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ABSTRACT

Argonne's National Laboratory's Integral Fast Reactor (IFR)
is the main element in the U.S. advanced reactor
development program. A unique fuel cycle and waste
process technology is being developed for the IFR.
Demonstration of this technology at engineering scale will
begin within the next year at the EBR-II test facility complex
in Idaho. This paper describes the facility being readied for
this demonstration, the process to be employed, the
equipment being built, and the waste management approach.

INTRODUCTION

A unique feature of the IFR is the fuel cycle and waste
process technology. The IFR concept itself ' represents a
marked departure from the traditional sodium-cooled fast
breeder reactor technology being pursued in several nations.
The point of departure for the U.S. program was the
cancellation of the Clinch River Breeder Reactor in 1983.
This was to be the U.S. demonstration plant for sodium-
cooled reactor technology of the traditional line. CRBR
cancellation created both a mandate to pursue a different line
of development, as well as the opportunity to re-examine
fundamental choices involving the reactor and fuel cycle
technology in light of today's conditions.

From a fuel cycle perspective, two fundamental
conditions in the U.S. today are (I) no Light Water Reactor
(LWR) fuel recycle can be reasonably foreseen, and (2)
disposal of nuclear waste continues to be an intractable
problem.

The implication of the first condition is that there is no
LWR aqueous reprocessing and mixed-oxide fabrication
infrastructure in the U.S upon which a breeder infrastructure
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could build. Thus the U.S. sodium-cooled reactor program
carries the requirement of having to develop and deploy fuel
cycle technology along with the reactors, from the outset.
And to do this, a technology is needed that doesn't rely on
large economies of scale. Otherwise, the first plants will
carry an unacceptable fuel cycle cost burden. Instead, a
technology that is simple, compact and cheap is imperative.

Second, because of the climate that exists in the U.S.
today regarding nuclear waste disposal, steps to recover and
recycle actinide elements may (because of their long
lifetime) ease the technical requirements placed on the waste
repository. Actinide recovery and recycle have been studied
in several reactor development programs for many years.
Research results to date suggest that with the IFR approach
to the fuel cycle, actinide recycle may be more practical than
ever before.

MAIN ELEMENTS OF THE IFR

The IFR fuel cycle process is called the "pyroprocess",
coined from the more descriptive "pyrometallurgical"
process-implying high-temperature processing of metals.
Indeed, the metal alloy fuel, that is very different from the
ceramic (oxide) fuel used in the other sodium-cooled reactor
programs around the world, is the first key feature of the
IFR concept.

EBR-II has always used metal fuel, but the low burnup
achievable with metal fuel in its early days caused most
programs to turn to mixed oxide. By the late 1960s, the
burnup problem of metal fuel at EBR-II was solved, and
today metal fuel burnup has reached 15% of the heavy metal
(or ~ 150,000 MWd/tonne), or higher. Metal fuel also
brings with it superior safety characteristics, demonstrated
in 1986 in EBR-II testing3. There a loss-of-coolant-flow
without scram accident was simulated from full power, with
the reactor shutting itself down through passive means.



•FUEL CYCLE FACILITY

Early in the IFR program, it was clear that any
demonstration of the IFR fuel cycle process would need to
be achieved at minimum cost. Fortunately, the process is
very compact, and demonstration requires only a small hot
cell facility. Fortunately, such a facility was available--the
EBR-II Fuel Cycle Facility (FCF). However, to meet the
current safety standards for facilities processing nuclear fuels
(especially plutonium) many improvements to the facility
were needed. These are principally to improve confinement.

The FCF was originally constructed in the early 1960s
along with EBR-M and was used from 1964 through 1969 to
demonstrate an early and incomplete version of the
pyroprocess. In subsequent years, the facility was used for
examination of irradiated fuels and materials and was then
known as the Hot Fuel Examination Facility/South. In 1990
the facility was given back its original name in anticipation
of the new demonstration.

these two cells, which together have a floor area of only
218m!.

A new equipment decontamination and repair complex
was constructed in the basement of FCF. In addition, a new
building (15.4xl5.4m) was constructed immediately to the
east of FCF to house essentially all of the nuclear safety-
grade equipment—a redundant pair of 360 kw diesel
generators, and a pair of exhaust/filtration systems to
guarantee filtration conditions under all credible accidents.

The FCF will provide complete fuel cycle service for
EBR-II. In addition, it will serve as an experimental facility
where process alternatives and advanced concepts will be
developed. A primary program objective is to establish the
reactor performance of IFR metal fuel that has been
remotely refabricated in FCF. In pursuing this objective,
the feasibility of the pyroprocess will be established, and
costs, safety record, and reliability and maintainability of the
equipment and facility systems will be quantified.

Figure 1. Fuel Cycle Facility

Figure I. is a cut-away view of FCF. It has two
shielded hut cells, one with an air atmosphere and one with
an inert argon atmosphere. Processes involving intact fuel
elements are carried out in the air cell, and those involving
exposure of heavy or reactive metals are done in the argon
cell. The entire fuel cycle demonstration will he done in

The key process equipment has significant capacity
beyond the 250 kg per year needed to serve EBR-II. This
is being done so that no significant scale-up of the
equipment will be needed in any follow-on project.
Moreover, by the time that fabrication operations commence
(expected in March 1993), over 100 spent EBR-II fuel



backlog of assemblies will permit the process to be run tor
• brief periods at a throughput rate significantly higher than
that associated with steady-state service to EBR-1I.

THE PYROPROCESS FOR FUEL RECYCLE

In application to the specific case of EBR-II, the main
pyroprocess steps are as shown in Figure 2. Each of the
boxes shown in Figure 2. is a function involving one
machine with the exception of element welding, settling, and
inspection, which will be done on separate machines. Thus,
nine remotely-operated machines comprise the basic process.
When one considers that most of these devices will pass
through an argon cell airlock which permits a maximum size
envelope of just under 2 m in dia and 2.5 m long, the
compact nature of the pyroprocess is further illustrated.

A. The Head-End: VAD and Element Shear

The VAD is used to dismantle and assemble fuel
assemblies coming from and going back to EBR-II. It is
located in the air cell and is an existing machine that was
refurbished and improved. Fuel elements are installed on or
removed from a support grid with master-slave
manipulators, and fuel bundle ducts are installed on or
removed from the assembled bundle with a drivescrew
mechanism and load cell.

The fuel element shear uses a small, commercially
available electromagnetic punch press to shear individual
fuel elements into segments approximately 6 mm long. The
elements are fed from a 44-position magazine into a standard
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Fig. 2 : Basic Pyroprocess in EBR-II Application

The head-end of the pyroprocess is conventional. Spent
fuel assemblies are dismantled (and new fuel assemblies put
together) on a device called the Vertical Assembly/
Dismantling (VAD) machine. Individual fuel elements are
sheared into short segments on the element shear.

The electrorefiner is the heart of IFR reprocessing. In
this single vessel, dissolution, separation, and extraction
occurs. Product cathodes are purified in the Cathode
Processor. Then, up to 25 kg of constituent metals
(uranium, plutonium, and 10 w/o zirconium) are placed into
a graphite crucible and put into an injection casting furnace,
whereupon they are melted and cast into quartz molds. A
pin processing machine conducts acceptance tests and inserts
the finished fuel pins into new cladding tubes. Elements are
then closure-welded and inspected. Note that for EBR-II
application, there are no blankets to be processed.
Plutonium instead is introduced from an external source at
the elecrrorefiner or at the injection casting ftirnace. In what
follows, the function and status of each machine is discussed

machine tool collet. The collet advances the element into
the shear, and the individual segments fall into electrorefiner
anode baskets or sample containers positioned on a turntable
located below the shear. The shear was installed in the
argon cell in September 1991 and is ready for use.

B. The Electrorefiner

As noted above, the electrorefiner is used to dissolve
fuel, separate fission products, and extract uranium,
plutonium, and other transuranics. Thus the processes
internal to the electrorefiner constitute much of the
reprocessing step in this fuel cycle. Because of the central
role these processes play, the processes themselves will be
briefly reviewed. More detailed process discussions are
available in the literature4-5.

Electrorefining employs a molten salt electrolyte (LiCl-
KCl-U/PuCl,) at 500°C for processing spent metal fuels. A
simplified schematic of the electro-refining apparatus for



. processing IFR fuel and blanket material is given in Figure
3. Spent fuel elements are sheared and put in a basket for
anodic dissolution. Cadmium dichloride (CdCy is then
added to oxidize alkali, alkaline earth, and most rare earth
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CHOPPED

Fig. 3. Schematic of Electrorefining Apparatus

metals to their chlorides. Essentially pure uranium is
eJearotransported to a solid cathode; a mixed U-Pu product
is electmtransported to a liquid cadmium cathode (not shown
in Figure 3).

The chemistry of the pyroprocess is based on the
relative ease of oxidation of the elements, including fission
products, that make up the metal fuel. This was determined
from the tree energies of formation of chlorides of these
elements, which show that alkali and alkaline earth metals
are readily oxidized into the salt, while the less easily
'ixklized (noble) elements remain as metals. The elements
subject to eiectratransport are U, Pu, Np, Am, Cm, and Zr.

Initial (starting in 1983) process development and
process feasibility and flowsheet verification studies were
carried out in an unshielded plutonium glovebox facility.
The major equipment used was a laboratory-scale (0.5 kg U,
Pti) electrorefiner and a fuel melter-retort. Late in 1987, a
Mark-Ill engineering-scale electrorefining facility (10 kg of
uranium tin a single solid cathode) was constructed to
demonstrate the electrolytic transport of uranium at plant-
scute levels and to measure the anodic dissolution rate of
clad segments of uranium-zirconium alloy.

A small electrorefiner was built for irradiated fuel
testing in the Hot Fuel Examination Facility. A principal
result from this device was confirmation that anodic
dissolution of irradiated fuel was essentially quantitative, and
uranium and plutonium remaining in the cladding constituted
only 0.03 and 0.005 percent, respectively, of that originally
present.

The design of the FCF electrorefiner (Figure 4.) is
based on that of the Mark-Ill device. The process vessel is
approximately 1.0 m deep and 1.0 m in diameter. It
contains a 15 cm layer of molten cadmium and a 30 cm
layer of molten salt. Circular ports in the steel cover and
thermal radiation baffles provide access for four electrodes
(28 cm in dia) and one stirrer (20 cm in dia). Other smaller
ports allow material additions, sampling, and cover gas
control.

Figure 4. Electrorefiner

The electrode assemblies are independent structures
consisting of a containment housing and a long shaft with an
adapter for either an anode or a cathode. The containment
housing mates with a slide valve mounted on the
electrorefiner cover and maintains isolation of the cover gas
from the general cell atmosphere. The electrode assemblies
are maneuvered into and out of the process vessel by
elevator/rotator mechanisms mounted on the support structure.



anoae-axsemDiies at a support station, ine anoo.es ana tne
" cathode assemblies are then inserted into the electrorefiner.

At the end of an electrotransport run, the electrodes are
removed, and transferred back to the support station for
removal of the cladding hulls from the baskets and for
removal of either the dendritic solid cathode deposit or the
cadmium-uranium-plutonium ingot resulting from use of the
liquid cadmium cathode. The cathode products are sent on
for further processing, the cladding hulls are retained for
later waste treatment, and the electrode assemblies are
prepared for the next batch.

Based on results from the electrorefining research, it
appears that 10 kg solid uranium cathodes can be deposited
in about 24 hours. The liquid cadmium cathodes containing
4 kg heavy metal are expected to require a 36-hour
deposition period.

The FCF electrorefiner is in final stages of fabrication
at Argonne's main laboratory site in Illinois. It is scheduled
to be shipped to FCF in January 1993.

C. Cathode Processor

Cathodes from the electrorefiner include the recovered
heavy metals with some salt and/or cadmium. At the
cathode processor, the cadmium and salts are separated from
the solid- and cadmium-cathode products, and the purified
metals are consolidated into ingots of acceptable size, shape,
and composition for casting.

In the cathode processor, the process crucible is heated
untler vacuum to temperatures which cause the sequential
evaporation of cadmium, decomposition and evaporation of
cadmium from various cadmium and heavy metal inter-
metallic compounds, and finally evaporation of salts.
During the heating, the distillate is transported from the
process crucible to the condenser region, where it condenses
ami flows into the receiver crucible. Then the heavy metal
in the process crucible is heated to melt and consolidate it
into ingots in shaped recesses in the bottom of the crucible.

It is anticipated that the process time will be about 8
hours to purify and consolidate either type of cathode, but
the entire cycle time is longer because of the time required
to cool the vessel and its contents.

Figure 5 is a photograph of two identical cathode
processors. One is for use in FCF and the other for
operation with depleted uranium in an R&D mission at the
main laboratory in Illinois.

Figure 5. Identical Cathode Processors for In-Cell and
Out-of-Cell R&D Use

D. Injection Casting Furnace

The function of the casting furnace (Figure 6) is to
blend uranium, plutonium, alloying metals, and materials
recycled from previous batches in the proper proportions to
achieve a homogeneous and uniform fuel composition. The
design batch size is a 25 kg charge (22.5 kg heavy metal),
set by critical ity-safety constraints. About 12 kg of useful
fuel pins will result from an 8-hour casting cycle. The
remaining heavy metals (heels and ends of pins) are recycled
in another casting batch. The alloy charge is heated
inductively in a graphite crucible until fully melted, held at
a temperature for a prescribed period to ensure
homogeneity, and then injection cast into closed-end quartz
molds.

To inject the alloy into the molds, the furnace is
evacuated by a vacuum system, and the molds (open-end
down) are lowered into the charge. The furnace is rapidly
pressurized, injecting the molten alloy into the evacuated
molds. Argon gas from a mold cooling system then flows



Figure 6. Casting Furnace

over the molds to expedite solidification. Fabrication of the
casting rurnace, initial heat-up, and remote qualification tests
were completed in the early summer of 1992.

E. Fuel Pin Processor

After fuel pin casting and removal from the mold pallet,
the pin processor removes the quartz molds from the cast
fuel pins, shears the pins to length, and inspects them for
length, diameter, straightness, and weight. Acceptable pins
are then inserted into fuel element jackets positioned in an
element fabrication magazine. Fuel element jackets are
fabricated, loaded with sodium to act as a thermal bond, and
then installed in the magazine in a clean, out-of-cell
environment. Fabrication of this device is complete and
qualification is in progress.

F. Element Welding, Settling, And Inspection

The element welder is an automated device that inserts
anil welds top-end plugs into fuel element jackets which had
heen previously loaded with fuel and sodium.

The element welder functions are to: (1) tor specific
fuel elements, fill the plenum with unique isotope mixtures

of identifying tag gas, (2) insert dement end plugs into the
top of fuel element jackets, (3) weld the end plugs to the
element jackets, and (4) perform automated visual
inspections of the weld. Once the fuel elements have been
welded and inspected, they are transferred to the settling and
bonding station which is adjacent to the dement welder.

The settler ensures that the fuel is seated at the bottom
of the element, and that the bond sodium is relatively free of
voids in the annulus between the fuel and the cladding. This
is done by heating the elements to 500°C and providing an
impact load.

The element inspection station verifies (1) by x-ray
imaging that the fuel pin is settled and that the bond sodium
level is acceptable, and (2) by leak testing that the closure
weld meets the integrity specifications.

WASTE PROCESS 7

The electrorefining process for IFR fuel produces three
major waste streams: a chloride salt waste, a metallic waste
carried in cadmium, and the cladding hulls which remain
after dissolution of the irradiated fuel. The salt waste
consists of electrolyte salt (LiCl-KCI) containing alkaline
earth and alkali metal fission product chlorides, iodine in the
form of sodium and/or cesium iodide, and some rare earth
fission product chlorides. Actinide concentration in the salt
is reduced to the lowest practical level by electrotransport to
the electrorefiner cathodes. The metal waste includes the
transition metal and noble metal fission products together
with the other rare earth fission products and zirconium
from the fuel alloy.

The current flowsheet for the waste treatment process is
shown in Figure 7. The waste salt from the electrorefiner
is first treated in a multi-stage centrifugal contactor (a
"pyrocontactor"), where residual transuranic elements are
removed by contacting the molten salt with a molten
cadmium/depleted uranium mixture. The extraction takes
place according to reactions of the type,

PuCl,(salt) + U(Cd)-UClj(salf) + Pu(Cd).

The treated salt, now non-TRU, is sent to a salt
stripping step where the molten salt is contacted with a
molten Cd-Cu-Li mixture. The lithium reduces the
remaining uranium and rare earth chlorides leaving a waste
salt containing iodides and chlorides of alkaline earth and
alkali metal fission products. The metal phase from the
stripping operation contains cadmium, copper, depleted
uranium and rare earth fission products.

The extracted transuranics, together with a small amount
of U and rare earth fission products, are recycled to the
electrorefiner after removal of cadmium in a product metal
retort.
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Figure 7. IFR Waste Process

The cladding hulls remaining after dissolution of
irradiated fuel may contain some residual actinide elements
entrained in the adherers salt. These hulls are sent to a
washing step where they are immersed in the waste salt from
the salt stripping operation and contacted with a molten Cd-
Li mixture. Any uranium or TRU element residue present
in the hulls will be reduced into the metal phase and
returned to the electrorefiner for recovery after separation of
the cadmium in the product metal retort.

The stripped salt used in the hull washing process then
passes to an alkali metal chlorination process, where fuel
element bond sodium and volatile alkali metal fission
products recovered prior to electrorefining are introduced
into the salt phase along with CuCl and Cd. Excess lithium
introduced in the hull washing step combines with the Cd
and Cu and is recycled to the salt stripping step. The waste
salt, now containing iodides and chlorides of alkaline earth
ami alkali metal fission products, is sent to the salt waste
immobilization process.

The waste salt is immobilized by infiltration into a
zeolite bed. The fission products are immobilized by two
mechanisms; ion exchange with the atoms in the zeolite
structure, and occlusion of salt molecules within the
framework of the zeolite molecular cage structure. Waste
loading of the zeolite is done at a temperature of 500°C.
The salt that passes through the heated column is highly

depleted of fission products as fission product chlorides
become sodium or lithium chlorides in the ion exchange
reaction. The effluent salt is recycled to the electrorefiner.

The waste-bearing zeolite powder must then be
consolidated into a solid monolithic form prior to geological
disposal. Two approaches are currently being evaluated:
direct hot-pressing after removal of adherent surface salt,
and conversion of the loaded zeolite to a natural mineral
analog, sodalite. Both processes have been demonstrated on
a laboratory scale, and leach resistance of the consolidated
products appears to be acceptable. The consolidated zeolite
or sodalite product will be placed in a sealed container for
disposal.

The metal wastes from the electrorefiner and from the
salt stripping step must be treated so as to remove virtually
all of the cadmium from the waste form destined for
geologic disposal. Two methods for doing this are presently
under evaluation. The first method involves retorting after
first alloying with a matrix metal such as copper. This tends
to complicate the retorting process, but it has been proven
feasible. In the second method, the waste-bearing cadmium
is contacted with liquid aluminum. The fission products and
fuel alloy zirconium partition strongly into the aluminum
phase. Most of the cadmium can be recovered by settling
and then pumping off the liquid cadmium. The remaining
cadmium is recovered by retorting. The residue of



aluminum and fission products is combined with the waste-
bearing aluminum mass which is alloyed with a suitable
material, such as copper. This corrosion-resistant alloy is
placed in a sealed container for disposal. With either
method it is possible to place the washed cladding hulls in
the matrix prior to solidification. Alternately, the hulls
could be disposed separately as a third waste form.

The waste treatment and immobilization processes
described here are under active development. All of the
processes have been shown to be feasible in laboratory tests.
The current program schedule calls for engineering-scale
demonstration of the salt extraction and salt stripping
processes with unirradiated materials in 1992-1993. This
will be followed by demonstration in FCF with irradiated
materials. The reference salt and metal waste forms will be
selected in mid-1993, and then an intensive characterization
program will be pursued for the purpose of qualifying the
IFR wastes for disposal in a high-level waste repository.

WASTE MANAGEMENT IN FCF

In FCF waste processing equipment will be installed to
demonstrate all the steps of the waste process flowsheet
shown in Figure 7 and discussed in the previous section.
Installation will be about two years after fuel cycle
demonstration begins, when sufficient material has been
accumulated to operate the equipment. For the interim, a
storage strategy has been developed for the different FCF
waste streams''. This storage strategy will allow for the
orderly development and installation of the new waste
processing equipment.

The ANL-West site has two available storage locations.
The FCF has ten storage pits inside the air cell and 17
storage pits inside the argon cell. Also, the ANL-W site
includes a facility for the storage of radioactive material.
This facility, called the Radioactive Scrap and Waste Facility
(RSWF), has steel liners placed in 3.76 meter deep holes in
the soil. Each of the holes can hold one waste container,
with exterior dimensions or" 0.31 m diameter by 1.87 m
long. Figure 8 shows the basic storage configuration.

Development of an interim storage strategy required
consideration of the following design constraints:
compatibility with existing facility waste handling systems,
capability for remote operations and retrieval, cooling of
containers under normal and potential accident conditions,
no free liquids during storage, and compliance with all
appropriate DOE orders and EPA regulations. The strategy
was developed by defining waste characteristics, developing
conceptual designs of storage containers, and modeling the
passive heat transfer capability of existing storage pits in the
Fuel Cycle Facility and in the RSWF.

After the analytical capabilities were developed, an
interactive design approach was used to create a flexible
RSWF storage strategy that met the goals of the overall
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Figure 8. Storage Configuration at the Argonne-West RSWF

development program and all of the different design
constraints. A waste handling strategy was developed for
each individual waste stream. In general, the different
RSWF strategies resulted in thermal limits between 200-350
watts per hole with one waste can. To minimize the number
of RSWF holes and transfer operations, several strategies
were evaluated in which the cans were stored in the FCF for
various holding times. The additional holding time takes
advantage of radioactive decay to lower the thermal power
levels before transferring to RSWF.

Since the electrorefiner salt and cadmium process
streams have a high thermal power output per unit volume,
passive convective cooling options were selected for
temporary storage of cans in existing storage pits in the
FCF. This eliminates the need for an active cooling system
which would need to be nuclear-safety grade.

As shown in Figure 9, the passive convective cooling
design uses an insulated chimney inside the storage pits to
induce natural convection currents. The ambient
temperature argon settles in the outside annulus between the
pit liner, and the chimney then turns at the bottom of the
pits and rises in the annular space between the cans and
chimney. For the FCF facility storage pits with natural
convection cooling, waste cans could contain between 2000-
2500 watts.

Because the waste repository will not accept wastes until
after 2020 and additional waste processing development may
be needed, the storage strategy allows for storage and easy



retrieval. The waste containers from the FCF will be
•remotely placed inside a second container so that a
contamination-free outer container can be handled outside of
the facility. These two containers are then placed into a
shielded cask for transporting to the RSWF and both
containers are placed in the hole. This provides multiple
levels of containment, allows for the materials to be
transferred and later retrieved, and minimizes personnel
radiation exposure.

PLAN FOR DEMONSTRATION

The modifications to FCF are a prelude to the
demonstration program. Limited construction was
authorized in July, 1988 and full construction authorization
was granted in May, 1990. In that period, the regulatory
environment within the Department of Energy has become
much more stringent, with many new DOE Orders
appearing. Also, while within the DOE Office of Nuclear
Energy the priority of FCF Modifications is now very high,
the project has not been immune to funding interruptions.
These factors contribute to past slippage and continuing
uncertainty in the FCF operating schedule. The present plan
calls for depleted uranium checkout operations to begin in
Fall, 1992; fabrication operations with unirradiated uranium-
plutonium-zirconium in Spring, 1993; and full reprocessing-
fabrication operations in late Summer, 1993. As noted
above, waste management operations will begin with waste
stream characterization and interim storage, and proceed to
demonstration of the waste process in the 1995 time frame.
The expectation is that this schedule will support the 1995
DOE milestone of establishing the technical and economic
feasibility of 1FR commercialization.

Air Outlet

Air Inlet
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