium column above the fuel pins, are also
readily discernable.

Approximately 2 hrs. are required to bond test and level test a
magazine of 50 elements. Although the machine has an integral
electrical resistance furnace incorporated in its design for elevated-
temperature sodium-bond testing, all production bond testing of EBR-II
driver elements has been carried out at hot-cell temperatures, approxi-
mately 90 to 95° F, at which the sodium is in the solid state.

Table IT

Summary of Element-ILoading and Bonding Production

Number of Fuel Pins Loaded into Jackets 39,750%
Number of Elements Accepted by Leak Testing 38,415
Percentage of Accepted Welded Elements 96.6%
Number of Elements Bonded 38,337
Number of Elements Accepted by Bond Test 34,976
Percentage of Accepted Bonded Elements 91.2%

Reason for Rejection (Bond Test)

(a) Voids in sodium annulus 43.8%
(b) Sodium traps in gas space 4.1%
(c) Bubbles between fuel pin and restrainer 3.2%
(a) Sodium level 33.3%
(e) Damaged elements and other rejects 15.6%

*Includes supplemental fuel pins added to the system to increase
production rates temporarily.
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Preassembly and Subassembly Fabrication

A subassembly, as furnished to EBR-II, is made of several parts
(Fig. 7). Externally, it consists of a top-end fixture, a hexagonal
tube, and a lower adapter. The top-end fixture has a stem that is
used for all handling, both in FCF and in the reactor; the lower
adapter supports the subassembly in the reactor and contains the
orifice holes that maintain the desired coolant flow.

The internal portion of the subassembly has been changed three
times during the history of the reactor. Originally, the regions
above and below the fuel elements were depleted uranium blanket
sections. Each section contained 18 sodium-bonded depleted uranium
elements, two grids, and a tie bar. After approximately two years,
the breeding ratios for the reactor had been determined, and the
expensive blanket elements were replaced by solid stainless steel
rods. However, even this design contained relatively expensive grids
and required considerable assembly time, and was replaced by stain-
less steel shields., These shields are still in use at the present
time; each consists of two trifluted sections, offset 60° with a
connecting pin. They provide approximately the same pressure drop
as the blanket sections, and the offset reduces neutron streaming
to the reactor components above and below the subassemblies.

A11 of the components are manufactured from Type 304 stainless
steel, Acceptable components are fabricated into upper and lower pre-
assemblies. The upper preassembly consists of the top-end fixture,
the hex tube, and one shield. The lower preassembly consists of the
lower adapter, one shield, and the "T" bar grid. The latter is an
assembly of 11 T-shaped bars onto which the fuel elements are placed;
the bars are welded to a short hexagonal tube.

The refabricated fuel elements must be assembled into a sub-
assembly before they can be reinserted into the reactor core. This
operation is performed on the assembly machine located in the FCF
air cell,

The assembly operation consists of placing a new upper and lower
preassembly in the assembly machine and performing the following
operations. The 91 refabricated elements are fitted on the lower
preassembly grid by using the master-slave manipwlators. Each fuel
element has an identity and must be placed in its proper position
on the grid so that when the element is examined after irradiation,
the pre- and postexamination data can be compared. The upper pre-
assembly is then lowered over the 91 fuel elements and seated on the
lower preassembly. Six tungsten inert-gas spot welders are then
positioned at the lower end of the upper preassembly and six spot
welds are made, joining the upper and lower preassemblies.
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After the assembly is completed, it must be tensile tested to
ensure sound welds. The tensile tester locks the upper and lower
adapters of the subassembly into fixtures and applies a tensile force
of 1800 1bs. The subassembly is then moved to the straightness
tester. The subassembly is again held in position by the upper and
lower adapters and the straightness of the six flat surfaces and
the lower adapter are checked with prepositioned dial indicators.

The maximum permissible bow is 0.040 in. If the subassembly passes
these inspections, it is returned to the reactor via a 20-ton lead-
shielded cask.,

Summary

The remote fabrication process described in this paper represents
& noteworthy accomplishment from two distinet viewpoints. The first
is the production accomplishments of the process and the second is
the ramifications of conducting a remote multistaged production
operation.

In the period September 1964 to April 1969, the facility produced
353 subassemblies. This represents more than 5 reactor-core loadings
of reprocessed and refabricated fuel. In accomplishing this, the
facility received 445 subassemblies of spent fuel, refined 598L4 kg
of fuel, and cast 6074 kg of fuel. It produced 44,080 castings, of
which 83.1% were of adequate quality to process. The Jjacketing,
welding, and leak-detection operations processed 39,750 units, of
which 96.6% were acceptable. The bonding and bond-testing operations
processed 38,337 elements, of which 34,976 or 91.2% were accepted as
reactor grade.

It is noteworthy that of the over L0,000 elements that have seen
reactor service, only one failed element has been detected. That one
element appeared to have been defected in the final assembly operation
(into a subassembly) and caused no serious difficulty during reactor
operation.

The second salient accomplishment of the Fuel Cycle Facility has
been the proof in operation of the basic assumptions of the initial
design. These, in broad perspective, were the capability to con-
tinuously operate a remote facility and to provide remotely operated
process equipment that could support a production type of effort.

The facilities used in these operations (air cell and argon cell)
were last entered by persomnnel in March 1964, Continuous multistage
facility operation without personnel entry for over five years is
unprecedented in remote systems technology.

A relatively high availability rate for manipulators and process
equipment is essential to the successful operation of any continuous
remote production activity., For the 35 units which make up the mani-
pulative capacity of the facility, the availability has ranged
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between 61 and 99%, with the average availability being 89%%. The
21 units of process equipment have had operational availabilities
of between 80% and 99% with an average availability of 92.5%.

The experience garnered in the past five years in pyrometallurgical
processing and remote fabrication has provided a strong experience
base for continued development of spent fuel processing that encompasses
integration of reactor and plant, fast turnaround (low inventory),
radioactive waste concentration, and remote fabrication.

References
1. Hampson, D.C., Fryer, R. M., and Rizzie, J. W., "Melt Refining

of EBR-II Fuel," to be presented at 1969 Metallurgy Symposium,
Iowa State University, Ames, Iowa, August 25-27, 1969,

2. Shuck, A.B,, U.S. Patent No. 2952056 (September 13, 1960).

3. Jelinek, H.F., and Iverson, G.M., "Equipment for Remote Injection
Casting of EBR-II Fuel," Nuclear Science and Engineering, Vol. 12,
March, 1962, pp. L05-411.

4, Jelinekx, H.F., Carson, N.J., Jr., and Shuck, A.B., '"Fabrication
of EBR-II, Core I Fuel Pins," ANL-6274, June, 1962.

5. Carson, N.J.,Jr., and Brak, S.B., "Eguipment for the Remote
Demolding, Sizing, and Inspection of EBR-II Cast Fuel Pins,"
Nuclear Science and Engineering, Vol. 12, March, 1962, pp. 412-418,

6. Renken, C.J., "A Pulsed Electromagnetic Test System Applied to the
Inspection of Thin-Walled Tubing," ANL-6728, March, 196k,

7. Carson, N.J., Grant, N.R., Hessler, N.F., Jelinek, H.F.,
Olp, R.H., and Shuck, A.B., "Fabrication of EBR-II Core I Fuel
Elements," ANL-6276, December, 1962.

8. Grunwald, A.P., "Leak Testing of EBR-IT Fuel Rods,"” Nuclear
Science and Engineering, Vol. 12, March, 1962, pp. L19-423,

9. Sowa, E.S., and Kimont, E.L., "Development of a Process for
Sodium Bonding of EBR-II Fuel and Blanket Elements," ANL-638L,
July, 1961.

10. Cameron, T.C., and Hessler, N.F., "Assembling, Sodium Bonding,
and Bond Testing of EBR-II Fuel Rods,” Nuclear Science and
Engineering, Vol. 12, March, 1962, pp. L2l-431.

11. Ono, K., and McGonnagle, W.J., "Pulsed Eddy-Current Instrument

for Measuring Sodium Levels of EBR-II Fuel Rods," ANI-6278,
July, 1961.

96



PREPARATION AND PROCESSING OF MSRE FUEL¥*

J. M. Chandler and R. B. Lindauer

Chemical Technology Division

Oak Ridge National Laboratory
U.S. A.

Abstract

The Molten Salt Reactor Expe imen% gMSRE) has been refueled with
an enriching salt concentrate, LiF- UFY, (73-27 mole %), vhich was
prepared in a shielded cell in the Thorium-Uranium Recgcle Facillty
at ORNL. The preparagggn process involved reducing UO (
conten 222 p % by treatment with hydrogen, cogggrtlng
the U02 to UF), by hyiroflucrination, and fusing the UF), with

The original MSRE fuel salt, which contained 220 kilograms of
235y-238y, was fluorinated to wolatilize the wramium as UFg. The
UFg was then absorbed on packed beds of NaF pellets. Essentially
all of the uranium was recovered in six runs; less than 5 grems was
lost to the caustic scrubber solution. To minimize corrosion, fluo-
rination was discontinued before the uranium volatilization was
complete (i.e., 130 grams of uranium was allowed to remain in the
molten salt). The uranlgm was decontaminated from fission products
by a factor of almost 10 Fluorine utilization varied from greater
than 70% initially to 13% (average) for the final run, and averaged
39% for all six runs. Corrosion products were removed from the
barren carrier salt by reduction and filtration. Corrosion rates
for surfaces exposed to fluorine during fluorination averaged 0.1
mil/hour for 47 hours.

¥Research sponsored by the U. S. Atomic Energy Commission under
contract with the Union Carbide Corporation.
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Introduction

The ORNL Molten Salt Reactor Experiment (MSRE) is an 8-megawatt
circulating liquid fuel reactor operating at 1200°F. The original
fuel contalned g% mole % LiF, 30 mole % BeF,, 5 mole % ZrF), and
0.9 mole % The reactor first went critical on June 1,
1965, and began full-power operation in May 1966; prior to shutdown
on March 26, 1968, the reactor had operated for slightly more than
one equivalent full-power year (or 72,400 megawatt hours).

This paper describes the work done in 1968 at ORNL in preparation
for the refuellng of the MSRE with an enriching salt concentrate,
TLiF-233UF), (73-27 mole %). This concentrate was prepared in the
Thorium-Uranium Recycle Facility because the 233y used contained 222
ppm of 232y, The gamma emitting daughters of this 232U produced a
radiation level of 300 Rem/hour for a L50-gram can of the starting ox- ‘
ide and necessitated the use of heavy shielding and remote processing.

At the reactor plant, the uranium in the original MSRE fuel salt
was removed as UFg by fluorination. The barren fuel carrier salt
was purified by reduction and filtration.

Preparation of 7LiF-233UF4 Concentrate

Three batches of 233UO (1) each containing 12 kilograms of 233U
were required as sterting materlal for greparlng 63.4 kilograms of
the fuel-enriching concentrate, This concentrate was
to contain 39 kilograms of uranium (35.6 kilograms of 2 U). The
first run began May 9, 1968, and the third run was completed July 30,
1968. The product was packaged in 45 enrichment capsules, four 7-
kilogram shipping containers, and a six-can cluster comprised of
shipping containers of miscellaneous sizes. The ten salt shipping
containers and the 45 enrichment capsules were delivered to the MSRE
as required in the reactor enrichment schedule.

Process Equipment

The flowsheet shown in Figure 1 is a simplified presentation of
the major equipment components required in the process. These com-
ponents are: (1) the fuel decanning station, (2) the reaction or
oxide treatment vessel, (3) the salt storage and transfer vessel,
(4) various containers for shipping the product, (5) the off-gas
scrubbers.

In addition, the process requires many other smaller items of
equipment, such as: the oxide can preparation equipment, the in-cell
titration assembly, furnaces for the vessels, the enrichment capsule
drilling and weighing station, disconnect stations for electrical and
instrument lines and process gas lines, work tables, and tool racks.
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A1l services and reagent sources are located in the penthouse
outside the cell.

The reduction and conversion processes were monitored by a thermo-
couple array that was inserted into the powder in the reaction ves-
sel and by measurements of hydrogen and HF utilization during the
reduction step and the conversion step, respectively. Unfiltered
and filtered samples of the melt were withdrawn for oxide, petrograph-
ic, and metal impurity analyses.

Feed Materials

The 233U0; had been prepared in batches by using 7 M NH)O0H (in
excess) to precipitate hydrous uranium oxide from solutions that
contained 10 to 40 grams of uranium per liter and were 1 M in HNO
and NH) NOs. The urenium in the feed solution had been purified aiid
isolated %n 1964 and 1965 by & solvent extraction method, followed
by lon exchange. These treatments decreased the concentrations of
plutonium, thorium, fission products, and corrosion products (iron,
nickel, and chromium) to acceptably low levels.

The hydrous oxide had been dried and packaged in nested aluminum
cans. No spread of contamination or excessive radiation exposure to
personnel occurred during the removal of the cans from the storage
facility, during their transfer to TURF, or during their discharge
from the carrier to cell G.

Figure 2 shows the chemical flowsheet used for the fuel prepara-
tion work.

Reduction of 233y0g

Three separate operations were required to elongate the cans of
233UO3 to the 9-1/2-inch length required for proper operastion of the
can opening box. These operations involved trueing the cans and ce-
menting a 1-1/2-inch cap on the end of each. The elongated cans of
oxide were opened, one at a time, in the decanning station, and
dumped into the reaction vessel.

The bed of 233U0., that had been dumped into the reaction vessel
was expanded and th&n heated for 2 hours at 550°C in a helium at-
mosphere to remove, by pyrolysis, any traces of ammonium compounds
or other volatiles remaining from the chemical processing.

The oxide bed was then cooled to 400°C before reduction with
hydrogen was started. This temperature was sufficiently low to
sccommodate the temperature rise that would be expected from the
exothermic reaction of hydrogen with UO3:
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CHARGE UOaz

HEAT TREAT UOst

HYDROGEN REDUCTION:
UOS — U02

HYDROFLUORINATION:
UO2 —- UF4

EUTECTIC FORMATION:

UF, + LiF —UF,- LiF

EUTECTIC PURIFICATION:
MO + HF — MF + HpO
MF + Hp — MO + HF

PRODUCT PURITY:

2.

uo

3

OVERALL REACTION
+ H2 + 4HF — UF, + 3H,O 1
UF4 + LiF - UF4- LiF

27% — 73% EUTECTIC COMPOSITION

~13.2 kg U AS UO,

3 TO 5 hr DIGESTION AT 550°C; COOL TO 400°C.

START 5% Hp AT 400°C AND INCREASE TO 50% Hp;
TEMPERATURE RISES TO 490°C; TREAT AT 500-550°C
AT 100% USAGE OF Hp; COOL TO 400°C,

START 5% HF IN Hgp AT 400°C; INCREASE TO 40%
HF IN Hy; TEMPERATURE INCREASES TO 450°C;
WHEN HF USE DECREASES BELOW 80%, INCREASE
THE TEMPERATURE TO 630°C STEPWISE UNTIL HF
USE BECOMES 0; COOL TO 150°C,

ADD EXACT QUANTITY OF 7LiF; MELT UNDER 30% Hyi
DIGEST AT 850°C FOR 3 TO 5 hr; COOL TO 700°C,

PURGE MELT 24 TO 30 hr AT 700°C WITH 20% HF
IN Hg; TREAT WITH Hg FOR 75 TO 150 hr.

UNFILTERED SAMPLE ANALYZED FOR OXIDE CONTENT,
FILTERED SAMPLE ANALYZED FOR METALLIC IMPURITIES,

Chemical Flowsheet for the Low-Temperature Process for Preparing

the MSRE Fuel Concentrate.
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U0g + H, — U0, + HO + 72,000 cal/g-mole

The concentration of hydrogen (in helium) was adjusted initially to

5 vol % and was gradually increased to 50 vol % during the first U
hours of treatment. The temperatures rose in response to an increase
in hydrogen concentration and then became constant.

Both the location of the reaction zone and the zone movement inside
the 24-inch-high bed of 233U02 were clearly defined by the tempera-
ture profile. As the reaction progressed, the reaction zone rose,
in the form of a band, up through\the powder bed.

After the temperature excursions resulting from the increases in
hydrogen flow had subsided (approximately 12 hours), the temperature
of the furnace was increased, at the rate of 30°C/hour, until the
bed temperature was 525 £ 25°C. The reduction operation was contin-
ued at this temperature, with 50 vol % hydrogen--50 vol % helium, at
& gas flow rate of 2 liters/minute, until 50 to 100% excess over the
stoichiometric amount of hydrogen had been passed through the bed.
Overall reduction time was about 56 hours.

Hydrogen utilization within the bed was 100% until the reaction
zone approached the top of the powder bed; then a slight decrease
was observed. Hydrogen usage was determined by a materiasl balance
of the gas outflow, as measured by the in-cell wet test meter.

Hydrofluorination of 233uo,

Upon completion of the oxide reduczggn step, the bed was allowed
to cool to 400°C. The comversion of 233U0, to 233UF), by hydrofluo-
rination, using HF gas diluted with hydrogen, began at 400°C and was
completed at 625°C. A period of 5 to 7 days was required for the
conversion.

The HF gas that was supplied to the process was withdrawn from
the vapor space of a heated 100-pound HF cylinder. A differential-
pressure transmitter across a capillery restrictor in the HF gas
supply line was used to monitor the flow. The gas was passed through
a maze of tightly packed nickel wire in a 2-inch-diameter nickel tube
that was maintained at 625°C to remove sulfur from the stream. It
was then mixed with a metered amount of dry hydrogen, filtered, and
introduced to the reacgion vessel through a dip tube that extended
to the bottom of the 233U0, bed.

At the beginning of the hydrofluorination step, the composition
of the gas used for hydrofluorination was 95 vol % hydrogen--5 vol %
HF; the flow rate of the mixture was 2 standard liters/minute. Qver
a period of 3 to 4 hours, the HF concentration was incrementally in-
creased to 4O vol % as the exothermic reaction caused the bed tempera-
ture to rise from 400 to 450°C. During these initial hours, the
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temperature within the bed was constantly monitored to determine
when the temperature excursion resulting from each HF flow adjustment
had ceased and when another adjustment could be made.

After the HF concentration of the hydrofluorinating mixture had
reached 40 vol %, the reaction zone traveled, in the form of a band,
up through the bed (in a menner similar to that obssgved during the
hydrogen reduction) as the 233U'02 was converted to 3UFu. The
reaction

U0, + 4HF —UF), + 2H0 + 144,000 cal/g-mole

is more exothermic than the reduction reaction, but it does not have
as great a tendency to cause thermal excursions. Probably, this is
the result of differences between UO3, UOE, and UFu with respect to
bed permeability and thermal properties. The reaction-zone tempera-
tures for the three production runs were plotted as a function of
time, as a control measure.

The progress of the hydrofluorination reaction was also followed
by obtaining a material balance of the HF in the system. The HF
utilization was essentially 100% for the first five days and then
decreased sharply as the reaction zone reached the top of the bed.
Then the temperature of the bed was increased to 625°C, where it was
held for two days to ensure completeness of the reaction. The HF
utilization did not increase at the higher temperature; instead, it
continued to decrease, suggesting that the reaction had been complete
at the end of the fifth day of hydrofluorination.

A total of 13.5 kilograms of uranium, as 233UO , was converted to
233yF,, in each of three rums; only very minor dif%erences in the runs
were noted.

Formation of the Eutectic Salt

The eutectic mixture 233UF4-7IiF (27-73 mole %) was formed by
adding the stoichiometric quantity of lithium fluoride powder to the
uranium tetrafluoride powder and fusing the mixture.

The temperature of the reaction vessel containing the stratified
233UF)+ and 7LiF powders was increased to 855°C in order to melt the
lithium fluoride (melting point, 835°C). The melt was digested at
this temperature for 3 hours while it was sparged with hydrogen (at
a flow rate of 0.2 liter/minute) to reduce any extraneous compounds
that might have been introduced during the LiF addition.

Differences, with regard to conditions durin% initial meltdown,
were noted in the runs. In runs 1 and 3, the e 3UFu and 233LiF had
to be heated to about 850°C before melting occurred. In run 2, ini-
tial melting occurred at 650°C, nearly 200°C below the melting point
of the lithium fluoride. The low-temperature initisl melting must
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have resulted from the presence of a sizable heel of salt (melting

point, 490°C) that remained in the reaction vessel from Tug %. Prob-

$bly, this heel acted as a "seed" to permit fusing of the 3 UF), and
IiF powders at the lower temperature.

The 9~inch-deep pool of eutectic salt (melting point, 490°C) was
treated with 20 vol % HF--80 vol % hydrogen (flow rate, 2.4 liters/
minute) for 24 hours at a temperature of T00°C to remove the last
traces of oxide from the salt prior to the hydrogen purification pro-
cedure. At the conclusion of this treatment, an unfiltered sampie
of the salt was withdrawn and analyzed for oxide content. (A 1/2-
inch-0D x 2-1/4~inch-long nickel cup was immersed in the salt to
withdraw a 25-gram sample.) A l-inch-long section cut from the cen-
ter of the sample was analyzed petrographically and chemically for
the presence of UO.,. The remaining portion of the sample was sub-
mitted for a compléte chemical analysis.

The more rapidly obtained petrographic results were used to
determine whether hydrofluorination should be resumed or whether
hydrogen purification of the melt should be continued. In each of
the three runs, the U0, content was reported to be less than the
lower limit of accuracy (220 ppm) for the petrographic appraisal;
thus, subsequent HF treatment was unnecessary. Chemical analyses
of the same samples showed oxide contents (in the product salts) of
62, 34, and 32 ppm for runs 1, 2, and 3, respectively.

Purification of the Eutectic Salt

The eutectic salt was purified by bubbling pure hydrogen gas (3
to 10 ppm HQO), at a flow rate of 2 standard liters/minute, through
the 10-inch-deep eutectic salt melt. The temperature of the molten
salt during this reaction,

MF + 1/2 H, — HF + M°,

was 700°C. The progress of the reaction was followed by titrating
the effluent gas with the in-cell titration assembly. The end point
of the purification was evident from the leveling off of the HF evo-
lution rate st 0.025 milliequivalent per liter of hydrogen. The
hydrogen flow rate was increased on several occasions during the proc-
ess, and the reaction rate seemed to be almost independent of the
hydrogen concentration.

The chromium concentration in the melt was not affected by the
hydrogen treatment. The levels to which the iron (100 ppm) and
nickel (75 ppm) concentrations were decreased are believed to be near
the limit of accuracy of the sampling system and the laboratory
analyses.

During each of the three runs, the reaction vessel was exposed
for 20 days to 40 vol % HF--60 vol % hydrogen at temperatures ranging
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from 40O to 850°C. Approximately 5 grams of nickel (from the nickel
liner of the reaction vessel) was lost to each melt. This corresponds
to a uniform corrosion rate of slightly less than 0.001 inch/year -

a low rate for this type of process.

Transfer of the Fuel Concentrate

Eight operations were necessary to transfer the three 13.5-
kilogram batches of eutectic salt mixture from the reaction vessel
to the intermediate transfer vessel and then to the various shipping
container assemblies. The transfers ranged in size from the 13.5
kilograms of uranium (4.7 liters of salt) in the production batches
to the 4.3 kilograms of uranium (1.5 liters of salt) that was re-
quired to fill the array of 45 enrichment capsules. The transfer
operations were conducted at a salt temperature of 600°C. (This
temperature had been arbitrarily selected, and the containers had
been fabricated to contain the desired quantity of fuel at this
temperature. )

Shipping Containers

The shipping containers were arranged in three arrays for the
filling operations. later, upon completion of the filling operation
and freezing of the salt, each array was disassembled into individual
containers (at TURF) for shipment to the MSRE.

The first array (Figure 3) consisted of 45 enrichment capsules,
each of which was 3/t inch in diameter and 6 inches long and designed
to contain 96 grams of uranium. The capsules were connected in series
and arranged in three 15-capsule decks.

The second array (Figure 4) consisted of four 2-1/2-inch-diameter
by 34-inch-long cans connected in series for filling operations.
Each was designed to contain 7 kilograms of uranium and had an in-
strumented overflow pot. They were shipped, one at a time, to the
MSRE, and charged to the drain tank. In this tank, the salt melts
and runs out of the container.

The third array (Figure 5) contained a group of six 2-1/2-inch-
diameter variable-length cans that were similar in design and arrange-
ment to those in the second array. One of these cans was used to
store excess product material that was blown back from the other five
cans after they had been filled to overflow. The latter cans were
designed to contain 0.5 to 3 kilograms of uranium (two cans, 0.5
kilogram each; one can, 1 kilogram; one can, 2 kilograms; and one
can, 3 kilograms).
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3. Filling Array Consisting of 45 Capsules.
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L. Second Pilling Array: Four Cans > Bach Containing 7 Kilograms
of Uranium.
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The MSRE Fuel Processing Operations

The MSRE Fuel Processing Facility(z) was constructed in a small
cell in the reactor building for two purposes: (a) to remove any
accumulated oxides in the fuel or flush salt by H,-HF sparging, and
(b) to recover the original uranium charge from the fuel carrier
salt in order to allow the 233U fuel concentrate to be added for the
second phase of reactor operation. This facility had been operated
previously, in 1965, to remove 115 ppm of oxide from the flush salt
before the reactor went critical.

A LiF-BeF, (66~34 mole %) salt that haed been used to flush the
reactor seven times was used for a final test of the uranium recovery
process. The uranium that had accumulated (6.5 kilograms) in this
salt was recovered without incident in less than 7 hours.

The recovery process consisted of fluorine sparging the salt to
volatilize the uranium, followed by decontamination of the gas stream
with a T50°F NaF bed and absorption of the UF6 on 200°F NaF. The
excess fluorine was removed by an aqueous scrubber. The corrosion
product fluorides were reduced to the metals, which were filtered
from the salt.

Using this process, approximately 216 kilograms of uranium was
recovered from the fuel salt batech in 46.5 hours. Corrosion of the
fuel processing tank during fluorination of the fuel salt averaged
about 0.1 mil/hour. Fluorine utilization averaged 7.7% during fluo-
rination of the flush salt and 39% during fluorination of the fuel
salt.

Reduction and filtration produced a carrier salt with less impu-
rities than the original salt. The recovered uranjum was decontami-
nated from fgssion products by factors of 8.6 x 10° (gross gamma)
and 1.2 x 107 (gross beta). Identifiable uranium losses were less
than 0.1%.

Description of the Process

Fluorination. — The flowsheet used in processing the flush salt
and the fuel salt is shown in Figure 6. The molten salt was forced,
under pressure, through a freeze valve in the drain tank cell, through
a metallic filter (backflow), and another freeze valve in the proc-
essing cell to the fuel storage tank. The transfer was made at 1000
to 1100°F, a temperature that is well sbove the freezing point of the
salt but not hot enough to reduce the strength of the metallic filter
element below a safe 1limit.

After being cooled to 475°F, to minimize corrosion and fission

product volatilizaetion during fluorination, the salt was sparged with
pure fluorine or a fluorine-helium mixture at a relatively high flow
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rate (approximately 40 liters/minute) to convert the UF), to UF;-
When all the UF), had been converted to UF5, UF6 began to form gnd
volatilize, as indicated by a temperature rise in the first absorber.
When this occurred, the fluorine flow rate was reduced to 15 to 25
liters/minute to increase the absorber residence time and, in turn,
to permit more efficient absorption and to increase the fluorine
utilization.

The gas leaving the fuel storage tank was composed of UFg, excess
fluorine, helium, MoFg and scme CrFg from corrosion, IF7, and other
fission product fluorides. It passéd through a 750°F NaF trap, where
the chromium fluoride and most of the volatilized fission products,
except iodine and tellurium, were retained. After being routed
through the NaF trap, the gas stream, which now consisted of UFg,
fluorine, helium, MoFg, IF;, TeFg, and a trace of other fission
product fluorides, exited %rom the shielded cell and passed through
five NaF absorbers in-a sealed cubicle in the operating area. These
absorbers were heated to 200 to 250°F to increase the reaction rate
and to minimize MoFg absorption. As the UFg began to load on a
particular absorber and the temperature started to rise, cooling air
was supplied to the absorber to limit its temperature to a maximum
of 350°F. High temperatures tended to decrease the uranium loading
by promoting surface absorption and reducing the penetration of the
UFg to the inside of the pellets. The final absorber was operated
below 250°F, where the partial pressure of UFg over the UFg " 2NaF
complex would allow only a negligible amount of uranium to reach the
caustic scrubber. The caustic scrubber was charged with 1300 liters
of 2 M KOH~-0.33 M KI, along with 0.2 M K5B) 07, which was added as
a soluble neutron poison. The reaction occurring in the scrubber
was:

6F, + 12KOH + KI — 12KF + 6H,0 + 3/2 O, + KIOg

The scrubber solution was replaced with fresh solution before one-
half of the KOH had been consumed, as determined by fluorine flow
and calculated utilization. (Dip tube corrosion increased when the
OH™ concentration was less than 1 M.) Laboratory development of the
fluorine disposal system is described in reference (3). In addition
to fluorine, most of the molybdenum and iodine were removed in the
scrubber.

A high-surface-ares filter located downstream of the scrubber
removed any particulate matter that was retained by the scrubber.
During test runs, hydrated oxides of molybdenum collected at sharp
bends in the line from the scrubber. A soda lime trap (= mixture of
sodium and calcium hydrates) provided e detector for fluorine and a
means for removing traces of fluorine from the scrubber off-gas be-
fore it reached the charcoal absorbers.

Activated impregnated charcoal traps sorbed any iodine not re-

moved in the caustic scrubber. The gas exiting from the charcoal
traps contained only helium and oxygen (that was produced in the
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caustic scrubber). This gas flowed through an absolute filter and
was monitored for gamma activity and for iodine before being mixed

with the remainder of the building exhaust gas, which passed through
additional filters and was finally discharged from a 100-foot-tall
stack.

When there was no longer any evidence of absorber heating, the
flow of fluorine was discontinued, and the salt was sampled and
analyzed. The uranium concentration in the salt was expected to be
less than 50 ppm at this time.

Reduction. — Before the fuel carrier salt could be returned to
the reactor system, the NiF,, FeF,, and CrF (produced by corrosion
of the Hastelloy-N fuel storage tank) had %o be removed from it (MoF6
is volatile). Because of the high concentration of nickel in
Hastelloy-N, the NiF, concentration in the salt was also high. Since
nickel is more noble than iron or chromium, it is reduced by hydrogen
sparging at 1225°F. After the NiF, was reduced, as indicated by fil-
tered salt samples, pressed zirconium metal shavings were added to
the salt, and hydrogen sparging was continued to reduce the FeF2 and
CrF, to the metal form. The metals subsequently formed were then
removed by a fibrous metal ‘filter, and the efficiency of the filtra-
tion was verified by sampling of the filtered salt.

Description of the Equipment

Plant Iayout. — Most of the processing equipment is located in a
13 x 13 x 17-foot-deep cell (Figure 7) located adjacent to the reactor
drain tank cell. This cell contains the fuel storage tank (fluorin-
ator), the 750°F sodium fluoride trap, the caustic scrubber, two
remotely-operated air valves, and three salt freeze-valves.

An adjacent cell of the same size contgins the off-gas equipment--
the mist filter, the soda-lime trap, charcoal traps, and the off-gas
filter--that is located downstream of the caustic scrubber.

The plant is operated from the high-bay area over the two cells
Just described. This area contains the absorber cubicle, the in-
strument cubicle, the instrument panelboard, the sampler and sampler
panelboard, hydrogen and oxygen monitors, and radiation detection
instruments.

The gas supply station is situated outside the building. The
fluorine manifold (Where two 15,000-1liter fluorine tanks mounted on
trailers can be connected), the hydrogen manifold, and the pressure
and flow instrumentation associated with these two gases are also
located here. The helium for purging and sparging comes from the
reactor system supply.
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Fuel Storage Tank. — The fuel storage tank, or fluorinator, is a
50~-inch-diameter, 10-foot-tall Hastelloy-N tank with about 30% free-
board to minimize salt carryover during gas sparging. There is no
provision for cooling since the heat loss will limit the temperature
to less than 1200°F after a two-week decay period. During the UF),
to UFc conversion period, when the fluorine utilization is high, the
heat of reaction and the afterheat maintain the temperature of the
salt at 850°F. About 12 kilowatts of electrical heat is required
during the reduction operation at 1225°F. The gas inlet line has a
normal submergence of 64 inches, and the differential pressure be-
tween this line and the gas space provides an indication of liquid
level in addition to that indicated by weigh cells. The tank is also
equipped with an ultrasgnic probe to verify the weigh cell calibra-
tion during the filling and emptying operations.

NaF Trap. — The NaF trap is a 20-inch-diameter by 18-inch-high
Inconel vessel that is operated at 750°F. At this temperature,
volatile ruthenium, niobium, antimony, and chromium fluorides are
absorbed, and uranium and molybdenum hexafluorides pass through.

This trap was designed to be replaceable because of its suscepti-
bility to becoming plugged with volatilized chromium fluorides.
Rather extensive chromium fluoride volatilization was expected during
the processing of the fuel salt as the uranium concentration in the
salt decreased; however, no pressure drop was detected.

Caustic Scrubber. — The caustic scrubber, which is used for
disposing of excess fluorine and of the HF produced during NiF, re-
duction, is a 42-inch-diameter by 84-inch-high Inconel tank with two
dip lines, each with 3-3/8-inch holes. The dip lines have shutoff
valves with extension handles for alternating dip lines when plug-
ging occurs. This plugging, which is caused by the buildup of
corrosion products in the dip line, can be eliminated in 5 or 10
minutes after use of the plugged line has been discontinued.

UFg Absorbers. — Five absorbers, piped in series, are located in
a sealed cubicle in the operating area situated above the processing
cell. The absorbers, 14 inches in diameter and 12 inches high, are
made of carbon steel. When loaded to within 1/2 inch of the top,
each absorber holds about 25 kilograms of NaF. Each absorber is
mounted in an insulated can and provided with an air cooling coil
and an electric heater.

Salt Filter. — The salt filter(h) consists of two 4-foot-long
concentric fibrous metal cylinders with a total filter area of 8.65
square feet. During the filtration of flush and fuel salts, there
was no detectable pressure drop across the filter even when salts
containing about 10 kilograms of reduced corrosion products were
filtered. It is not known how much of these metals remained behind
in the fuel storage tank. Filtration of each of the twoc batches
required about 2 hours.
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Processing Results

Recovery of Uranium. — The amount of uranium that was recovered
has been determined from the weight increase of the absorbers. Some
MoFg, which was also absorbed, had to be subtracted in order to ob-
tain an accurate value. Although the total smount of absorbed molyb-
denum is not gsccurately known, random samples showed a correlation
between the percentage of molybdenum on the NeF and the amount of UFg
that passed through the NaF. However, such a correlation provides
only an approximate value for the absorbed McFg because other factors,
such as flow rate, temperature, and type of NaF, also affect the MoFg
loading.

Based on the correlstion, & total of 1600 grams of molybdenum was
absorbed. Subtracting this value from the increase in absorber
welght yields a uranium recovery of 216.0 kilogrems. This value is
in good agreement with the amount (218.0 kilograms) which was calcu-
lated to be present from the uranium charged to the reactor, the
burnup, and the number of samples removed, etc. Since 0.13 kilogram
of uranium remained in the salt when fluorination was discontinued,
and since less than 1 gram of uranium was found in the scrubber solu-
tions, 1.87 kilograms, or 0.85% of the total uranium, is unaccounted
for.

Purity of the Uranium Product. — The NaF at the inlet of the first
ebsorber in each run was analyzed for beta and gamma emitters about
12 days after fluorination. Analyses of feed salt samf%es showed
2.66 x 1013 gross gamms counts per minute and 3.8 x 1073 gross beta
counts per minute per gram of uranium, respectively. The average
gross bete and gemma decontamination factors (DF's) for the six ab-
sorbers analgzed (corrected for uranium daughters) were 1.2 x 10
and 8.6 x 10 , respectively. Only the gemma radiosctivity levels in
the first and second (of a totel of six) runs were appreciably above
background.

The only radioactive material collected in any measurable amount
on the NaF absorbers with the UFg was 9Nb. Most of this material
was probably carried from the salt into the piping and equipment
located between the fuel storage tank and the metellic filter up-
stream of the absorbers at the end of the salt transfer operation
when the pressure of the transfer gas was released. Because of this
deposition of material, the calculated decontamination factor for
95 dpm per gram of U in salt .

Nb (dpm et gram of U on absorber) is low. The calculated DF was
lower at the start of run 1 when most of the niobium between the NaF
trap and the absorbers was fluorinated and collecfed on the first
absorber. The calculated DF's varied from 5 x 10“ at the start to
1 x 1010 at the end of fluorination. Therefore, notwithstanding the
piping contemination, a considerably highe§ niobium IF was obtained
in these studies than was obtained (5 x 10 ) in the ORNL Volatility
Pilot Plant work using 30-day-decayed uranium.
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Fluorine Utilization. — The efficiency of the fluorination reaction
is measured by the percentage of fluorine (after the fluorine that
is consumed by corrosion is subtracted) thet reacts with the uranium
in the salt. Fluorine utilization 1s a function of melt temperature,
fluorine flow rate, uranium concentration, and dip tube submergence.
Laboratory tests had shown a decrease in fluorine utilization from
8.0% to 3.8% as the temperature was reduced from 930°F to 84O°F.
Fluorine utilizations are shown in Table I. The higher utilizaetion
(average, 39%) during the fuel salt processing was probably due
both to lower gas velocities and grester dip tube submergence than
were used in the laboratory tests. Utilization was very high before
the start of UFg volatilization (average, T1%) and then seemed to
become relatively insensitive to uranium concentration until nearly
all the uranium was volatilized.

Until 90 minutes before the start of UFg volatilization, the
readings on the absorber inlet and outlet mass flowmeters were the
same, indicating the absence of any aebsorbable constituents in the
gas stream. These reading were used to calculate the fluorine utili-
zation. The utilization decreased when the fluorine flow rate was
increased and also when MoFg and UF began to be vaporized. It was
assumed that, if the fluorine flow rate is steady, the fluorine utili-
zation does not change until volatilization of some component begins.
During the MoFg volatilization period (vefore UFg was volatilized),
the fluorine utilization was calculated by difference, using date
obtained in the two previous periods and assuming that all the UFy
was converted to UF: before the volatilization of UFg began. During
the volatilization of UFg, the utilization was calculated from the
increase in absorber weights. The inlet mass flowmeter indicated a
high utilization toward the end of each run because of the accumula-
tion of UFg in the fuel-storage-tank gas space. This ceused a higher
UFg concentration in the exit gas stream near the end of the run.

Corrosion. — Corrosion of the Hastelloy-N fuel storage tank during
fluorination was one of the major difficulties encountered during
the processing of the flush and fuel salts. Tests of Hastelloy-N
coupons in the Volatility Pilot Plant and at Battelle Memorial Insti-
tute had shown this alloy to be superior to nickel (meinly because
of the absence of intergranualr corrosion) and to be as resistant
as any other material tested. The corrosion rate, calculated from
the increase in chromium, iron, and nickel contents of the salt and
from the amount of MoFg volatilized, averaged 0.1 mil/hour for the
total fluorination period (i.e., 47 hours).

Fission Product Behavior. — The principal fission products that
form volatile fluorides are lodine, tellurium, molybdenum, ruthenium,
antimony, and niobium. Todine volatilizes as IF- and passes through
the two NaPF beds; it is removed by the caustic sZrubber both by
reaction with KOH end by exchange with KI. At the start of proces-
sing, we calculated that 404 mec of 1317 should be present in the fuel
salt. Actual analysis of the caustic scrubber solutions showed that
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ruthenium and molybdenum are formed directly by fission, and redio-
active antimony has no long-lived precursors, the amounts of these
isotopes in the processed salt a§§ small as compared with nicbium,
which grows in from nonvolatile No ruthenium or antimony was
detected on the uranium absorbers or in the serubber solutions.

Based on the lack of heat generation in the NaF trep, we believe that
the volatilized nigbium constltuted less than 10% of the total amount
of niobium (9 x 10" curies) which would have grown in after reactor
shutdown. Most of the niobium apparently was removed from the salt
by deposition in the dreain tank or in backflowing through the salt
filter during salt transfer. At the end of this transfer operation,
the transfer ges blowthrough carried a small amount of metallic nio-
bium to the sbsorber filter. Although this filter was decontaminated
prior to fluorination, some of the niobium deposited on it was un-
doubtedly carried to the upstream piping. During fluorination, this
niobium would be converted to volatile NbF: and would collect on the
UFg absorbers (any niobium upstream of the NeF trap should be gbsorbed
on the trap).

Two days after the end of the fluorination operation (i.e., at the
start of hydrogen reduction), a larger smount of niobium, estimsted
to be 10 to 15 curies, was found on the absorber filter. Since INb
should have grown in at the rate of approximately 1000 curies per
day, it is apparent that less than l% of the niobium in the salt was
carried to the absorber cubicle. g only definite peek in a gamma
scan mede of the filter was that of 5l\Ib at 0.77 Mev.

Uranium Absorption. — Two types of NaF were used to absorb the
volatilized UF6. & high-surface-ares (HSA) material (1 m2/gram)
prepared by heating NeHF, pellets, and a low-surface-area (ISA)
materisel (0.063 m /gram) prepared from NeF powder and water, and
subsequently sintered at TO0°C. The ISA material was originally
specified for the plant because of its higher capacity for both CrF5
(on the T50°F NaF trap) and UFg. This higher capacity results from
the slower surface reaction and the greater penetration to the inside
of the LSA pellets. The low MoFg retention shown during preopera-
tional tests suggested that the reaction rate with UFg might be too
slow for complete uranium absorption ?n§er the planned operation con-
ditions. Subsequent laboratory tests confirmed the much slower
reaction rate of UFy with the ISA material. The absorbers were,
therefore, heated to increase the reaction rate, and the ISA NeF was
restricted to the No. 1 and No. 2 positions of the group of five
absorbers.

A comparison of the two types of NaF is shown in Figure 8. Three
ebsorbers loaded with each type of material were used in the first
position, and three of each type in the second position, during six
runs. In the first position, the NaF was exposed to a higher UFg
concentration, which resulted in a lower loading then in the second
position where the slower reaction rate with the lower UFg concen-
tration permitted deeper penetration of the pellets. Except in one
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Table I. Fluorine Utilization

Corrected Fo Perc;ntage
Run Flow Rate 2
(std liters/min) Utilization
Flush Salt 19.8 T.7
Fuel Salt, Overall 18.8 39
1 - Before MoF6 Volatilization 17.1 98
Before MoFy Volatilization 36.0 77
During MoFg Volatilization 31.5 43
During UF6 Volatilization 26.2 32
2 =« During UF6 Volatilization 15.3 31
3 - During UF, Volatilization 16.7 29
L4 - During UF Volatilization 16.2 3l
5 = During UF6 Volatilization 13.5 33
6 - During UF¢ Volatilization 16.9 13

288 mc and 10 mc were collected during run 1 and run 2, respectively.
This analysis provided a reasonable check on the iocdine accountabil-
ity in the fuel salt during reactor operation. However, the amount
actually found was always less than tgglcalculated amount because

of the loss of the iodine precursor, Te, before decay. There was
no indication that iodine deposited on the charcoal beds downstream
of the scrubber.

Tellurium exists primarily in the metallic state during reactor
operation and is essentially removed from the fuel salt in this form
by deposition and carryover to the off-gas stream; results of analy-
ses showed that less than 1% remained in the salt. This residual
tellurium would be converted to volatile TeFg during fluorination.
Tellurium hexafluoride is not absorbed on NaF at any temperature,
and is not removed in the caustic scrubber very efficiently. How=-
ever, since analysis indicated that the scrubber solutions contained
no tellurium (i.e., the tellurium content was below the limit of
detection), it is probasble that the fuel salt did contain less than
1% of the tellurium at reactor shutdown. Any tellurium passing
through the scrubber would have been removed by the activated alumina
in the soda lime trep.

Molybdenum, ruthenium, niobium, and antimony also exist as metals

during reactor operation, and as such, are continuously removed by
deposition or by carryover to the off-gas stream. Since radicactive

117



URANIUM LOADING (kg)

8.

145

T °
e NO.1 POSITION
o NO.2POSITION
14.0
LSA
\ NO. 2 POSITION
13.5 V [
\ .
13.0
\ N
LSA
NO. { POSITION
12.0 ~
11.5 ° \\
\ HSA
NO.2 POSITION
N 2
11.0
HSA
NO.1 POSITION .
10.5 .
100 \
9.5
160 200 240 280
AVERAGE TEMPERATURE (°F)
Comparison of LSA end HSA NeF Locading.

119

320



case, higher loadings were obtained at lower temperatures. In that
particular case the absorber had been used in & previous run where
a small amount of uranium was absorbed.

In spite of the fact that the LSA absorbers were operated at
higher temperatures (%o compensate for the slower reaction rate),
the total loading was 13 to 14% higher than with the HSA material.
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Abstract

The molten salt breeder reactor concept being developed at ORNL
requires continuous chemical processing of the fuel salt, which is
7TLiF-BeFp-ThF, (72-16-12 mole %) containing about 0.3 mole %
23%yF,. 1In order to minimize fuel inventory, the reactor and the
processing plant are planned as an integral system. The main
functions of the processing plant are to isolate the #33Pa (which
is an intermediate in the production of 233y from 232Th) from the
neutron flux and to remove the rare earth fission products, which
constitute the major class of neutron poisons that are soluble in
the salt. (The noble gases and noble metal fission products are
not soluble in the salt.) The processing method being evaluated
involves the selective chemical reduction of the various compo-
nents into liquid bismuth solutions at about 600°C, utilizing
multistage countercurrent extraction operations. Protactinium,
which is easily separated from uranium, and from thorium and the
rare earths, would be trapped in the salt phase in a storage tank
located between two extraction contactors and allowed to decay to
233y, Fluorination of the 233y from the salt entering this tank
would be used as a process control method. Rare earths would be
separated from thorium by a similar reductive extraction method;
however, this operation will not be as simple as the protactinium
isolation because the rare-earth-thorium separation factors are
only 1.3 to 3.5. The proposed process employs electrolytic cells

*Research sponsored by the United States Atomic Energy Commission
under contract with the Union Carbide Corporation.
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to simultaneously generate reductant to the bismuth phase at the
cathode and to return extracted materials to the salt phase at the
anode. The practicability of the reductive extraction process
depends on the successful development of salt-metal contactors,
the electrolytic cells, and a suitable material of construction.
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Abstract

A summary of the experiments carried out at Atomics Internatiocnal
on pyrochemical reprocessing of uranium carbide fuel is described,
Three processes were investigated; 1) the CARBOX process which is
based on oxidation-carbothermic reduction; 2) a nitride-carbide
cyele in which UC is converted to a nitride and then reconverted to
the carbide; and 3) a fused-salt electrolysis process in which UC is
anodized in a KC1-LiCl salt bath and the uranium cathode deposit is
dissolved in mercury and converted to UC by reaction with propane at
350 to 600°C,

Decontamination by all three processes was studied with lightly
irradiated UC (nvt ~1017), The CARBOX and nitride processes remove
about 75 per cent of the fission products, but plutonium losses are
high. The electrolysis process removes most (98-99.9 per cent)
fission products except zirconium. A 100 gram sScale oxidation exper-
iment was carried out using UC irradiated to 15,000 deAWTU. Batches
of unirradiated UC up to 10kg were processed in scale up studies
using a rotary kiln. Oxidative decladding studies were carried out
in an apparatus capable of decladding 3 foot lengths of stainless
steel clad fuel.

Cost studies indicate a savings of about 0,2 mil/kwh over aqueous
reprocessing for a 1000-Mwe sodium cooled power reactor using a burn-
up of 20,000 Mwd/MTU.,

*Work performed under the auspices of United States Atomic Energy
Commission Contract AT(11-1)-GEN-8,
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Introduction

A program was carried out at Atomies Intermational to investigate
the potential of pyrochemical reprocessing to help achieve lower fuel
cycle costs for uranium carbide fuels.

It was hoped that a simpler method than the aqueous process
developed for the recovery of weapons-grade fissile material would
beéfeasib e. With aqueous reprocessing, decontamination factors of
10~ to 10~ were achieved and refabrication of low burnup fuels was
carried out by direct methods. The build-up of heavy isotopes in high
burnup recycled fuel will produce sufficient radiation even with com-
plete decontam%n§tion to require special methods of handling during
refabrication, (1 Tg?s requirement suggests the consideration of
simpler processes(z’ which do not completely decontaminate the fuel.

Three processes were emphasized in the present work;(u) 1) oxida-
tion of the carbide t¢ the oxide and then reduction with carbon to
the carbide (CARBOX); 2) conversion to the nitride with nitrogen and
reconversion to the carbide by heating in vacuum; and 3) molten salt
electrolysis.

Oxidation Carbothermic Reduction (CARBOX)

The first step in the CARBOX process(u) (CARBothermic-reduction
OXidation) is decladding of the fuel by oxidation, The resulting U0,
is then oxidized to U;0g, re-enriched by addition and reduced with
carbon in a two step Process to UC. The reactions involved can be
represented by:

e +20,, 22°Cy U0, +C0,1

4500°C
300, +0, 205 u_0g
850°C
U508 +C £29°C5 300, +C0,1

300, +9C 4200-1720%y 510 4600t

Decladding

A series of experiments was carried out to determine the feasi-
bility o§ adapting the oxidative decladding method developed for UO2
fuels, In this method the cladding is punctured at 1 inch inter-
vals along its length and exposed to air at ~400°C or steam at ~120°C,
The UC reacts to form U02, which results in about a 20 per cent
increase in volume, causing the cladding to split and the resultant
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finely divided U02 to fall out of the cladding. Typical specimens
are illustrated in Figure 1,

An apparatus was constructed which was capable of decladding three
foot lengths. In one experiment 750 grams of UC clad in 0.723 inch
OD-stainless steel, 0,010 inch wall thickness was punctured at one
inch intervals and heated at 400°C in sir., The rod was completely
declad in 12 hours.

In similar experiments using sodium bonded UC, the cladding was
pierced and heated in vacuum to 600°C for three hours. The sodium
was effectively removed and the exposed fuel was oxidized by steam
at 120°C., Experiments using UC ifg?diated to 15,000 Mwd/MTU indicated
the applicability of the process. An obvious modification is to
chop the elements into short lengths followed by exposure to oxygen
or steam,

Oxidation of UC

A series of small scale experiments was ??rg}ed out to study the
oxidation of UC with oxygen, CO, and steam.‘'’ It was found that
the oxidation rate, and also the rate of reaction with nitrogen, was
highly dependent upon the previocus history of the UC. Uranium carbide
which has been recently melted oxidized very slowly below about 600°C
while asged (reactive) UC ignited in oxygen at about 300°C. It was
shown that freshly arc melted UC was converted to the reactive form
by exposing the moist air for a few days. Large slugs of hypostiochio-
metric UC were more difficult to activate.

The examination of both forms of UC showed no difference in photo-
micrographs, x-ray diffraction patterms, and chemical analysis for
uranium, carbon, and oxygen. There was some increase in hydrogen on
aging but this was in the several ppm range. The only physical
difference noted was a large increase in surface area (as measured
by B.E.T.) on activation, In a typical sample the surface area
increased from a few cm“/g to 219 cm“/g on activation.

Oxidation experiments were carried out with irradiated UC to (6)
determine if it would behave similarly to the unirradiated material.
In one experiment UC irradiated to 15,000 Mwd/MTU was used. The
material was reactive, It was oxidized for one hour at 310°C, then
heated to 600°C and reduced with forming gas (85 per cent N,, 15 per
cent HQ). There was a peak of radiocactivity in the effluen% gas when
the temperature reached 500°C, The oxide was maintained at 600°C in
a reducing atmosphere for 2,3 hours. The results of this experiment
are shown in Table 1,

A series of small scale experiments was carried out to study t?s)

reaction of "reactive" UC with oxygen and air in a thermobalance.
Ignition occurred at about 300°C in oxygen and about 350°C in air,
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1. Cladding from which UC has been Removed by Reaction with Steam.




and combustion was sustained until the reaction was almost complete,
The rate then decreased and heat was required to complete the reactaon.
The time of completion varied from 15 to 60 minutes.

Table 1, Screen Analyses for Processed 15,000 Mwd/MTU UC, BMI 23-3

1 Ox~Red Cycle
Screen Fraction Weight (g) %
+8 0.7 0.6
-8 +200 7.4 6.7
-200 101.9 92.7
Total 110.0
Weight Increase 8.3 8.2

A similar series of e?gﬁrlments was carried out to study the
reaction of UC waith 002. The reaction 1s initiated at about 350°C
and 1gnition occurs at about 525°C, Below about 670°C the reaction
can be represented by:

uc* +ECO2 ——-'-)UO2 +C* +2C01

where C¥* 18 the carbon i1nitially combined with uranium, Above this
temperature the react on can be represented by:

UC +3C0,, —> U0, +4Cot

Below 525°C the react on 18 kinetically first order, above this
temperature i1t 1s zero order,

A series of experlment? yas carried out to investigate scale up
of the oxidation process, 9) These experiments were carried out in
a rotary kiln 16 inches in diameter by 21 inches long made of stain-
less steel. It was rotated at 8 to 10 rpm. The kiln was heated
electrically by movable clamshells, Reaction rates were controlled
by controlling the temperature and flow of air, Several kilogram
batches of arc cast UC slugs were oxidized at a rate of 2 to 23kg
per hour. The results of some of these experiments are shown in
Table 2. As expected, unreactive material was difficult to oxadaze.
Some batches were converted to the reactive form by exposure to air
at room temperature and oxidized readily.

Carbothermic Reduction

A series of smal sgale experiments was carried out to study the
reconversion to UC, 10 Two methods were investigated., In the first
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method the oxidized product, primarily Uz0g, was reduced with hydro-
gen to UO,. The U0, was then reacted with carbon to product UC. 1In
the second method the U308 was reacted directly with carbon.

Table 2. Oxidation of Uranium Carbide in a Rotary Xiln

Charge Sieve Analysis

Run | Weight ?Sib;? Tem?fgiture %
(kg) 50 +200 -200
1 1.02 5.2 400 2 98
2 2.25 5.2 400 2 98
3 5.00 .5,2 520 1 98
h 4, 95% 4, 6-4,7 550 10 89
5 4,92 4,6-4,7 550 12 86
6 4, 96% 4,6-4,7 550 5 81
9 8.08 4,6-%4,7 550 12 75
10 10.01 4,6-4,7 550 10 90
12 9.95 4,6-4,7 550 3 84
1h 10.73 4, 64,7 550 9 79

*The UC was only partially activated so was treated in the kiln for
further activation; results are a total of three oxidation treat-
ments,

Experiments with UO2 utilized powdered mixtures of UO_2 and graphite.

In some experiment® the mixture was pelletized using methyl methacry-
late or stearic acid as a binder. The mixture was outgassed below
1200°C and then heated above 1300°C. The reaction rates followed the
second order equation

where x is the fraction reacted in time (t) and k is the rate con-
stant, The rate constants followed the equation

logk = 9.8 - lé%gg

where T is the temperature (°K).
It was found that in the experiments using pelletized mixtures
some carbon was contributed by the binder and a correction was

applied to the amount of carbon added.

Early attempts to prepare UC directly from U508 according to the
equation
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U308 +11C — 3UC +8Cot
resulted in a high and variable carbon content.(lo) This was attri-
buted to the fact that both CO and 002 were produced and that the
amounts depended on many variables, It was found that by carrying
out the reduction in two steps the stoichiometry could be controlled.
The reactions are represented by the following equations:

U

850°C
,0g +C S0°¢, 300, +CO,,

300, +9C 12007C, 3¢ 46c01

t

The temperature was maintained below 900°C until the first reaction
was completed. The temperature was then raised to above 1300°C,
Reaction rates were more rapid than observed for UO, as the starting
material, A}so the reaction rates were correlated by a 3/2 order rate
equa't',ion.(11

Several scale up experiments were carried out to study the reaction
of U. 08 with UC, In these experiments the charge was ball milled,
mixeé with 1.15 wt per cent polyvinyl alcohol as a binder, and
agglomerated. The mixture was then heated in an induction vacuum
furnace. These experiments were directed primarily toward the pre-
paration of hypostoichiometric UC. The results are shown in Table

3.

Table 3. Scale up Results on Carbothermic Reduction of U 08

)
. Carbon
gﬁlgh: Temperature (wt %)
arg (C) Theoretical Analytical
(kg)
20 2000 4,66 L4, 62%
16 2000 4, 68 4, 7hx
1.5 1750 k.51 4,73
0.12 1750 4,60 4,54
0.12 1750 4,59 4,66
0.14 1900 4,48 4. 81
1.3 1750 5.35 5.15
1.5 1750 4,69 4,92

¥Ags-reacted. Other samples arc-melted before analysis.
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Fission Product Behavior

Fxperiments with UC irradiated up to 15,000 Mwd/MTU showed that no
fission products except rare gases and ruthenium ar?éyemoved by
decladding and oxidation-hydrogen reduction to UO,. Appreciable
rutheni removal can be achieved by increasing the oxidation tempera-
ture.?lgT

In anfther series of experiments three mixtures of irradiated UO
(nvt ~20 7) and carbon were prepared which would pr?duse hypostoichio-
metric, stoichiometrie, and hyperstoichiometric UC. 12)" These
mixtures were heated at three temperatures in a vacuum induction
furnacg and another set was arc melted. The results are shown in
Table 4,

Table 4, Behavior of Fission Products and Plutonium
During Carbothermic Reduction

Removal
Element C:UO2 (%)
1560°C 1760°C 1940 Arc-Melted
Pu 3,17 6 - 17 8
3.00 6 - 33 o4
2.88 14 38 46 98
Ce 3,17 22 - 30 84
3.00 14 - Iy 97
2,88 17 37 71 98
Sr 3,17 98+ - 99+ 99.9+
3.00 98+ - 99+ 99,9+
2,88 ol 99+ 99+ 99.9+
Cs 3.17 97+ - 99+ 99+
3.00 97+ - 99+ 99+
2.88 97+ 98+ 99+ 99+

In another experiment U0, was mixed with oxides of cerium, Samarium
and neodymium and reduced with carbon. With a mixture which produced
hypostiochiometric UC, essentially all rare earths were removed at
1800°C, With a hyperstoichiometric mixture 75 per cent of the samar-
ium was removed below 1600°C. Heating to 1800°C removed essentially
all the samarium, 30 per cent of the neodymium, and 15 per cent of
the cerium.

Calculations on the effect of scale up indicate that plutonium
losses would not be serious on production scale carbothermic reduc-
tion, but that the losses during arc-melting would be prohibitive.
The most promising refabrication method would seem to be pressing and
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sintering.

Comparative Costs

A study was carried out to compare fuel cycle cgﬁts for reprocess-
ing by CARBOX with a conventional agqgueous plant.(1 Fuel cycle costs
were computed for fuel recycled through a ?*60-Mwe sodium cooled power
reactor., Calculations were carried out through nine cycles of 20,000
Mwd/MI'U with reprocessing and re-enrichment between each cycle. Fuel
reactivity was adjusted by the addition of an amount of enriched
uranium so that the reactivity of the fuel at discharge was constant
for each irradiation cycle., Burnup and re—eniichment requirements
were made using the computer code AIMF‘IRE.(15 The results of these
calculations are shown in Table 5.

Table 5, Cyeclic 235U Burnup Requirements for Recycled UC Fuel in
the Reference SCR {Burnup per Cyecle = 20,000 Mwd/MTU)

100% Decontamination Decontamination by
Process CARBOX Process
Cycle Initial Burned Initial Burned
25y g/xg 2Py g/kg Dy g/xg | “Pu g/ug
1 33.94 19.04 33.94 19,04
2 27.89 14,50 30.18 15.12
3 26,40 13,54 29,40 14,28
4 26,04 13.33 29,22 14,05
5 26,00 13,31 29.20 14,00
6 26,03 13.33 29,22 14,01
7 26.08 13.37 29,26 14,04
8 26,13 13,41 29,31 14,07
9 26,18 13.45 29.7%6 14,11
Average 27.19 14,14 29.90 14,75

The recycle of neutron absorbing fission products in fuels repro-
cesgsed by the CARBOX process increases the consumption of fissile
material but comparative fuel cycle costs indicate the burnup penalty
is less expensive than the savings realized via the simpler fuel
cycle, The costs are shown in Table 6.

The CARBOX reprocessed fuel requires remote fabrication, but since
high burnup fuels will contain isotopic impurities of the fertile and
fissile materials, direct fabrication may not be feasible even with
completely decontaminated fuel. Fabrication costs and reprocessing
costs were combined for the CARBOX process., The potential savings
of ~0.2 mill/kwh represents a savings of $3.5 million/yr for a 1000-
Mwe installation.
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Table 6. Comparative Fuel Costs

AEC Ref. On-Sit(e: - ETi‘eactor
Charges Aqueous Plant apacity.

(mill/kwh) Aqueous CARBOX

(mill/kwh) | (mill/kwh)
Burnup 0.806 0.806 0.856
Use 0.136 0.141 0.142
Loss 0.037 0.037 0.043
Conversion 0.125 0,125 0,019
Fabrication (SS clad) 0.350 0.350 0.479

Reprocessing 0.1%0 0.370

Shipping 0.113 0,041 0,011
Total 1.70 1.87 1.55

Nitride-Carbide Cycle

The first step i’ﬂ the carbide-nitride cycle is the conversion of
UC to the nitride, ) When UC is heated at 800 to 900°C in a nitro-
gen atmosphere the reaction can be represented by

4uc +2N,, —_ 21121\13 +4C

the carbide is pulverized during the process.

The nitride is then reconverted to the carbide by heating in
vacuum to 1300 to 2100°C. The reaction is reversed

2U21\r3 +4C > 4UC +20,,1

The UC can then be refabricated by arc casting or pressing and sinter- .
ing.

Conversion to the Nitride

Preliminary experiments were carried out using a thermobalance to
study the rate of reaction of UC with nitrogen.

The reaction rate of UC with nitrogen, as previously desecribed
for oxidation, was found to be highly dependent on the previous
treatment of the carbide.

Arc melted UC (even -16 +30 mesh) which has been recently prepared

was unreactive to nitrogen at 800°C. After about 40 days exposure
to laboratory air the UC became reactive., As with many solid-gas
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reactions the mechanism appeared to be quite complex.(ls) A large
number of experiments were carried out in which nitrogen was reacted
with UC in a thermobalance. The reaction rates were correlated by

%’fg - k(1-x) "%

where K, t, and x are rate constant, time and fraction reacted.

The rate of reaction varied with time after arc melting, initial
particle size, UC composition, nitrogen pressure, and temperature.
The maximum rate occurs in the range of 900°C., The reaction goes
virtually to completion in a few hours and the product is a finely
divided powder which consists of a mixture of UEI\T3 and carbon.

Reconversion to the Carbide

The reconversion,of, the nitride to th. carbide appears to take
place in two ste'os.(17) The first step w. ich converts the U2N3 to UN

T
2U2N3 —> UUN +1 B

occurs at a linear rate,
The second step in which the UN is converted to the carbide
2UN +2C —> 2UC +N2f

follows a parabolic rate.

Removal of nitrogen depends on temperature and carbon content.(l8)
If the material contains less than 4.8 wt per cent carbon (hypo-
stoichiometric) sufficient nitrogen is retained to combine with the
excess uranium, If the material contains 4.8 wt per cent or more
carbon, the nitrogen can be reduced to a few hundred ppm at 1900°C,
Arc melting usually reduced the nitrogen content somewhat and samples
exposed to laboratory air lost carbon, presumably caused by the
reaction with oxygen.

Fission Product Behavior

Experiments were carried out on the gram scale using lightly
irradiated UC (nvt = 1017) to study the behavior of fission products,
No fission product removal was found after the conversion to the
nitride, although undoubtedly some rare gases were released. The
material was then converted to the carbide. The results are shoi 1
in Table 7.

133



Table 7. Fission Product Removal in the Reconversion Step

. Maximum | Time at gz;ggft Removal % —
uny Temper— | Temper~ sition Earths
No.| ature ature (vt %) Cs Ce|Sr| Zr-Nb| Ru| Pu Excluding
(°c) (hr) nitrogen Ce
1| 1700 5 0.019 97 | 2797 2 5| 6 51
21 1700 2% 0.086 |90 | 19|91l o ot 2| 39
3| 1850 3 0.009 97 { 47198 7 15| 40 68
4| 1850 13 0.033 |91 [25}93| & |213]34 53
5| 1950 2 0.010 98 | 60[99]| 15 30| 46 69
6| 1950 1 0.009 |99 | 53|99| 17 o 1

The product was then arc melted, and the results are shown in Table

Table 8, Fission Product Removal in the Nitride-
Carbide Cycle Including Arc-Melting

Product Removal & -
Run Lgiﬁgd Ccmpo;ition Rare
No, . Earths
(min) Nitrogen | Carbon Ce | Ce| Sr|Zr-Nb] Ru P% Excluding
Ce
1| 6 0.009 5.20 | >99 | 871>99 ] 36 {27{84 95
2 2 0.0%0 4,75 | >99 | 64 |>99 15 | 17] 65 85
3 2 0.008 5.55 | 299 | 70 |>99 4o | 221 66 86
4 6 0.008 5.25 | 99 | 82 |>99 40 -1 178 92
5 2 0.007 6.60 { 99 | 60 |>99 b | %1 53 70
61 6 0.005 6.5 | 299 | 731299 | 3 | 31|79q 84

Unless a way can be found to lower plutonium losses, arc melting
would not be a satisfactory method for refabrication.

Molten Salt Electrolysis

A method for reprocessing uranium carbide based on molten salt
electrolysis has been studied by Hansen. 19 This process is shown
schematically in Figure 2. It consists of three steps; 1) electroly-
8is, Uranium carbide is dissolved at the anode and uranium metal is
formed as a dendritic mass at the carhode; 2) dissolution in mercury.
The cathode deposit is immersed in hot mercury. The uranium readily
reacts to form a quasi-amalgam which separates from the occluded salt
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phase; and 3) formation of UC. The quasi-amalgam is heated in an
atmosphere of propane. The uranium reacts readily to form stoichio-
metric UC and the mercury is distilled away.

Although in theory any alkali or alkaline earth halide can be
used in the molten salt bath, the KC1l-LiCl eutectic was chosen
because of its low melting point, 352°C which is below the boiling
point of mercury, The occluded salt readily melts when the cathode
is immersed in hot mercury and can be conveniently separated.

In the experiments, the bath was prepared by adding approximately
10 per cent of either UClz or UFy to the KC1-LiCl eutectic and
purified by bubbling chlorine through the molten mixture. The anode
consisted of wafers cut from cast UC and supported by a molybdenum
wire or contained in a graphite crucible immersed in the bath. The
UC dissolved while the graphite remained inert. The reaction can be
represented as

W =3 U2 4C +3e”

The uranium metal was deposited on a molybdenum cathode as a
dentritic mass which contained appreciable quantities of occluded
salts, After a few preliminary runs, current efficiencies of from
50 to 60 per cent were obtained.

The uranium deposit was immersed in mercury which was at a higher
temperature than the melting point of the occluded salt. The salt
melted and the freshly deposited uranium rapidly dissolved in the
mercury., The amalgam was cooled and poured through a cone filter
with a small hole in the bottom. The amalgam passed through the
hole and the frozen salt remained behind.

The salt free amalgam was heated to 350°C and contacted with a
hydrocarbon gas such as propane, The reaction is

3U(Hg) +C3H8 -3 3UC +Hg +4H21

The mercury was then distilled away leaving stoichiometric UC as
indicated by x-ray analysis., No detectable mercury remained,

In an experiment carried out to determine fission_product behavior
during electrolysis, ten grams of irradiated UC (~l10-/ nvt) was mixed
with 90g of unirradiated UC to form the anode material. Six deposits
were collected and each deposit was dissolved in mercury and con-
verted to carbide by distillation in a propane atmosphere. The
results of this experiment are shown in Table 9. These results show
that appreciable decontamination from most of the fission products
can be achieved but remote refabrication would be required. The effect
of the remaining fission products on nuclear reactivity should be neg-
ligible. The behavior of plutonium was not determined due to diffi-
culties with analysis,
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Table 9. Observed Decontamination Factors for UC Electrolysis

Ele— Deposits

ment 1 2 3 L 5 6
Ba.[2.1 x 102 2.0 x 1o§ 3,3 x 1o§ 5.8 x 10° [2.0 x 105 b2 x 10%
Sr | 7x10316.7 x 105 5.4 x 105 - 5|20 x107]5.2 x 107
RE |1.1 x 107 [ 5.9 x 20| 4,1 x 10} 5.6 x 10 | 8.5 x 107|4.3 x 10
Ce | 85 65 53 5 58 86 {51 3
Ru - - 6 x 10 - 8 x 10°1.1 x 10
7r | 1 1 1 3 2 3

In an attempt to eliminate the dissolution step a series of
experiments was carried out to determine the feasibility of using
a molten metal as the eathode.(zo) The uranium dissolved in the
molten metal a8 it was electrolyzed. Two requirements of the metal
are that it have a low melting point and be compatible with the
LiCl1-KCl-UClz salt bath. Lead, zinc, bismuth, and cadmium were used
as cathodes.” Because of potential problems with vaporization, mer-
cury was not used. The metal cathode was stirred with a tantalum
rod, and the salt bath was agitated by bubbling argon. These experi-
ments were carried out at 450 to 500°C, A summary of some of the
results is presented in Table 10.

Table 10. Electrolysis of UC Using Liquid Metal Cathodes

U Content of Salt .
Sgn Cathode (wt %) Cathode gfflclency
Initial Final
1 Cd 2.4 4.4 21
8 Zn b4 3.6 69
9 Zn 3.6 0.5 88
10 Zn 2.2 2.4 91
14 cd 15.3 18.0 0.1
15 Bi 8.1 7.6 hg
16 Po 6.0 4.1 &
19 Zn 13.4 12.5 o

The results show the adverse effect of over 10 wt per cent U in the
sa&t bath. Apparently, due to cyclic processes involving U+3,
U and U02++.
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Conclusion

Three ~tential methods for reprocessing UC have been demonstrated.
It appears hat arc-meltin -casting would not be satisfactory for
refabrication unless plutc um losses can be controlled, The elec-
trolysis process offers su stantial decontamination. The CARBOX
progess offers a potential saving of ~0.2 mill/kwh when compared to
an on-site aqueous reprocessing plant.,
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SIZING THE CHEMICAL REACTORS FOR FLUORIDE
VOLATILITY PROCESSING OF FAST REACTOR FUEL*

Gustaaf J. Spaepen
Head of Chemical Technology, SCK~-CEN
Mol, Belgium

Abstract

The choice of the type and size of the fluorinator in
fluoride volatility processing depends on many factors such
as heat dissipation, criticality, capacity and mass transfer.
An outline is given of the present state of development
studies at SCK~-CEN, Mol for the experimental determination of
the main factors for design and operation of an industrial
unit. The project is aimed at the reprocessing of the fuel
of one 1000 MWe fast breeder reactor.

.Introduction

The fluoride volatility processing method is considered
to be a total or partial alternative to other processing
methods for fast reactor fuel. The present R and D program
along this line in the SCK-CEN laboratorie? 3t Mol is based
on the earlier work of J. Schmets and col. 1, The goal of
our program is the accumulation of the data, necessary to
evaluate a prototype reprocessing facility based on FVP.
Use of one or more volatility steps in an aqueous reproces-
sing scheme is considered to be likely and hence smaller
programs are set up at the side, in order to evaluate the
hybrid possibilities after completion of a major FVP-step.

* Agreement of Co-operation EURATOM/BELGIAN GOVERNMENT
No. 016-65=1 RAP B and No. O14-65-1 RAP B
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The all-volatility line will be composed of a number of
steps including transport, reaction, absorption, condensation..
of gases and solids. These operations will have to be
performed on solids of as yet unknown reactivity, impurity
content, physical properties, etc. The gases to be used in
the flowsheet are better known. Fluorine is the only gas to
volatilize the Pu-compounds while the advantages of different
chlorine- and bromine-fluorides for the UFs-volatilization
have been widely discussed (2, 3, 4).

Furthermore, a high heat load in the process is to be
reckoned with because of radioactivity after short cooling
times and exothermicity of most of the chemical reactions.
Recovery of the valuable plutonium should be virtually
complete.

Like most of the laboratories working on FVP, we have
chosen the fluidized bed as the main equipment of the flow=-
sheet. Development of its technology is seen in the frame of
continuously feeding powdered fuel of core and axial blanket
to the UF -reactors. Countercurrent flow of fluorine and/or
C1F/C1F és provided with intermittent condensation of PuF
and dilation with NZ' A schematic drawing is given in fig.1.

General Reactor Conditions

Most applications of continuous fluidization in non-
nuclear industries have the following features in common ¢

- beds of large diameters and large production rates

~ bed composition of standardized grain sizes and bulk
densities

- recycling of the reactant gas

~ <cyclone recuperation of elutriated fines

-~ high linear gas velocities (10 - 100 v__)

~ usually only one fluidized bed in the Sircuit.

The situation of a FVP-plant based on fluidization will be
radically different :

- bYeds of small cross-section and moderate out-put

- bed composition of varying grain sizes and containing
solids of widely different densities

- recycling should be kept to a minimum because of costly
purification devices in the secondary lines

- large quantities of elutriated fines and necessity of
complete recuperation hence use of "absolute" dust filters

~ linear gas velocities as low as possible to minimize
elutriation

- several beds in series.
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Moreover, because of the high heat load and the presence
of low melting compounds in the bed, accidental loss of
fluidization would lead to caking of the bed and destruction
of the equipment. Since linear velocities will be low, close
fluidization control by sensors is essential.

According to these general conditions for the use of fluid
beds in FVP and because of the unknown characteristics of the
high burn-up fuel of the future, several ground rules for the
development program at Mel were chosen :

- determination of the fuel powder particle size distribution
as a function of the fuel type and the milling characteris-
tics

- determination of the microkinetics of the different fuel
powders by thermogravimetry

- confirmation of the microkinetics in bateh type fluidized
beds of laboratory scale (macrokinetics)

- determination of minimum fluidization velocities,
fluidization stability and heat transfer coefficients for
mixtures of extremely variable grain sizes and densities

- elutriation behaviour of the same mixtures for linear
velocities between 1.2 and 1.8 v ¢

- demonstration of reactors in serlés with solids transport
by air-1ift and with representative on-line sampling of
solids and gases, leading to residence time determinations
for both

- development of a fluidization sensor for linear velocities
between 1.2 and 1.8 v__ and of recuperation devices other
than porous filters.

Development Program

The resulting development program is summarized in fig.2.
Only those tasks related to the development of the main
reactors for UF, and PuF, are indicated in this diagram. The
knowledge thus gained on fluidized beds of unusual operating
conditions, can directly be applied to the purification
circuits which consist primarily of less critical absorption
units, decomposers and UF6-U02 converters.

Before giving some illustrative results, we first indicate
briefly the progress made in our program. All the batch-type
units are in full operation including :

- thermal balance for unirradiated and for short-cooled,
high burn-up fuel

- a 100 kg UF.-reactor automatically operated, with on-line
gas resistivity cells, UFs-condensation and absorption
units and scrubber

- a 10 kg UF.-reactor, remotely controlled, for low activity
fuel - an on-line gamma spectrometer is installed
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- +two PuF -reactors, of 500 g each, with continuous solid
sampling during operation

- a hot cell for conditioning and sampling with instruments
for fission gas release

- a demonstration of continuous slab reactor with airlift
transport of solids

- a cold fluidization laboratory including units for
macrokinetics, a low temperature microwave and cyclone
equipment.

Descriptions of most of the equipment and installations
have been published (5, 6, 7, 8).

The microkinetics of the reactions of F,, ClF and ClF3 on
UO, and on simulated fast reactor core fuef are well
es%ablished. The relation to the macrokinetics in fluidized
bed is completed for UO, and underway for core fuel with
simulated high burn-up.” The same holds for the determination
of the fluidization behaviour while the dynamics of slabs in
series as well as the construction of continuous single
reactors is scheduled for the end of 1969 and early 1970.

Results

In order to illustrate the respective studies already
completed in our program a selection of typical results is
presented. More details can be found in the cited references
or in SCK-CEN progress reports, which can be made available
on request.

Microkinetics (9)

The microkinetics of fluorinating gases on pure UO_-grains
fit the rate eqq7§ion. according to the decreasing sphere
model : (1 - F) = 1 - R't. Although physically speaking,
this model is meaningless for (U Pu)O2 and F_, the same
expression can be used : (1 - c)5/3 =21 - r'%t (table I).

In fig. 3 the dependence of this R'' on F.,-concentration is
given for (U, 20 Pu)O, obtained by melting, hence with Pu in
solid solution. The %exture of the (U,Pu)0, solid solution
after volatilization of only part of the UO_ is shown in
fig. 4. As could be expected, the cracked grains splinter
into small fragments by the mechanical action in a fluidized
bed. Consequently the macrokinetic results for this case of
"molten" fuel differ very much from the thermogravimetric
results, although it still seems possible to relate one
another.
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Table I. Reaction of (U,Pu)0, (22 % Pu0O,) with F,

(a) Influence of temperature

(U,Pu)o2 87 um ; 20 vol. % F, in argon ;

linear gas velocity : 10.5 cm min™

Run ¢ R' x 10 - log R' 10°
UPO 281 450 383 1,417 1.38
UPO 282 420 242 1.616 1.44
UPO 190 I Loo 136 1.863 1.49
UPO 190 II Loo 138 1.860 1.49
UPO 283 350 45 2.347 1.60
(b) Influence of grain size

40O °C § 20 vol. % F, 5 10.5 cm win”)

Run Grain size R' x 104

n

UPO 191 48 207
UPO 190 I and II 87 137
(c¢) 1Influence of F, concentration

(U,Pu)o2 87 um ; 400 °C ; 10.5 cm pin”)

Run F2 vol. % R' x 'lOl4
UPO 286 5 61
UpPO 284 10 95
UPO 190 I and II 20 137
UPO 285 30 194
UPO 189 I 50 245
UPO 189 II 50 261

(U,pu)o2 48 um ; 400 °C ; 10.5 cm min~

Run F2 vol. % R x 1054
UPO 191 20 207
upPo 280 50 368
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Macrokinetics (9)

The macrokinetic relationship for UO2 in C1F, and F, still
follows the same rule : (1 - F)1/3 = 1 £ k't, éormation of
intermediates UO.F, and UF4 lead however to an induction
period which was not observed in microkinetics. The chosen
example (fig. 5) shows almost constant fluorine efficiencies
in the linear part of the curve and an abrupt decrease
towards the tail. Since the curve was obtained in a batch
experiment it is clear that fluidization of the mixture
changed too much with increasing proportion of fines. The
shown curve is in fact a function (U ~ concentration, time)
and sets of curves for varying fluidization parameters were
used to extrapolate to continuous operation. The model was
also used to estimate the operation conditions for the 100 kg
demonstration unit for UFg-production.

- . o > o Wy - - v e Y8 o - - - -

The results of the last step (F2 on Pu - containing
residue) of a series of experimentS in the plutonium semi-
pilot are summarized in table II. These experiments on
macrokinetics were carried out according to a fractional
factorial design (10). ClF; was used for the UFg volatili-
zation and Fp for the PuFg-step. Table II lists the
observations during the Pqu-formation and the over-all
mass-balance of the experiments.

Fluidization behaviour

Fig. 6 is illustrative of the fluidization behaviour when
fines are present in the bed. Fluidization has been followed
visually, by pressure drop measurements and by the microwave
technique. Three regions can be observed as indicated on the
graph. It is worth mentioning that the experimental results
are very reproducible but differ greatly from the values
calculated according to literature data (11).

Powder_characteristics

The results of milling experiments on different types of
fuel are summarized in table III. In combination with the
correct choice of alumina the fuel powder is directly
fluidizable. However, a better specification of the fraction
(- 37 u) is of importance with regard to elutriation losses
and cyclone or filter performance. Particle size measurements
are therefore scheduled using a sedimentation balance
technique.
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Table II. Plutonium mass balance in the semi-pilot installation

Experiment Time Pu- Pu- Sampling Pu- Pu mass- Remarks
concentration absorption during concentration balance
Last step on NaF the expe- in reactor
-1 % init. Pu riment residue
No. h ng g % init.Pu wt. % Total %
SPu-26 F2 11 44,29 70.55 25.72 0.152 98.91 Sintered bed
FP + CsF
(1 wt. %)
Spu-27 F, 11 bl b7 33.37 1.68 0.034 36.82 Filter failure
SPu-28 F2 8 Ly k7 92.29 k.66 0.022 97.62 -
SPu-29 F 8 Lh, 29 56.00 5.74 0.063 63,4k Filter failure
2 - .
FP + CsF No sintering

(1 wt.%)
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Table III., Size analysis data of the different UO2 lots

Particle size Average
range particle
nm diameter
1
- 37  +37-74 +74-125  +125-149  +149-177  +177-250  +250 WDy
um
Weight percent
w
Lot 1 a sintered 8 21 25.5 6.9 9.8 13.3 15.5 77
U02
Lot 1 b idem-other 26 15 13 5.1 545 13 23 50
milling
parameters
Lot 2 idem- 20 26 24 12.9 6.4 5.7 1.6 13.3 46
experiments
Lot 3 "molten"UO2 36 23.5 19 S recycled -
Lot 4 "molten" 26 21.5 18.5 5.5 7.5 recycled -

UOZ-2OPu02




Conclusions

The outlined program was chosen to lead directly to
operating conditions for a pilot unit. It is worth
mentioning that scale-up is not a matter of extrapolating
the data for emall diameter beds to very large diameter
beds. Instead, the concept leads to a slab reactor of small
width but considerable length which is divided into compart-
ments of about "laboratory"-scale. Once the system of
fluidized beds in series is under comtrol, this concept
avoids the presently too complicated scaling-up of rather
unusual bed composition.

Parallel to the technological development work, a "
theoretical group is working on modified mathematical models
for our fluid beds in order to evaluate the fresh data on
mixtures for potential applications outside the scope of the
programe.
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REPROCESSING OF THTR FUEL ELEMENTS BY HIGH TEMPERATURE TREATMENT
AND CHLORINATION

Jurgen Hartwig and Klaus H. Ulrich

Fried. Krupp GMBH, Central Institute for Research and Development

Germany

For the reprocessing of irradiated nuclear fuel elements con-
taining the fuel in form of coated particlies, a process has been
developed by which the coating is destroyed at high temperatures to
such a degree that the fuel can be extracted from the fuel element
or from a capsule containing the coated particles by chlorination.
Coated particles with metal carbide intercalations of SiC, for
instance, can also be handled without difficulty. The gas mixture
composed of volatile fuel chlorides and, possibly, of fertile and
fission product chlorides can be cooled and further treatment of
the condensed chlorides can take place in an aqueous solution
process. If development work is continued along the present lines,
fractional distillation and revolatilization appear sufficient to
permit the fractionating of halides as well,

The investigated synthetic fuel elements of the THTR types con-
tained the fuel and fertile material in the form of particles coated
with pyrolitic graphite or with a combination of graphite and sil-
icon carbide. The coated particles themselves were embedded in a
graphite matrix of normal porosity (approx. 20-25%). The fuel
elements were exposed to temperatures of 2400-3000 deg. C in a high-
temperature furnace having an argon atmosphere. This caused the
coating of the particles having a carbide core to be destroyed by
decomposition of the carbon and by the formation of intercalation
compounds. Polished sections show that after this high-temperature
treatment, the carbide fuel is freely exposed in the porous graphite
matrix so that it can be extracted via the gas phase. This unlock~
ing does not have the effect of changing the original shape of the
fuel elements. |In the case of elements containing the fuel or
fissile material in the form of coated particles with cores of
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U-Th-mixed oxide of the composition U-Th-02, this mixed oxide is
reduced upon high-temperature treatment to a mixed carbide by the
carbon of the coatings,

(u Th)o2 +(x+ 2)C=(U Th)cx + 2C0

At a temperature of 2900 deg. C the resultant CO-equilibrium pres-
sures are sufficient to cause the particle coatings to burst, the
matrix of the fuel elements disintegrating at the same time.

Upon subsequent extraction of the chloride, more than 99% of the
uranium was recovered. Kinetic investigations were carried out and
condensation equilibria measured. The pore space of the graphite
matrix and the distribution of the pores were determined. The
optimum flow velocity of the chlorine was determined by gravimetric
observation of the chlorination rate. The temperature dependence
of the chlorination process and the extraction of the chlorides
formed were investigated at temperatures between 200 and 1100 deg.
C. The apparent energy of activation was found to be 4,5 kcal/mol.
This, like the resultant T3/2 dependence, suggest that gas diffusion
through the matrix graphite is a step determining the rate of
reaction. Separate condensation of uranium, thorium, and fission
product chlorides was investigated at different temperatures,

Process design and plant layout for the continuous operation of
this process are outlined.
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PILOT PLANT EXPERTENCE ON VOLATILE FLUCRIDE
o

e
REPROCESSING OF PLUTONIUM

M, Ao Thompson, Re Se Marshall
and R, L. Standifer

The Dow Chemical Company, Rocky Flats Division,
Golden, Colorado
U.S. A.

ABSTRACT

A pilot plant fluoride volatility system for the recovery of
plutonium from impure oxide and residues has been built at the
Rocky Flats plant of The Dow Chemical Company. Studies have been
continuing for about one and one-half years. The results
obtained from this system have been encouraging and indicate that
plutonium recovery and purification from impure oxide is feasible.
Several significant chemical and engineering problems have been
encountered and resolved, Optimization and scale up of the
process will require further studies,

A Prime Contractor for the U, S. Atomic
Energy Commission Contract AT(29-1)-1106

163



INTRODUCTION

The Dow Chemical Company operates the Rocky Flats plant, near
Denver, for the Atomic Energy Commission, The plant is part of
the AEC's Albuquerque Operations Office, which is charged with
major responsibilities for research, development, production and
storage of nuclear components. The work performed at the plant
includes phases of fabrication and assembly of plutonium parts.
During the fabrication phases of the operation, plutonium scrap
is generated, Because of the value and the radiocactive properties
of the plutonium, it is necessary to recover the plutonium and
recycle it through the fabrication processes rather than discard
it.

The present plutonium recovery operation at Rocky Flats is an
aqueous process using nitric-hydrofluoric acid solutions and ion
exchange for purification. The process is well known and has
been successfully used at Rocky Flats for 15 years; however, it
does have significant disadvantages including a high recycle
rate, major corrosion of process equipment, many process steps
and hand operations, and a high generation rate of aqueous and
solid wastes requiring further processing,

Because of the high corrosion rate of the process equipment,
major replacement is required every five to 10 years, Volatile
fluoride reprocessing of plutonium has been investigated at
Rocky Flats for the past five years as a possible replacement
for the present aqueous recovery system, Potential advantages
of a volatile fluoride process 4o Rocky Flats operations appear
to bes

1, Fewer process steps and less hand operations should result
in lower operating costs and less exposure of personnel to
radiation,

2+ More complete plutonium recovery from oxides and possibly
from other residues should be obtained.

3« A lower generation rate of aqueous and solid wastes
requiring further processing.

Le A more continuous and remote system should lower costs and
allow increased shielding to minimize radiation exposure
of operating personnel.

Studies were started on a gram-quantity static bed systeml’2
and were baseg largely on earlier work carried out at Argonnes’ 4,5
and Oak Ridge National lIaboratories, These studies indicated
that the process is feasible to separate plutonium from
impurities normally found in the Rocky Flats process streams,
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A 1-kg-scale pilot plant, utilizing a fluid bed, was therefore
designed and built, and plutonium experiments were started in
December, 1967. The purpose of the pilot plant is to determine
the feasibility of the process on a larger scale, to test the
design and operation of major process equipment on a larger scale
and to obtain operating and design data to be applied to a larger
(12 kxg) production prototype system planned for operation in 1970.

PILOT PLANT

Figure 1 is a flow sheet of the pilot plant system, The fluid
bed is a 2-in.-diameter vessel, 4 ft high, with a 5-in,~diameter
disengaging section, The bed is heated by a three-zone muffle
furnace, Prior to entry into the bed, the fluidizing gas passes
through a preheater capable of heating the gas to 550°C,
Additional heaters are ingtalled on the lower part of the bed for
more complete temperature control, Dual nickel fiber filters in
the disengaging section prevent particle removal from the bed,
Blowback of the filters during the bed operation is possible to
prevent filter plugging and excessive pressure drops across the
filters.

The cold traps are L=in,-diameter vessels approximately L ft
longe. The cooling surface in one trap is longitudinal and in the
other, transverse, Fach trap has 12 sq ft of heat transfer
surface, Cooling of the traps is provided either by a refriger-
ation unit capable of cooling the system to =40°C or by liquid
nitrogen capable of ~70°C, Strip heaters permit raising the
temperature of the traps to 300°C for removal of PuF, (by
refluorination) deposited by the radiolytic decomposition of PuFé.
This decamposition is equal to about 1.5 percent of the PuF6
present per day.

The traps are piped so that they can be used either in series
or parallel,

The hydrogen reductor is 2 in, in diameter by 18 in, long. It
is designed in such a way that different techniques can be tested
to reduce PuF6 to PuF,, Methods that have been evaluated include
a hydrogen~thérmal reduction using a hydrogen~fluorine flame for
heat, hydrogen-thermal reduction using external resistance
heaters, and thermal decomposition on a static bed of PuF, or
Pu0,,, Thermal decomposition on a fluid bed of PuF, or Pu0, was
alsg tested, The most successful method to date hés been a
hydrogen~thermal reduction using externmal heaters.

Packed bed sodium fluoride traps are used to trap any PuFg

escaping through the cold traps or the reductor, The traps are
heated at 150°C during operation by external strip heaters,
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Charcoal traps are used to dispose of any unused fluorine, These
traps are externally air cooled to dissipate the heat from the
exothermic carbon-fluorine reaction and are maintained at no more
than 200°C,

A potassium hydroxide scrubber removes HF formed during the
hydrogen reduction of PuF;, The scrubber is a 5-in,~diameter
Raschig ring=-filled veaseé. A canned centrifugal pump recircu-
lates the solution, Excess hydrogen is burned and any remaining
off=gases pass through a water scrubber and into the bullding
exhaust system.

The fluid bed, cold traps, and reductor are fabricated from
nickel 200, All lines are 3/8-in, Monel tubing with compression
fittings. All lines used to transfer PuFy are equipped with
heating tape to preclude PuF¢ condensation and subsequent line
plugging, The 120 valves in the system are all Monel bellows=-
sealed globe valves with metal seats, About half of the valves
are alr operated and half hand operated, The fluorine recycle
compressor 1s a remote head, reciprocating diaphragm compressor
with an intermediate chamber filled with a2 fluorinated oil., The
process end diaphragm is Monel, A variable speed drive unit
provides flow rate adjustments,

The entire system, except the compressor drive, is enclosed in
a glovebox in order to contain the contamination. The exhaust
air from the glovebox passes through a water scrubber to remove
any fluorine that may have leaked from the system into the box.

About 30 separate experimental runs have been made, including
four initial runs using uranium to check out the system, Each
run has been designed to obtain specific data on one or more
steps of the operation, Therefore, no extended production-type
runs to test the potential capacity of such a system have been
made, The reliability and service life of the equipment have
also not been established because of the limited running time to
date, In some cases, extensive modification of the system was
made between runs,

RESULTS

Preliminary runs on the pilot plant system were made using
depleted uranium in order to check out the equipment and make
any final changes before introducing plutonium contamination,
After several runs and some equipment modification, satisfactory
performance was achieved and plutonium studies were started. To
date 8 total of about 20 kg of plutonium has been put through the
entire system,
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Fluid Bed Conversion of PuO, to PuFg

Figures 2 and 3 show the original designs of the fluid bed,
The original gas distribution system, as seen in Figure 2, was
a nickel ball, The plutonium oxide, having a bulk density of
Le8 g/cc, was mixed with an equal weight of =40 to +100 mesh
aluninum oxide, The alumina was to act as a thermal conductivity
media and as a diluent, With this system, difficulties were
experienced with rapid and excessive temperature increases from
450 to 800°C due to the exothermic PuO, to PuF, reaction. This
temperature spike caused a sintering o% the PuO, to a density of
647 g/cc and a plugging of the bed, In some cases, severe
corrosion of the nickel ball resulted., By adding a vibrator to
the bed, some uniformity in the depletion rate was observed, but
generally the results were poor; sintering or packing occurred,
the total depletion and depletion rate were poor, and there was
severe fluorine attack on the nickel ball,

The distributor arrangement was then changed as shown in
Figure 3, A layer of 20-mesh nickel spheres, which extended into
the heated zone, was used as the distribution system. Glass
column tests indicated that the alumina was of little benefit,
because the PuO, segregated from the alumina after short periods
of bed operation, Therefore, alumina was eliminated in subsequent
runs, Temperature excursions continued to unpredictably occur,
In one case, the temperature increased from 550 to 1200°C in 30
seconds, causing the nickel distribution spheres to fuse and form
a solid pluge By carefully controlling the temperature, the gas
flow rate, the filter blowback cycle, and by vibrating the bed,
the temperature excursions could be minimized, Depletion rates
of 70 g/hr were achieved; however, a small static layer of Puo,
was observed at the nickel interface,

Further studies were made on various gas distribution and bed
designs using a glass column, It was found that a cone with a
2-degree taper provided complete agitation of all of the bed
material and was much less sensitive to particle size distribu=-
tion, It was further observed that the velocity of the gas at
the bed inlet was sufficiently high to prevent the material in
the fluid bed from dropping into the inlet line, Using this
information, the fluid bed was modified as shown in Figure 4.
This is the current design of the bed and 12 runs have been made
with this system, The bed has functioned well using the 2-
degree taper, The runs have proceeded to depletion without
temperature excursions or sintering using PuO, as feed material,
A vibrator was installed on the bed and a depletion rate of 160
g/hr was achieved at a fluorine velocity of 2.3 ft/second.
Increasing the velocity resulted in a decrease in depletion rate,
accompanied by an inability to reduce the filter pressure drop
by backblowing, An increase in depletion rate with increased
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gas velocity above 1 ft/sec was not attained without external
vibration of the bed, Table I shows the results of the fluid bed
runs using the three bed designs.

TABLE I

SUMMARY OF FLUID BFED RUNS

Distributor Max, Depletion Avg Depletion Avg %
Design Rate Rate Depletion
Ball and tapered 56 49 39
seat
Nickel spheres 93 gL 56
2-degree tapered 160 93 98
cone

Present studies are concerned with the design and operation of
a continuous feeding system for the fluid bed,

Purification

Analytical data of impurities inthe feed and product indicates
that good purification factors are achieved for common impurities
found in the Rocky Flats process stream, In one run, 1000 ppm
each of 13 common impurities were added to the feed material,
Table II shows the purification achieved on this run in the
2~degree tapered bed, In early runs, prior to passivation of
the equipment, some copper and nickel contamination was picked
up from the Monel and nickel surfaces, In later runs this has
not been a problem,

TABLE II

PLUTONTUM PURIFICATION

Element Feed Analysis Product Analysis Purification
ppm ppm Factor
A 1000 226 >38
Cr 1000 96 10
Cu 1000 <3 338
Fe 1000 31 32
Ga 1000 12 83
Mo 1000 50 20
Ni 1000 10 100

si 1000 32 31
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5n 1000 3 333

Ta 1000 <100 >10

T 1000 245 40

W 1000 <50 >20

Zn 1000 40 >100
Jrapping

Two types of cold traps were tested for their efficiency in
collecting the PuFg. One type has transverse cooling fins and
the second has longitudinal cooling fins, Cooling was by
refrigeration or liquid nitrogen, Both cold trap configurations
trapped over 1 kg of PuFy at an efficiency of 99.5% or better.
Because liquid nitrogen cooling reduces the losses through the
traps to virtually nothing, the best combination for trapping
on a production scale presently appears to be a trap with
Jongitudinal fins and liquid nitrogen for cooling.

PuFé Reduction

Different techniques have been investigated for the reduction
of PuFy to Pth or directly to metal, Table III is a summary of
the methods studied and an indication of the results, To date
the most successful method has been the thermal-~hydrogen
reduction to Pth. Figure 5 shows the latest design for this
type of reduction. The PuFg is swept from the cold traps with
nitrogen or argon, preheated to about 300°C, and reacted with
hydrogen in the reductor, With extended runs using this concept,
essentially complete decomposition of the PuF, was achieved.

Some caking on the filters results; therefore blowback provisions
are provided, Several batches of PuF, prepared by the
fluorination of PuO, and subsequent reduction to the tetrafluoride
have been reduced to the metal by calcium <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>