
Pilot-Scale Equipment Development For
Pyrochemical Treatment Of Spent Oxide Fuel

by

S. D. Herrmann, K. R. Durstine,
M. F. Simpson, and D. R. Wahlquist
Argonne National Laboratory - West

Nuclear Technology Division
P. O. BOX 2528

Idaho Falls, ID 83403-2528

The submitted manuscript has been created
by the University of Chicago as Operator of
Argonne National Laboratory (“Argonne”)
under Contract No. W-31 -109-ENG-38 with
the U.S. Department of Energy. The U.S.
Government retains for itself, and others act-
ing on its behalf, a paid-up, nonexclusive,
irrevocable worldwide license in said article
to reproduce, prepare derivative works, dis-
tribute copies to the public, and perform pub-
licly and display publicly, by or on behalf of
the Government.

Global ’99
International Conference On Future Nuclear Systems

Jackson Hole, Wyoming
August 29- September 3, 1999

XCWor~~uPPort~dbytheus. DepartmentofEnergy,undercontractW-3I-I(XLENG-38.



DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed,or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



. ,

PILOT-SCALE EQUIPMENT DEVELOPMENT
FOR PYROCHEMICAL TREATMENT OF SPENT OXIDE FUEL

S. D. Herrmann K. R. Durstine M. F. Simpson D. R. Wahlquist
Argonne National Argonne National Argonne National Argonne National
Laboratory-West Laboratory-West Laboratory-West Laboratory-West
P.O. BOX 2528 P.0, BOX 2528 P.O. BOX 2528 P.O. BOX 2528

Idaho Falls, ID 83403-2528 Idaho Falls, ID 83403-2528 Idaho Falls, ID 83403-2528 Idaho Falls, ID 83403-2528
(208) 533-7859 (208) 533-7492 (208) 533-7256 (208) 533-7580

ABSTRACT

Fundamental objectives regarding spent nuclear fuel
treatment technologies include, first, the effective
distribution of spent fuel constituents among product and
stable waste forms and, second, the minimization and
standardization of waste form types and volumes.
Argonne National Laboratory (ANL) has developed and is
presently demonstrating the eledrometrdlurgical treatment
of sodhm-bonded metal fuel from Experimental Breeder
Reactor II, resulting in an uranium product and two stable
waste forms, i.e. ceramic and metallic. 1 Engineering
efforts are underway at ANL to develop pilot-scale
equipment which would precondition irradiated oxide fuel
via pyrochemical processing and subsequently allow for
eledrometallurgical treatment of such non-metallic fuels
into standard product and waste forms. ‘IMs paper
highlights the integration of proposed spent oxide fuel
treatment with existing electrometallurgical processes.
System designs and technical bases for development of
pilot-scale oxide reduction equipment are also described.

I. OBJECTIVES

An oxide reduction process would precondition
irradiated oxide fuel such that uranium and transuranic
(TRU) constituents are chemically reduced into metallic
form via a molten Li/LiCl-based reduction system. In this
form the spent fuel could be further treated in an
electrorefiner and waste handling equipment, thereby
reclaiming uranium and placing TRU elements and fission
products into stable forms suitable for disposal in a long-
term repository. A summary process flow diagram of the
integrated oxide reduction, electrorefining, and waste form
systems is illustrated in Figure 1. Development of the
LfiiC1-based oxide reduction process has proceeded at lab
(nominally 50 grams of heavy metal (HM)) and
engineering scales (nominally 10-kg of HM) for
unirradiated oxide fuel. The following describes the
process and technical issues associated with equipment

design for scale-up from lab- and engineering-scale
reduction of unirradiated oxide fuel in gloveboxes to pilot-
scale (up to 100-kg of HM) reduction of h-radiated oxide
fuel in a hot cell.

II. INTEGRATED PYROCHEMICAL AND
ELECTROMETALLURGICAL TREATMENT OF
SPENT OXIDE FUELS

The integrated oxide reduction and electrorefining
process steps include 1) preparing the spent fuel for
treatment; 2) chemically reducing uranium and TRU
constituents; 3) electrorefining the reduced fuel; 4)
conditioning the reclaimed uranium and fission product
containing waste forms; and 5) regenerating the litilum
reductant. Preparation of spent oxide fuel involves
chopping fuel elements and loading fuel and cladding into
a permeable basket which is universal to oxide reduction
and electrorefining processes. In the oxide reduction
process, lithium and lithium chloride are maintained
molten at 650”C. When a fuel loaded basket is placed into
this systew the lithium reduces oxides of uranium and
TRU constituents into metallic form via the following
reaction.

MOZ + 4Li . 2Li20 + M (1)

(where M = uranium and TRU elements)

The lithium chloride dissolves the resultant lithium oxide
from the fuel matrix. The basket containing reduced fuel
from the reduction process is placed directly into an
electrorefiner, where the uranium is electrochernically
dissolved into and transported across a molten
Iithiurrdpotassium chloride eutectic salt at 500 °C?’3 Upon
completion of the electrorefining process, the uranium
product is cast into ingots. The cladding hulls and fission
products remaining in the anode basket are processed into
a metal waste form.4’5Once fission product or contaminant
limits are reached, the TRU and fission product containing
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Figure 1. Summary Flow Diagram of Integrated Pyrochemical and Electrometallurgical Treatment for Spent Oxide Fuel

salt is processed into a ceramic waste form.b An
electrowinning process recovers metallic lithium from the
salt-soluble lithium oxide and discards the oxygen.
Additional information regarding the integration of oxide
fuel treatment with electrometallurgical processes, as well
as oxide reduction operational experience at lab and
engineering scale are documented.7

III. PILOT-SCALE OXIDE REDUCTION EQUIPMENT
DESIGN

Design criteria for installation and operation of
proposed pilot-scale oxide reduction equipment in the Hot
Fuel Examination Facility (HFEF) at ANL-West (ANL-W)
include: 1) cotilguring the system for compatibility with
the existing Mark V electrorefiner — presently located in
the Fuel Conditioning Facility at ANLW 2) limiting the
size and configuration of process vessels for reduction
operations to a single workstation in the HFEF argon cell;
and 3) approaching a batch treatment capacity for spent
oxide fuel of 100-kg HM.

Figure 2 depicts a conceptual model of a pilot-scale
oxide reduction system. The system consists of a
reduction vessel and an adjacent salt storage can, which
are accommodated by a single HFEF workstation. The
reduction vessel would stand on a raised floor (operating
floor level) and the storage can would be recessed through
the raised floor and stand on the hot cell’s concrete floor.
Both the reduction vessel and storage can are sized to
contain 500 liters of molten lithium chloride at 650”C and
are designed for operations at pressures up to 15 psig in
order to effect pressurized salt transfers. A 500 liter
volume of lithium chloride is sufficient for reduction of up
to 100 kg HM from spent oxide fuel (divided among 4 fuel
baskets), after which salt recovery via electrowinning
would be necessary for subsequent reduction runs.

The mode of operation for the conceptual pilot-scale
oxide reduction system is intermittent, i.e. it allows for
system start up and heat up, reduction, and subsequent
system shut down and cool down between runs, if
necessary. Prior to system start up, the storage can would
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Figure2. Conceptual Model of Pilot-Scale Oxide
Reduction System

be pre-charged with salt and the reduction vessel would be
loaded with up to 4 fuel baskets and 4 lithium jackets. The
porous metal lithium jackets are separate from and
concentric to the fuel baskets and would retain the lithlum
reductant. After heat up the storage can would be
pressurized relative to the reduction vessel, forcing sdt
into the vessel and flooding the fuel baskets and lithium
jackets. Actuation of the reduction vessel agitator would
circulate molten salt from the pool and force it through the
permeable fuel baskets and across the lithhrn-containing
porous metal. Once the spent oxide fuel was reduced,
circulation of the salt would be stopped and the reduction
vessel would be pressurized relative to the storage can,
thereby transferring the salt. The fuel baskets would either
be removed from the reduction vessel while at operating
temperature and devoid of salt, or after system cool down.
Whether in the reduction vessel or a separate vessel, the
salt could be recovered by placing an anode configuration
inside of and concentric to the lithium jackets, and then
applying an electrical potential. Lithium ions from the
dissolved lithium oxide in the salt would be catholically
reduced and retained at the lithium jacket and oxygen
would be drawn to an anode and discarded.

IV. TECHNICAL BASES OF PILOT-SCALE OXIDE
REDUCTION EQUIPMENT

The thrust of effort at ANL-W towards development
of pilot-scale oxide reduction equipment has involved
engineering analyses and tests necessary to define the
bases for scale up of the oxide reduction process and to
assess the feasibility of the conceptual pilot-scale model,

The scale up and configuration of the oxide reduction
process are based largely on an understanding of the
reduction kinetics. This understanding drives the
configuration of the reduction vessel and fuel basket. The
fuel basket is additionally constrained by the need for
universal application between the oxide reduction and the
existing Mark V electrorefiner systems. Other chemical
and physical properties of the oxide reduction process
have introduced challenges regarding the control of
impurity formations (i.e. nitrides) and system integrity (i.e.
corrosion and salt expansion from thermal cycling). The
following describes some of the engineering activities to
support equipment development of a pilot-scale oxide
reduction process.

A. Reduction Kinetics

Lab-scale reduction tests with depleted U02 and
LfiiCl solutions have provided evidence that a shrhking
core kinetic model with solid phase diffusion control is
applicable to this system. A detailed discussion of the
shrhddng core model can be found in the reaction
engineering text by Levenspiel.8 Under this assumed
model, the rate of UOZreduction is dhectly related to the
rate of lithium diffusion through a built-up layer of
reduced uranium, also referred to as an ash layer. When
U02 is reduced to elemental uranium the metal condenses,
yet the pellet maintains its initial spatial volume. Thus, the
uranium product is a porous structure through which
lithium diffuses. The rate of lithium consumption by a
single UOZpellet can be quantified using the following
expression.

dN~i 4TCDeCti
—. moleslsec (2)

dt 1 1—-—
R, rc

Lab-scale experimental results have indicated that the
intraparticle diffusion coefficient, DC,is 2.7x10-4 cm2/sec at
650”C. The pilot-scale oxide reduction vessel is designed
to sustain the lithium concentration in the molten LiCl at
its saturation level which at 650°C is approximately
1.7x10-4moles/cm3. For the sake of preliminary kinetic
analyses, it is assumed that the saturation concentration of
lithium does not change as the reaction proceeds,
producing LizO in solution and elemental uranium in solid
form.

Based on the fundamental shrinking core kinetics and
a radhd plug flow configuration of a fuel basket (as shown
in F@.me3), a pilot-scale oxide reduction reactor kinetic
model has been derived. A material balance on the lithium
in solution across the reactor yields the following
dimensionless equation.
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Figure 3. Plug Flow Configuration of Oxide Fuel Basket

A material balance on the UOZin each fuel pellet can
be used to derive the following equation, which is then
used to determine how the core radius, rC,varies with time.
The initial condhion for this differential equation is that rC
is equal to unity.

() ar
l-~ rC2+ = !X where

rc

DeaWC;tV~~k,,
n= ,#=_E

4pR;F v basket

(4)

Different reactor designs have been considered for the
pilot-scale oxide reduction reactor, with and without
forced flow through the U02 bed. The importance of
opting for forced flow can be demonstrated by plotting the
effectiveness factor (q) of the reactor for different
operating conditions. The value of q is defined as the
relative ratio of the observed reaction rate to the reaction
rate in a perfectly mixed system. For simplicity, this is
defined as ~&xOb, where ~ti is the time required to

completely reduce the fuel in a perfectly mixed system
while ~0~,is the time required to completely reduce the fuel
in a pilot-scale oxide reduction reactor. In a perfectly
mixed system the concentration of lithium at the surface
of the UOZpellets would be fixed at the saturation
concentration, In a non-ideal system, lithium
concentration gradients develop across the reactor basket.
The model described above was numerically solved using a
finite differences routine, and q was plotted as a function
of volumetric flow rate for a number of different particle
sizes. The result is given in Figure 4. The importance of
forced flow is accentuated as the particle size decreases.
For instance, if the particle diameter is 0.1 inches (2540
pm), q increases from 0.35 to 0.68 with increasing flow
from 250 to 1000 cm3/see,

/’ ❑ rp=0.25 in (~mix =60 h)

o rP=0.12 in (~m~ =15 hr)

o rP=0.05 in (-=2.4 hr)

o 500 1000 1500 2000 2500

Flow rate (cc/see)

Figure 4. Effectiveness Factor vs. Flow Rate for Various
Oxide Fuel Particle Sizes

Experimental data from lab- and engineering-scale
oxide reduction testing has been applied to the kinetic
model for design of the pilot-scale oxide reduction vessel.
However, in contrast to the pilot-scale design, both the lab-
and engineering-scale systems rely upon external mixing
for transport of lithium through a basket packed with fuel.
A mock-up of the pilot-scale oxide reduction reactor was
thus needed to study fluid flow, mass transfer, and reaction
kinetics in order to optimize the design of the actual
system. A simple water-based prototype of the radial plug
flow configuration has been built to aid in the development
of the pilot-scale reduction vessel design. This prototype
along with the dimensionless kinetic model allow for the
development of similitude between the oxide reduction
system and another reacting aqueous chemical system that
follows a shrinking core kinetic model. By keeping ~, Q,
and R@z fixed in relation to the actual Li/UOz systew a
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benign surrogate chemical system can be used in mock-up
reactor testing. The surrogate system that has been
proposed is NH~ adsorption onto H-Y zeolite in an
aqueous medium. NH~ binds tightly onto H+sites in the
zeolite to form NHq+-Yzeolite. The rapid and irreversible
nature of this reaction dictates that it follows a sbrhking
core model. Using lab-scale tests at ANL-W, it has been
verified that this surrogate system obeys an ash layer
diffusion-controlled stilnking core model. This surrogate
chemical system will be used to verify the pilot-scale
reduction kinetic model and, thus, help optimize the
reduction vessel design and operating parameters.

B. Nitride Formation

The HFEF argon cell atmosphere is controlled to
remove and maintain oxygen and moisture within a range
of 60*40 ppm. The cell does not remove or control
nitrogen, other than a nominal argon cell purge rate. Thus,
the cell nitrogen concentrations approach 10,000 ppm.
Nhrogen contamination of the HFEF cell argon could have
undesirable effects on the oxide reduction and
electrorefining processes. Gaseous nitrogen forms nitrides
spontaneously with lithlum at room temperature and above,
and its formation with uranium is marked at elevated
temperatures (>500”C) via the following reactions.

3Li + ?4Nz - Li~N (5)
xu + yNz - uxN2y (6)

Uranium nitride compounds which could form include UN,
U2N~,and UNZ9 The lithium nitride could also act as a
precursor compound to form uranium nitrides in the oxide
reduction and electrorefining processes, respectively, via
the following potential reactions.

4LilN + 3 U02 - UN + lJ2N3 i- 6Liz0 (7)
LiBN + UCIZ * (JN + 3LiCl (8]

Uranium nitride formation could occur in the oxide
reduction and electrorefining processes and, once formed,
the uranium would not be reclaimable by the integrated
processes without additional recovery methods.

A small-scale oxide reduction vessel has been
installed in an argon glovebox at ANL-W and tests are
underway to examine the extent of lithium and uranium
nitride formation. The atmosphere in the glovebox is
controlled to prototype conditions within the HFEF argon
cell. Exposing Iitlium and uranium to such an atmosphere
at oxide reduction system temperatures and conditions, and

examining the degree of the respective nitride formation,
will define the need for additional atmospheric controls in
a pilot-scale system.

C, Compatibility of Containment Materials

The corrosive environments of a molten LtilC1-based
oxide reduction system pose the challenge of identifying
compatible materials for the reduction and, particularly, the
electrowinning processes. There are a number of factors
that influence ferrous and non-ferrous material
performance in the oxide reduction process. 10’11Material
test programs and studies have been performed, internal
and external to ANL, and are continuing in order to further
define appropriate system materials. Common steels are
currently being pursued as letilng candidate materials for
the reduction process.

D. Salt Expansion

Lithium chloride expands approximately 35% by
volume from its solid phase at room temperature to its
molten state at oxide reduction operating temperatures.
The majority of the volume expansion occurs at the solid-
liquid transition. However, one quarter of the total volume
increase occurs in the solid phase, which is over twice the
volume expansion of a stainless steel storage can. Thus,
the concern is whether the stresses resultant from
constraining the expanding salt in the solid phase have the
capacity to jeopardize system integrity.

A review of the available material properties of LIC1
has not yielded sufficient information to permit a finite
element analysis of the salt exprmsion/containment system.
Therefore, a test program is underway to determine
whether the salt possesses mechanical properties which
could fail a containment system under prototypic
conditions, The test program utilizes reduced size test
cylinders which are scaled such that stresses in the test
cylinders are similar to the pilot-scale salt storage can
configuration for a given internal pressure. The cylinders
are loaded with a LiCl salt system and then subjected to
numerous melt/solidification cycles. Profilometry is used
to detect permanent deformation in the test cylinders
resulting from an overstress condition.

A failure of the test cylinders would suggest that the
proposed salt storage can configuration may not be suitable
for intermittent heat ups and cool downs and that a much
more complex apparatus such as a salt casting station may
be required for oxide reduction process salt off-loading
and system shut down. To date, two test cylinders have
successfully withstood more than 20 meltisolidlfication
cycles with varying cool down mechanisms and no
discemable deformation has been observed. Further



experiments are planned in order to confirm the validity of
the reduced scale test assumptions and to provide
information for detail storage can design.

V. SUMMARY

A pilot-scale oxide reduction system would serve as a
front-end process to existing electrometallurgical
equipment, and would advance spent nuclear fuel
treatment capabilities by including irradiated oxide fuels.
In particular, the oxide reduction process offers the benefit
of condhioning into standardized waste forms those U. S.
Department of Energy spent oxide fuels,12which maybe
difficult to adequately characterize or repackage for
disposal in a federal repository. To this end, engineering
studies are underway to assess the feasibility of and define
the technical requirements toward a pilot-scale oxide
reduction system.
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