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by ) '

Charles E. Baldwin, Rocky Flats Plant, Rockwell International °
. and
Kevin M. Myles, Argonne Hational Laboratory

The pﬁ?pchemica] coprocessing of spent nuclear fuels presents unique
problems in design and remote engineering. The generally high operating
temperatures and corrosive environments require materials of construction :{
and unit operations specially designed‘for adverse conditions. The chemical
flow sneet, snown in Fig. 1, illustrates the basic process steps found in
‘ pyrochemica]'processes currently under consideration. The process .technology
of the following three representative processes will be examined in detail:
melt refining, zinc distillation, and salt transport. '

The first full-scale app1icatioh of pyrochemical technology in the
nuclear field was the EBR-II melt refining of uranium alloys by the high
temperature oxidation of fission product_s.]’2 Over 35 000 fuel pins of
spent metal fuel were reprocessed, refabricated, and recyc]ed,3 producing

more than five reactor-core ]oadings.4 The zinc disti]]ations and the salt

6

transport” for coprocessing uranium and plutonium oxide and metal fuels. are

among the next generation of pyrochemical processes being considered. The
process operations have been defined and the unit operations are currently:
being evaluated. As an example, the flow diagram for coprocessing oxide
fuel by the salt transport process is shown in Fig. 2. The turntable,
semi-continuous, batch concept7 is being designed to be ope?ated and main-

tained remotely and to process 1/2 metric ton of spent fuel daily.

The unit operations found in pyrochemical procésses are unique in that
they include remote processing, and containment of fluids and solids at up
to 1400°C. Though all unit operations are difficult under remote conditions,
the more significant unit operations that chaT]enge the technical feasibility
of pyrochemical processing are containment, phase separation, liquid transfer,
distillation, reagent recyc]é, and by-product disposal. |
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' Recent-effort in the fabrication of tungsten and tungsten a]]oys‘as
well as tﬁé impregnation and coating of ceramics have shown promise in
solving the containment problems. It is anticipated that containers up.
to 10 7t3 will be required and studies in tungsten fabrication including.

" spinning, sintering, plasma spraying, and joining are currently underway.

Several tungsten crucibles that were recent]y fabricated by the various
techn1que; are sihown in Fig. 3.

The separation of immiscib]e liquids, solids from liquids, solids
from So]ids, and'vaporifrom solids or 1liquids are inherent to‘pyrochemiéal
_ processing. Remote, high temperature processing, however, mandates mini-
mizing the handling of solids: therefore, the majority of phase separations
are witn liquids with specially designed equipment. For example, pressure
transfer of alloys and salts at 800°C are accomplished in heated molybdenumn-
tungsten tubes. Vacuum distillation is employed for the separation and
recycle of volatile components, such as cadmium and zinc, from liquid

solutions. 8,9,10

Reagent recycle to minimize waste disposal is a cohtinUing challenge
and responsibility. An investigation is uhderway to recover calcium from .
calcium oxide,Aa major by—product from the redUction operation. One concept
involves the electrolysis of CaC in fused salt where calcium forms at the
cathode and C0/CO, at the anode.]] The waste from pyrochemical processes.
are readily converted to solids that are compatible with the current
national policy concerning radioactive waste management.

P
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Fig. 3. Tungsten Crucibles: Joined, Plasma Spfayed, -
Draw Spun, and Sintered (from left to right). '
(approximately 5 in. diameter by 10-1/2 in. high)
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In the following slide, a4?¥0°43;lMFBR”fue1 | cyck® is illustrated. Depleted
uranium is introduced into the system where it is combined with plutonium
generated in the system, converted to fue] placed in the reactor, producing
electricity, waste heat, fission products and plutonium in excess @b’that which
is consumed. The uranium and plutonium are coprocessed, removing certain
fission products while enriching the fuel, with respect to plutonium, and con-
verting it back to usable fuel, thus completing the cycle. The &xcesS™p
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The pyrochemical (nonaqueous) co-processing of spent nuclear fuels presents

dzxsmsrenareswstgﬁge and protiferation i

unique problems in design and remote engineering. The generally high opérating
temperatures and corrosive environments require materials of construction and
unit operations specially designed for unique conditions.
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During a brief discussion of-the basic flow ;heef, the pfocess fechno]ogy of
'severai representative pyrochemical processes (Melt Refining, iinc Disti]?ation,
and Salt Transport) will be examined. An analysis of the key unit operations
associated with the Zinc Distillation and Salt Transport Processesrfina11y

will be made cu]minatiné in a basic conceptual deésign incorporating these

unit operations into an overall processing scheme.
. . '
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_ The following slide compares the basic pyrochemical flow sheet
with three~representafive pyrochemical processes. This is‘ﬁﬁﬁg

intended to be scOMDrENENSHVEy since the chemistry has already been

discussed, but merelyzpresents aggpweraﬂmmna' Stany:

1 n: A

Decladding is the removal of the fuel assembTy hardware and the cladding
associated with the active section of the fuel assembly. This may be done
either mechanically or chemically, or both. The majority of the gaseous

fission products are vented during dec}adding.
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Some typical non-aqueous decladding methods include: .
A, Melt Qgc]adding is a method invwhich a fuel assembly is heated.uﬁtilAthe
‘ cladding melts and drainé‘away from the fuel.  Melt decladding was
investigated af Argonne Natidna] Laboratdry in the temperature range

of 1400-1650°C. using pellets clad in'type 304 stainless steel tubes.
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AIROX, a fuel recycle pfocess developed

by Rockwell International, Energy Systems Group, Canoga Park,

-uses an oxidative decladding method which consists of disassembling
the fuel assemblies to obtain the individual fuel rods which are
then perforated, oxidized from U0, to U30g, then reduced back to
'U02, causing a change in fuel volume, which splits the cladding

and releases the fuel as a dry powder. This method is acceptable
for.LWR fuels,-but"has not been effectively demonstrated yet for

" LMFBR fuels. | | ‘ -
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" Oxidation Reaction

P ~ 400°C

o, +0, > U0

Reduction Reaction

» ~ 600°C
U0g + 2, > 300, + 2Hy0

This slide shows the chemical reaction by which the

fué] is pulverized by cyclic oxidation.

[
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Molten Metal Decladding involves contacting the oxide fuel assembly
with a molten méta1 or alloy in which the cladding and fuel assemb]y’
hardware is dissolved. TwoAsuch candidates are copper-antimony at

900-1000°C. and zinc at 800°C. A physical separation is required to

. separate the fuel from the molten alloy-cladding mixture.

Fof bbth the Zinc Distii]atipn and Sa]t'Transport Processes molten zinc
is used to remove the cladding from the spent fuel. After cropping off
the bottom hardware the fuel is immerséd in molten zinc at approximately
800°C. Only the active section is dissolved, allowing the top hardware

to be removed.
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In Molten Salt Decladding of zirconium and zircaloy cladded fuels, the
cladding is removed from the fuel by tHe reaction of the c]adding'with
molten lead chloride or zinc chloride at 600-800°C. This dec]adding

method may apply to LWR fuels.
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@ MECHARICAL DECLAIDING -

In Mechanical Decladding the cladding is mechanically removed from‘the
fuel. In the EBR-II Melt Refining Process the decladding was accomplished

by complete disassembly of the fuel assembly and mechanical removal of

~the cladding from each pin.
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Reduction converts oxide and carbide fuel into metals which are more amenable
to shbsequent pyrochemical operations for fission product removal and enrichment.

In thé Zinc Distillation and Salt Transport Processes, the oxide fuel is con-
verted to a metal form by the calcium reduction of the oxide fuel. This is
done in the presence of zinc or a copper-magnesium alloy and a salt containing
calcium chloride. Intense agitdtion must be .employed to insure a continuous
movement of the liquid alloy and salt past the oxide.

Mixing brings calcium to the reaction site, removes the reaction products from
the reaction site, and‘equilebrates the salt and metal phases. The alkali-

alkaline eérth, chalcogen, and halogen fission products are taken up by thé : .
salt. ‘The activades and remaining fission products remain with the alloy. .

e

Since the EBR-I1 fuel 1s in a metallic state to begin with, no reduction is
required.



Typical Reduction Reaction

-

£°C

2Ca + U0, ®T% 2ca0 +

This slide illustrates the basic calcium reduction for both

| Zinc Distillation and Salt Trahsport.
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~ Separation methods for removal of fission products and for enrichment of L

fissile materials may be accomplished in a number of different ways and

can be classified into two groups:

physical and chemical.

a. Physical separations include such processes as distillation and

evaporation, fractiona]'crysta11ization, and 1iquid~1iquid'extraction.

Removal of highly volatile fission products-can be made by'disti]]ation.

Fractional crystallization can be employed for fission product

separations.

Fission product removal and plutonium enrichment can

a]so be accomp11shed by partitioning between 1mm1sc1b1e liquid metal

phases

b. Chemical Separations can be
and reduction reactions.

achieved by se]ectivevchemica1 oxidation

In the Zinc Distillation, Salt Transport, and Melt Refining Processes,

.These operations could be performed
.Distillation Process the order is reversed from the basic flow sheet, with

enrichment being performed first by

“decontamination and enrichment are performed in two separate operations.

in any order; however, in the Zinc

contro]]ed vacuum distillation followed

by separation of certain fission products by fractional crystallization.

Salt Transport uses liquid-liquid extraction involving molten salts and

Tiquid metals as the immiscible process so]vents for partial fission product

removal and enrichment.

In both the Zinc Distillation and Salt Transport Processeé, the enrichment is

accpmp]ished by removing depleted uranium from plutonium during processing.

Melt Refining remqud certain fission products by oxidation with a zirconia

- crucible used to contain the melt.

the crucible as.a skull.
the addition of enriched uranium to

The fission product oxides were retained in

Enrichment after Melt Refining was accomplished by

the recycled uranium.
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In some pyrochemical processes where solvent metals are employed, proper
selection of the solvents is necessary to insure complete solvent separation
later on in the process. Solvent removal is generally accomplished by
relying on the high vapor pressures of solvent components, affecting separa-
tion by distillation techniques. Both the Zinc Distillation and Salt

Transport processes use distillation for.compTete removal of metal solvents.

"Since no solvents were present in the EBR-II Melt Refinihg Process, solvent

removal was unnecessary.

-\ 8
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The prbduct from the process must be converted to a form compatible with
refabrication operafions. For metal.fuels, such as were handeled by the
EBR-II Process, a metal product can be cast into the required shape used
in refabrication. For oxide fuels, such as those handled by the Zinc
bisti]]ation and Salt Transport Process, the metal product must be
éonverted to an oxide product, which meets the proper isotopic, chemical
and physical specifitations suitable fof refabrication. Vd]ati]ization
of fission products, such as Ruthenium 106, during oxidation,'must be

considered to maintain proliferation resistance.
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Fabrication of new fuel from oxide powders requires-additiona1 treatment

such as compaction, granu1ation, tabietting,'and'sintering to produce a

product acceptable for use in new fuel. The fabrication of metal fuel can

be accomplished by injection casting as. was performed in the EBR-11 Fuel

Cycle Facility.
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To accomplish- the process operations of both the Zinc Distillation and Salt

Transport Processes the following major unit operations required are: mixing,

containment, phase separation, liquid transfer, distillation, reagent fécyclé,‘

and by-product disposal. Each will be addressed in more detail, .
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For oxidé reduction and for equilibration of salt and metal phases, mixing
is provided using a "pot and paddie." These process operations are performed

in a cylindrical vessel. This equi]ibratidﬁ is accomplished by intermixing

the salt and metal phases. An impellor may be rotated in the molten materials.
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Due to the corrosive nature of the process reagents at operating temperatures

up to 1000°C. special materials of construction are required for containment.
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Estimated operating temperatures and proposed materials of construction are

presented for both Zinc Disti]]ation and Salt Transport.

Studies are currently underway at Argonne National Laboratory and Rocky Flats
to determine the corrosion resistance and fabricability of materials of con-
struction.' At this point in time tungsten is the most attractive material of

construction for containment of molten salts and metals used in these processes.

Tungsten is a difficult material to fabricate. At Room Temperature tungsten

is brittle, but may be formed at high temperatures with difficulty.
i v
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This slide shows four tungsten vessels fabricated by four different methods.
These methods are, from left to right: Jjoining, plasma spraying, spinning, and

pressing and sintering,

(1) Joining is a fabrication method whereby a sheet of tungsten is
rol1-formed and joined by welding, diffusion bonding, or brazing. Welding
causes recrystallization at the weld, reéd]ting in failure at the grain :
boundaries. Diffusion bonding requires some interface metal such as niobium
or molybdenum-niobium and high pressures and temperatures. Because of the
high pressures and temperatures, severe alignment problems arise during
bonding. The interface metal provides a path for corrosion. Brazing is the
most attractive of the‘joining techniques. The brazing development focuses
on the selection of a brazing alloy that will bond.below the tungsten re-
crystallization temperature, yet remain strong at the service temperature.
Also some corrosion resistance to molten salts and metals is desired. The
Jjoints may be coated with tungsten either by plasma spraying or chemical
vapor deposition to prevent direct contact of the molten alloy with the
braze material.

Two joining attempts have been made at Rocky Flats culminating in a 5 by 10 1/2

inch tungsten crucible, 0.040 inches wall thickness

(2) Plasma spraying is a fabrication method whereby a tungsten powder is
sprayed at 3500 C onto a mandrel to produce the desired shape. The mandrel 1is
then removed from the tungsten by dissolving in acid and the tungsten piece is
then sintered to improve density. This plasma sprayed free standing crucible

5 inch diameter by 10 1/2 inch high by 0.100 inch thick was made by wusPF. l/vwws o7 |

-and will be sintered.

VI
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(3) Spinning is a fabrication method in which a cup, formed from .a flat
sintéred tungsten blank, is extrusion spun at 1150 C to the desired length
(Slide -3).A Three such crucibles have been successfully spun at Rocky Flats.
“This %ast techn1que does not appear to be an acceptable method since tungsten
blanks are not commercially available in a s1ze large enough to produce a full

scale crucible. It is not 11ke]y that blanks 1arge enough will be available
T the near future.

(42‘ Pressing and sintering is a fabricating method whereby powdered
tungsten is isostatically formed énd sintered between 1800 and 2200 C producing
an average tungsten density of 92% theoretical. Two sintered crucibles 5 inch
by 10 1/2 inch high by 0.300 inches were made by GTE Sylvania at 96% theoretical
density. A large wall thickness is required to suppoft the crucible during
sintering. Electrochemical grinding will be used to reduce the wall thickness.

Mo]ybdenum 30 wt % tungsten is an acceptab]e mater1a]
for fabr1cat1ng ‘transfer tubes, agitator shafts, and padd]es
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Sufficient time must be allowed after equilibration of salts and alloys

for phase disengagement of the immiscible bhaseé. Phase disengagement

must be done prior to phase separations to prevent carryover of undesired
phases during liquid transfer. Liquid transfer will be accomplished by
pressure transfer through heated transfer 1ines from one vessel to another.
The transfer Tines through'which the ]iquid.wi]1rbé transferred'is wrapped
with resistance heaters and insulation to maintain the temperature of the
liquid above its meiting point. Transfer lines used for transferring molten
salts and liquid metals will be fabricated from molybdenum-30 wt.% tungsten.
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Slide shows a resistance-heated transfer line which was
designed, built, and used at Argonne National Laboratory.

The inlets of the transfer tubes will be positioned so as to remove only the

desired liquid phases.
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Slide  illustrates the four types of separations to

\

be accomp]fshed in the Salt Transport and Zinc Distillation Processes.
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Distillation is a key operation in both the Salt Transport and Zinc Distil-
lation Processes. Salt Transport uses distillation for separation of metal
solvents from the product and recycle of procesé solvents. To minimize
;1ev: process reagents and reduce waste, zinc and magnesium may be separated
from the cladding and spent acceptor aﬂoys. In the Zinc Distillation

Process not only is distillation important to solvent recycle but it is

vital in obtaining the required enrichment and fission product removal.



This slide shows a distillation furnace developed by Argonne National
Laboratory for removal of zinc and magnesium from uranium, This equipment:
was developed for the Skull Reclamation Process. The Skull Reclamation

Process was developed but not installed at EBR-II.
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The Zinc Diﬁti]1ation and Salt Transport Processes have several waste

streams. in common.
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FP-1:  XeKe, N

FP-2: I, Br, (s, Rs, Ba, Sr, Eu, Se, Te

FP-3:  la, Ce, Pr, K, Pn, 6D, T

FP-8: 2=, K8, Yo, Tc, Ru, Ru, Po, As, Co, lu, S, SB

— S]iéé g1ves the type of waste stream, the waste ‘stream
_treétment, and f1na1 form for interim and ]ono term storage. The-FP-I
:fission gases w111 be collected from sealed furnaces, compressed, and stored
in gas cylinders. Process solvents such as zinc and magnesium as weIT as
salts, with the exception of fission product bleed streams, will be recycled,
The stainless steel cladding will be uséd:aé a disposal matrix for FP-3”and'j

FP-4 elements. The FP-2 elements in the reduction salts may be cast with

the cladding into high ihtegrity steel contaiheré which can be sealed for.

interim and long term disposal. The adequacy of this method must be verified.

LUAN



2, il

In the concetha] process for either Zinc Distillation or Salt Transport

the initial operations have solids present. To ayoid tfansferring of solids,
a turntable with several opefating positi@ns is propoéed. Three positions
are proposed for theinnc Di;ti]]ation Process. Four are‘proposed for'the
Salt Transport Process. The turntable concept provides a method for
avoiding removal of the solids from thé crucible by moving the crucible and

solids from position to position through the process.

-t



. For examp]e; in the Salt Transport Process,.the’primary process~§penati@us
operafions are conducted sequentié]]y fn tHe.same tungsten crucible. These
primary operations are conducted in a éircu]ar processing assembly with
epEraEing stations dedicated for each operétion. Each.statibn has the neces-
| sary épparatus to conduct the desired unit operations (introduction of spent
fuel, induction heating, stirriné} and transfef of Tiquid metal and molten

~salt phases into and out of the crucibles).

Auxiliary operatidns are conducted in stationary furnaces $urrounding the
.. rotatable turntable. Flow of material between crucibles is made by press@re

transferring through heated transfer tubes.
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This slide illustrates an elevation view of the conceptual facility. Ancillary
operations such as distillation, casting and product oxidation are conducted

in separate process bays extending radially from the main process operations.

After each operation is completed the turntéble is rotated for the next
operation. Prior to rotation, the turntable (and crucibles) are ]owe;ed o)
that the stirrers and transfer tubes will ﬁot obstruct the rotation of the
crucibles. After rotation the crucibles are raised back to the operating
level at the new operating positions. A pfe]iminary design volume of 250
liters was selected for the primary operations. ‘In the Salt Transport Process
a design volume of 30 Titers was selected for the FP-3 removal operations.

The small volume of the FP-3 removal vessels builds in a tamper-proof feature

to prevent higher than desired removals of FP-3 elements.
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EBR-II, Experimental Breeder Reaction II, and its associated pyrochemical
fuel cycle facility, was an early demonstration of closing the fuel cycle.
EBR-II was one of the first reactors to produce electrical power, producing
20 MW electrical. The fuel reprocessing, refabrication, and testing were

performed remotely and operated successfully for four years.

)
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The'Fuel Cycle Facility (FCF) is located adjacent to anJintegrated with

the EBR-II at the National Reactor Testing Station in Idaho. Within the
National Reactor Testing Station was a two-cell complex consistiné of a

700 sq. ft. air cell and a 2200 sq. ft..argon atmosphere cell. This facility
was designed by Argonne to demonstrate remote, close coupled, pyrochemical -
reprocessing of the irradiated metallic fuel from EBR-II, a part of the

Liqﬁid Metal Fast Breeder Reactor (LMFBR) program. Construction was com-
pleted in 1963 and irradiated fuel introduced into the facility in 1964..

From that time to 1968, when the facility was dismantled, 35,000 fuel elements

with burnups to 2 at .% were processed.

Melt Refining was the process selected for removal of the more reactive
fission products from the irradiated EBR-II fuel. At this time, fully

enriched uranium was also added to the charge to maintain the proper enrich-

" ment level.
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The spent chopped fuel was charged_into a lime-stabilized zirconium oxide-
crucible containing the enriched make-up material. The fuel alloy was
melted and liquated for 3 hrs. at 1400 C under an inert argon atmosphere.
A ceramic-fiber fume trap was used to trap cesium and iodine (CsI). After
purification, the fuel alloy was poured into a graphite ingot mold. Melt
refining removed three classes of fission products from the fuel which
represenﬁ about two-thirds of the total fission yield. The chemically
inert fiésion gases, xenon and krypton, were evolved on melting. Some of
the FP-2 fission products were volatilized and trapped by the fume trap.
The remaining FP-2 and the FP-3 elements, reacted with the oxygen in the
zirconia crucible to form oxides. These oxides remained with the crucible

when the alloy was poured into a mold.
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EBR-IL Skull-oxidation Furnace, Cutaway View

Skull oxidation was designed.to free the uranium trapped in the s]aé from
the melt refining crucible. The oxidation operation was designed to form a
free-flowing oxide powder. The crucible was charged into the oxidation
furnace, the bell jar was lowered and sea]éd to the furnace, the temperature
was raised to 700 C and alternate cycles of pure oxygen feed and furnace
evacuation were initiated. The cyclic process was controlled automatically

and was terminated when the skull ceased to consume oxygen.

After oxidation, the skull oxide was removed from the furnace and mechan-

ically dumped into a container and stored.
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A skull reclamation process, designed for recovering uranium from the oxide
skulls, was developed, but was never installed due to changes in the miggion

of EBR-II

The melt refining process produceJan ingot (about 10 kg.) of partially

decontaminated fuel.
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The initial fabrication step was injection cast1ng molten fuel into precision
bored Vicor glass molds. The resultant fuel rodndemo]ded, sheared to length,
and subjected to quality-control inspection. The fuel rod was placed in a
cladding tube containing a predetermined amount of sodium. The assembly was
vibrated at elevated temperature to settle the fuel to the bottom of the
cladding assembly, a top closure plug was added, and the assembly was welded
closed. Leak detection operation was performed on the closure weld, The
leak-tight fuel element was then subjected to a high-temperature impacting
operation to affect a.continuous, sodium heat-transfer envelope between the
-fuel rod and the cladding. The element was then tested to ascertain the bond
quality and to determine the sodium level. Acceptable elepents were then
fabricated into a fuel assembly. The assembly was tested!;ééquacy of weld
penetration, quality, and for straightness. Completed subassemblies were
then transferrcd to the reactor for insertion into the core.



' : ' LONCLUSIONS
o PYROCKEMICAL REPROCESSING SUCCESSFULLY
CEMONSTRATED

"o CURRENT PROCESS CONCEPTS PONTENTIALLY
- . PROLIFERATION AND DIVERSION RESISTANT -

© PROCESS ¥ASTE IS SOLID
o FURTHER DEVELOPMENT IS REQUIRED

In conclusion fully remote pyrochemical processing and fabrication of spent -
LMFBR fuel is viable as has been demonstrated by the successful Melt Refining

operation conducted at EBR-11-from 1964 to 1968.

The requ1rement for coprocessing uranium and p]uton1um and maintaining

ddequate ]eve]s of f1ss1on producta qualify certain pyrochemical- processés

such as Zinc Distillation and Salt Transport as potent1a1 exportable pro11fer~ ,
atjon and diversion resistant fuel reprocessing options. 'Advantages of pyro-
chemiéa] prdcessing are that all operations are non-aqueous and short cooled
fuel can b¢~processed. Wlaste generation is in solid form,lrEquiring no

subsequent conversion from aqueous solutions to solids.

Further deveTopment effort} however, must be conducted before these pyro-

chemical processes can be performed on a production scale.





