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ABSTRACT
This report summarizes highlights of the technical progress
made in the Integral Fast Reactor (IFR) Program in FY 1991.
Technical accomplishments are presented in the following areas of
the IFR technology development activities: (1) metal fuel performance, (2) pyroprocess development, (3) safety experiments and
analyses, (4) core design development, (5) fuel cycle demonstration,
and (6) LMR technology R&D.

I. IFR PROGRAM OVERVIEW
The Integral Fast Reactor (IFR) development covers the entire reactor
system, not only the reactor itself, but also its fuel cycle, both fuel refining
and fabrication, and waste management as well. The goal is to develop a reactor
system that answers the questions facing the next generation of nuclear power
plants with respect to economics, safety, and waste disposal. The program
emphasis has shifted each year as the development has proceeded.
Initially, the focus was placed on demonstration of passive safety
characteristics. The loss-of-flow without scram and loss-of-heat-sink without
scram tests at EBR-II were a spectacular demonstration of the inherent passive
safety potential of the IFR concept. The emphasis then shifted to development
of a fuel performance and pyroprocessing technology database, and rapid progress
has been made during the past two years.
The high burnup potential of the new IFR fuel alloys has been demonstrated.
EBR-II is now fully converted with the IFR fuel alloys and statistically
significant fuel performance data are being generated. A new whole-pin furnace
experimental facility allowed in-depth evaluation of fuel failure mechanisms over
a broad range of temperatures and transient conditions to establish the safety
database required for licensing. Electrorefining experiments to develop a key
element in fuel cycle closure are now routinely carried out on a 10-kg
engineering scale. Anodic dissolution was successfully demonstrated, speeding
dissolution, which had previously slowed the production rates in the IFR
pyroprocesses.
The focus is now on the demonstration of the entire IFR fuel cycle. The
next key milestone is to complete the refurbishment of the original EBR-II Fuel
Cycle Facility. All environmental permit processes have been successfully
completed. Rapid progress is being made on the facility modifications as well
as the fabrication of process equipment modules.
The IFR Program has now entered the demonstration phase, with priority on
the following tasks:

Completion of Fuel Cycle Facility refurbishment and subsequent
operation for prototype demonstration of the entire IFR fuel cycle.
Conceptual design of a commercial-scale fuel cycle facility.
Development of waste processing technology and initiation of the NRC
high-level waste certification process.
Fuel performance demonstration of recycled IFR fuel alloys up to 15%
burnup.
Development cf safety licensing database and demonstration tests at
EBR-II, as required.
The University of Chicago Special Advisory Committee for the IFR continues
to be enthusiastic about the potential of the IFR and is highly impressed with
the technical progress as indicated by the following excerpts from the executive
summary of the Committee report:
"The Committee continues to be very impressed with the
progress in the IFR (Integral Fast Reactor) development
program."... "We believe the IFR should be elevated from an
interesting and promising concept to a definite and very
important part of the U.S. long-term strategy for supplying an
ever-increasing demand for electricity; we reaffirm that
belief.
We recommend the design and initiation of
construction of a demonstration IFR plant within this decade.
This first plant, with government subsidies as necessary,
should be followed at appropriate intervals by other
demonstration plants, each plant benefitting from what was
learned in preceding plants and involving progressively more
private utility involvement. A further objective should be to
have a standardized, and certified, design available for
commercial exploitation on a broad scale a few decades from
now in the U.S. and throughout the world."

"The potential advantages of the IFR visualized in past
years continue coming closer to reality. These include
enhanced safety; proven, very high fuel burnup;
proliferation resistance; reduced waste-disposal
problems; an integral, self-contained, and potentially
lower-cost fuel cycle; and a nearly inexhaustible supply
of fuel. This Committee sees little likelihood that any
serious technical problems will emerge that would
eliminate the IFR as the front-runner for supplying
nuclear electricity when light water reactors become
uneconomic as a result of finite uranium supplies. The
Committee believes the cost of developing the IFR to a
state of readiness is small compared to the benefits of
having an assured, uninterrupted supply of electricity
at predictable cost."
"The Committee believes it is timely to initiate steps
towards international collaboration and joint funding of
the demonstration plants discussed above. Such a
program, including the relevant R&D and component
development, will require substantial financial
resources."

II. METAL FUEL PERFORMANCE
A.

Irradiation Experience with HT9-clad Metallic Fuel
1.

Introduction

Since February 1986, a series of experiments have been carried out
in the EBR-II reactor to obtain performance data relevant to HT9-clad U-Pu-Zr
fuel. Tests of D9-clad U-Pu-Zr fuel were run in parallel and their good
performance characteristics have recently been reported.1 In February 1986 the
lead experiment, X425, was initiated. The objective of this test was to obtain
scoping data which could be compared directly to the lead D9-clad experiments
initiated one year earlier.
In November of 1987, two follow-on tests were initiated. The X447
test was designed to verify the high temperature stress rupture capabilities of
HTQ cladding with metallic fuel and was orificed to operate at a peak inside
cladding temperature (PICT) of 660°C at beginning-of-life (BOL). This temperature
is considered an extreme challenge to the creep rupture strength of the HT9 alloy
and would be avoided for normal operation.2 Binary fuel (U-lOZr) was chosen
because a binary metallic fuel core was at that time being pursued for the Fast
Flux Test Facility (FFTF) in Richland, WA.
To investigate the effects of individual design variables on inttnral
pin performance, a design parameter test, X441, was conducted. In addition to
control pins with nominal design features (i.e, U-19Pu-10Zr fuel, 75% smear
density, and 1.5 plenum to fuel volume ratio), pins with 6 wt. % or 14 wt. % Ir
fuel, 70% or £5% smear density and 1.1 to 2.1 plenum-to-fuel volume ratio were
irradiated in the assembly.
Fuel designers are in the process of using the results from these
lead experiments to support conversion of the EBR-II core from austenitic-clad
U-lOZr fuel (Mk-III, -IIIA) produced in the "cold" fuel manufacturing facility
to HT9-clad U-20Pu-10Zr fuel (Mk-V) which will be remotely manufactured in the
"hot cells." The complete IFR fuel-cycle will eventually be demonstrated at the
Idaho site by irradiating reprocessed Mk-V fuel to high burnup. The results

summarized herein are the first data reported on the steady-state behavior of
HT9-clad U-Pu-Zr metallic fuel.
2.

Experimental Results

Table II.1 is a summary of the operating and design parameters for
the three experiments.
TABLE I I.I. Design Data for the X425, X441, X447 HT9-clad Elements
X425

X441

X447

Linear Power kW/m
(Peak Core Midplane)

40

51

33

Peak Inside Cladding
Temperature (~BOL)

590°C

600°C

Element Length, cm

63.8

74.9

660°C
74.9

Plenum Volume/Fuel Volume

-1.0

-1.1-2.1

-1.5

Clad Wall Thickness, mm

0.38

0.38

0.38

Clad Outer Diameter, mm

5.84

5.84

5.84

x=0,8,19
y=10

X=19
y=6,10,14

X=0
y=10

72

70,75,85

75

Fuel Alloy, wt. %
(U-xPu-yZr)
Fuel Smeared Density, %

a.

X425

Cladding integrity has been demonstrated in this subassembly
to peak burnups exceeding 19.2 at. % with no cladding failures to date. It was
found that fuel swelling and fission gas release behavior were consistent with
the austenitic-clad fuel behavior reported previously.1
However, cladding
performance differences were significant at all burnups due to the absence of
irradiation-swelling effects in the HT9 steel. Maximum diametral strains
occurred near core midplane. Section 3,a below summarizes the spiral contact
profilometry data obtained during interim exams. This test will be continued to
its first breach or to the administrative burnup limit of 20 at. %.

b.

X447

One interim postirradiation examination was completed at
4.7 at. % peak burnup. Cladding strain was negligible except at top-of-core
where typical peak diametral strain was approximately 0.8%.
Because
fuel-cladding mechanical interaction is negligible at this smear density (75%)
and burnup and cladding irradiation swelling is nil, the localized strain
resulted from fission gas loading at this high temperature region of the pin.
Post-irradiation examinations of X447 elements at 10 at. % peak
burnup is currently in progress. Fission-gas pressure data has been analyzed and
shows about 75% release, with an estimated in-reactor plenum pressure of 6.5 MPa.
Cladding strain behavior at 10 at.% paak burnup was found to be consistent with
that at the lower burnup. Negligible strain was found in the fuel column below
X/Lo = 0.70. The peak strain occurred at the top-of-core and averaged 1.6% in
unbreached elements.
Two elements have breached in the X447 test at 9.5 at. % peak
burnup. For the one breach where good fission gas signals were obtained, a
delayed neutron (DN) signal spike was recorded that rose to 135 cps above
background and returned to normal levels after 15 min. This is typical behavior
for metallic fuel breach.3 The average strains measured at the breach sites are
1.6% and 4.1%, which fall in the range of normal failure strains for HT9.
Destructive examinations of the breach sites are not yet underway, but a preliminary visual examination suggests that the crack opening is not great; this
is consistent with the small delayed neutron spike.
c.

X441

The X441 test was expressly designed to benchmark the fuel
performance code LIFE-METAL. The X441 test was terminated at a peak burnup of
12.7 at. %. No cladding breaches had occurred. For each of the seven types of
elements tested, only one design parameter was varied from the control
(U-19Pu-10Zr, 75% SD, P/F=1.5) to provide unobscured results. Pin performance
data collected during an interim reconstitution at 6 at. % and during the final
examination showed excellent behavior of the HT9 cladding. Table II.2 summarizes

TABLE II.2. Summary of X441 Cladding Strain Data
% Smear Der >ity

Fuel Alloy

Plenum/Fuel Ratio

75

U-19Pu-10Zr

1.1

% Diametral
Clad Strain
0.32

75
75

U-19Pu-10Zr

1.5

0.28

U-19Pu-10Zr

2.1

0.17

75

U-19Pu-6Zr

0.27

75

U-19Pu-14Zr

1.5
1.5

70

U-19Pu-10Zr

1.5

0.22

85

U-19Pu-10Zr

1.3

1.66,2.28

0.25

the observed maximum cladding strain measured with linear laser profilometry
taken every 30° and averaged. The data in Table II.2 are from eight representative elements, all chosen from the inner rows of the 61-position bundle.
The end-of-life diametral cladding strain in all but the high
smear density group was small (0.17% to 0.32%), indicating: (1) negligible
fuel/cladding mechanical interaction and (2) adequate plenum volume to
accommodate the fission gas at low pressure. The fact that even the small plenum
pins exhibited negligible strain suggests the burnup potential of the control
pins may be significantly greater than that attained in the experiment. While
a small increase in strain was observed in going from 70% to 75% smear density,
the 85% smear density fuel showed significant cladding strain, much of which was
induced by fuel/cladding mechanical interaction. The zirconium content of the
fuel had minimal effect on the mechanical behavior of the cladding; its effect
on fuel/cladding chemical interaction is currently being determined. The planned
core conversion of EBR-II to the Mk-V driver fuel now has a strong technical
base, as design and operating parameters are very similar to that of the X441
control elements.

3.

LIFE-METAL Fuel Performance Code Modeling

Paralleling the irradiation test program is the development of the
LIFE-METAL code for the prediction of the nuclear, thermal, and mechanical
performance of metallic fuel pins under normal steady-state reactor operating
conditions. Good agreement between code calculations (particularly cladding
strain) and postirradiation data has been obtained and reported for D9-clad
metallic fuel.1 The results of recent LIFE-METAL validation to the experimental
HT9 data base provided by postirradiation examinations of the X425 and X441
elements are presented below. Particular emphasis has been placed on the
modeling of cladding strain as a function of as-fabricated fuel smear density and
burnup. This provides an indirect validation of the fuel mechanical property
models and an assessment of the relative contributions of released fission gas
and fuel mechanical loading of the cladding.
a.

X425 Modeling

Figure II.1 shows the cladding diametral strain profiles
measured by spiral contact profilometry on two U-19Pu-10Zr fuel elements from the
X425 test at 15.5 at. % peak burnup (T473) and 15.9 at. % peak burnup (T470).
Also shown is an average profile at 15.7 at.% burnup as predicted by the code.
Good agreement with the data is obtained in the lower half of the fuel column,
with an over-prediction above core midplane, where the dominant loading mechanism
is fission gas pressure. This discrepancy is currently being investigated.
Possible causes would be a flux profile that falls off more rapidly than is
believed, an erroneously high prediction for plenum pressure, or HT9 creep
correlations that are in error for these stress and temperature conditions.
The solid line in Fig. II.2 shows the predicted peak strains
for the X425 test as a function of burnup. The code prediction agrees well with
the (average) data obtained at the two burnup levels. The sharp rise in strain
beyond 15 at. % burnup is due to the increase in solid fission product swelling
of the fuel, which increases the fuel/cladding mechanical interaction. The curve
shown was obtained with an assumed swelling factor of 1.68 volume %/% burnup due
to solid fission products. Data taken at the termination of the X425 experiment
will serve to validate this assumption.
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b.

X441 Modeling

The smear density variations in the X441 test are an ideal
vehicle for validating the fuel/cladding mechanical interaction (FCMI) model in
LIFE-METAL. Figure II.3 shows the predictions (lines) versus data (points) as
a function of smear density for two different exposures (0.59 full power years
and 1.25 full power years). The agreement is good for all of the low burnup
data. However, for high burnup, the code overpredicts the strain in the 85%
smear-density elements. Adjustments to the fuel swelling model or the fuel
creep/ hot-pressing model could be attempted. However, any attempts to soften
the fuel by increasing its creep rate would result in an increase in the axial
growth value well above the measured expansion of only 1.3%. Future efforts will
concentrate on improving the gaseous fission product swelling model to bring the
code predictions into agreement for the whole range of smear densities and
burnups investigated.
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4.

Conclusions

HT9-clad metallic fuel shows excellent performance characteristics
over a wide range of operational and design conditions. The reliability of
future U-Pu-Zr cores in EBR-II and future advanced liquid metal reactors appears
high. The LIFE-METAL code does well in predicting the cladding behavior for
typical driver fuel conditions (i.e., 75% smear density) but needs improvement
for high smear density applications.

B.

Development of the Metallic Fuels Database
1.

Need for a Database

Over the last decade a large amount of information has accumulated
on the behavior of LMR metallic fuel elements4 and much more will accrue over the
next 3-5 years. This fuels experience exists in a variety of media, formats and
locations: from raw data on magnetic tape, radiographic film, photomicrographs,
and tables of numbers stored on computer at one extreme, to fully interpreted
data in circulated memoranda, conference proceedings, and refereed papers at the
other extreme. Comparatively little of this information is readily retrievable
and some raw data may soon deteriorate or be irretrievably lost. The IFR
Technical Memoranda series and the Metal Fuels Handbook5 are, of course, sizeable
repositories of this metal fuels information but even they contain only a small
fraction of the total database.
As Mk-V fuel is fabricated, irradiated, examined, reprocessed and
refabricated in FCF and EBR-II, new data will proliferate. As IFR licensing
approaches, the need to review old data and to marshal 1 new experience becomes
paramount. Many data will be obtained electronically from existing apparatus or
new equipment, like the gamma scanner and pin processor, or will already exist
as input files to computer codes like REBUS-3 and MTG and need not be newly
generated for other purposes. There is thus a clear need for an efficient
information management tool, a relational database system, that can conveniently
access all aspects of this experience, whether on fuel and cladding properties,
fabrication data, reactor conditions and test results, reprocessing data, or
simply bibliographies of published work.
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At the most primitive level, information could simply be readings of
mass and diameter from the pin processor workstation. At an intermediate level
it might comprise tables of as-loaded fissile weights of a subassembly, i.e.,
partly processed data, which are used in reactor physics calculations. In its
most advanrsd form it might appear as the output of LIFE-METAL or ORIGEN computer
code runs; or as a fully critiqued correlation in an upgraded version of the
Metal Fuels Handbook. The database must be set up in a way that assures security
of the information while archiving it in e f> nat which will be convenient for
licensing.
2.

Status of the Database

From July through September 1991, several meetings were held to
discuss the specific applications for a metals fuels database (MFDB).
Representatives from divisions in ANL East and West working in IFR fuels
development attended. The concept was also reviewed and endorsed by the
University of Chicago Special Advisory Committee for the IFR technical
subcommittee on fuels performance. An integrated effort is upgrading the Metal
Fuels Handbook, which is being incorporated into the MFDB. A primary concern is
the way in which IFR data and data correlations will be critiqued before
inclusion; methods used for similar compilations, e.g., the Nuclear Systems
Materials Handbook, are being considered for use in the IFR context.
The specific applications for the MFDB were considered to be:
(1) efficiently storing and accessing information for ANL experimenters and
analysts, (2) sharing data with outside contractors, (3) helping to assure
configuration control for FCF/EBR-II operations, and, most importantly
(4) eventual licensing of IFR fuel. Some important concerns were: efficient use
of available data and resources, data integrity and security, and traceability
(QA) of records.
Also discussed were the categories of information to be stored in
the MFDB. Categories include: (1) reactor conditions (e.g., run history);
(2) subassembly/element data (e.g., design details and fissile contents);
(3) irradiation history (e.g., dose/temperature, fission gas/delayed neutron
data); (4) postirradiation examination (PIE) data (e.g., Nrad dimensions, gamma
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scans, metallography results); (5) materials thermophysical properties (e.g.,
handbook data, LIFE-METAL input values); (6) IFR documentation (e.g., technical
memoranda organized in a keyword search format); and (7) frequently used codes
like LIFE-METAL.
Development of the database has progressed to the point of (a) completing the design of the database architecture and tables, (b) installing
developmental computer hardware and software, and (c) outlining strategies for
data transferral.
3.

Database Architecture and Tables

Information stored in the MFDB will be of three types: (1) data which
consist of numerical values or predefined text such as reactor startup date,
(2) documents and reports which are a combination of graphs and text, and
(3) conventional executable programs.
The first type of information will be stored in tabular form. This
information type represents the bulk of the data because they are collected in
real time. A three-tier, hierarchical and semantically-1inked design has been
selected for the organization of the tables, as showr; in Fig. II.4. The table in
the first level contains general information on a reactor run. It also contains
the computer address of the files in which the real-time data such as 10-min
interval fission gas activity from DAS are stored. In the second level,
subassembly information is stored, classified into time-dependent and timeindependent data. The third information level pertains to fuel elements in timedependent and independent forms. Subassembly and element data were separated into
time-dependent and -independent for conserving storage space.
A typical listing of items in one of the tables is given in Table
II.3. This architecture is analogous to the one employed in the mass-trackingsystem database used in FCF, thus assuring compatibility between the two. The
only difference will be that the MFDB will include all PIE information. This
architecture allows for expansion of the database by simply adding a column to
the appropriate table or by introducing sublevels of information.
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Run Information
MWD at End of Run

Run ID Date at Beginning of Run

Time Dependent Subassemhly Information
Run ID

Subassemhly ID

Flow Rate

. . . Grid location

Time Indep aident Subassembly Information
Subassembly ID

Experimenter

Hex Can Material

Time Dependent Fuel Element Information
Element ID

Subassembly ID

Incremental Burnup

Time In:dependent Fuel Element Information
Element 3D

lei Slug Mass

Number of Fuel Slugs

Post! Irradiation Examination Information
Element ID

Subassembly ID

Cladding Axial Strain

Fig. II.4. Hierarchy of Linked Database Tables

This hierarchical design is chosen because the general information
(higher levels) are inquired about more frequently. To improve search efficiency,
the entire database "knowledge space" can be represented as a "node-and-link"
space where nodes represent data items and the links are relationships between
the data items. For example, all information on the fuel-cladding compatibility
can be linked. If the inquiry is "provide data on the compatibility studies
between HT9 cladding and Mk-V fuel" then all of the nodes (data items) that are
linked by the relationship "compatibility" will be presented to the user.
Hypermedia technology will be employed to incorporate the second type
of information. Hypermedia refers to the use of multimedia presentations
including hypertext, graphics, and videodisc data files. These are typically
accessed through a user-friendly interface employing pull-down menus, mouse or
key selection of "buttons," and help and information screens. Hypertext, which
allows nonlinear reading (skipping around in a document) of a source, is
appropriate for text-intensive user displays.
Graphics and videodisc
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presentations are needed to display information to the user in the form of
graphs, pictures of materials samples, and other visual data.

TABLE II.3. Typical Database Table Format
Time Dependent Element Information Per Run
RUN ID
SUBASSFMBLY ID
PREVIOUS SUBASSEMBLY ID
INCREMENTAL IRRADIATION
INCREMENTAL BURNUP
INCREMENTAL TIME
MIDPLANE POWER
U235 FISSION RATE
U238 FISSION RATE
PU239 FISSION RATE
TOTAL FISSION RATE
FISSION GAS PRODUCTION
CLAD HOOP STRESS
PEAK FUEL SURFACE TEMPERATURE
PEAK CENTERLINE TEMPERATURE
PEAK CLAD INNER DIAMETER
PEAK CLAD OUTER DIAMETER
EXIT COOLANT TEMPERATURE
PEAK EXIT COOLANT TEMPERATURES
TOTAL POWER
ELEMENT POSITION WITHIN SUBASSEMBLY
POSITION OF SUBASSEMBLY WITHIN CORE
ELEMENT ID
ISOTOPIC MASSES AT TIME T (calculated values; many columns)
BURNUP AT TIME T (column for each fissile isotope)
TAG GAS INFORMATION (several columns)
PEAK LINEAR HEAT RATE
MIDPLANE FLUX
INCREMENTAL FAST FLUENCE
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The reason for including analytical computer codes such as LIFE-METAL
as a part of the database, and not their output files, is the realization that
data storage space can be traded against computational processing time: executing
these codes with the same input file will give the required output, alleviating
the need to store output files. A user interface for creating the input file of
the codes will be developed to facilitate execution; such an interface is already
developed for LIFE-METAL. Access to the user-interface of these computer codes
and the codes themselves will be incorporated in the menu-driven mechanisms of
the MFDB.
4.

Computer Software and Hardware

The MFDB is being developed using Oracle, 6 BMI Prolog, IXL, and
DataViews software. Oracle is a relational database system that has already been
successfully used for the EBR-II PRA. One of the main issues for the MFDB is data
security. Security will be insured by a combination of passwords, user names,
and login accounts. Information types will have a unique accessibility rank for
different users, and only users with <-he appropriate permission to the inquired
data item will be allowed to access the item.
BMI Prolog is being used to allow intelligent searching of the
database, i.e., semantic-network representation of the knowledge base. DataViews
is being used for graphical display. DataViews is commonly used to represent data
that are generated in different engineering processes, a feature that aids
eventual use of the MFDB to present real-time data for EBR-II and FCF. IXL is an
automatic discovery system which analyzes large databases and discovers patterns,
rules and often unexpected relationships. It uses statics and machine learning
to generate procedures which characterize data, providing insight and
understanding in a variety of fields.
The database is being developed for a network of Sun SparcStations
with large storage capability.
Final hardware is likely to include a
SparcStation 2 at ANL-W and ANL-E, with scanner and high-quality printer
attachments; such a configuration will allow data entry at both sites and will
ensure systematic storage and retrieval of all PIE data, particularly
metallographic information which otherwise is notoriously difficult to access.

If

C.

Characterizing and Monitoring Metallic Fuel Breaches

Scoping tests have shown that artificially defected metallic fuel elements
exhibit totally benign RBCB behavior and give characteristic delayed neutron and
fission gas signals.3 Natural breaches and weld defects in lead IFR irradiations
also appear to be benign events.7 The most recent phase of the RBCB program has
involved a more thorough characterization of the fission gas release behavior
with regard to breach type. This has involved analysis of archived fission-gasactivity data from EBR-II for the period 1986-1991. The goal of the work is to
develop an on-line diagnostic tool as a quick and accurate means of determining
exactly what type of and how many breaches are active in an IFR core at any given
time.
1.

Fission Gas Release Modes

Fission gas will be released from a breached element by one or more
of three basic mechanisms: pressure-driven release of stored gas, diffusional
release through the fuel structure, and recoil from the fuel surface. For the ith radioactive gas species with decay constant X,-, the release-to-birth ratio
Rj/Bt for these mechanisms are given by the expressions:8

for stored gas release;

4U
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B
U,a
!

t

for diffusional release; and
R± _ kSLtd

for direct recoil reloase, where:
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= Effective escape-rate coefficient, s'1,
= Irradiation time, s,
= Diffusion coefficient, cmz/s,
= Radius of the equivalent sphere of fuel, cm,
= Enhancement factor, dimensionless,
= Geometric defect area, cm2,
= Recoil range of i-th species, cm,
coefficient s*1, and
d = Effective escape-rate coefficient,
Mass of fissile isotope j in breached element, g.

Xe
t
Dj
a
k
S

The dominant mode of gas release at any one time can then be identified by
determining the slope of the log(Ri/Bi) versus log(X i ): a slope of -1 will
indicate release of stored gas; a slope of -\, diffusional release; and a slope
of zero, recoil release. Gas release will seldom be entirely due to one
mechanism.
2.

Fission Gas Transport in EBR-II

The use of measured fission-gas isotope activities in the EBR-II
cover gas for determining the mode of gas release from a breached element
involves correction of release rate R,- for transport through the primary sodium,
for disengagement from the sodium to the cover gas, and for operation of the
cover-gas cleanup system. The treatment used was that of Nomura,9 which assumes
ideal mixing of gas in primary sodium, gas disengagement from the sodium that is
proportional to gas concentration, and that fission-product decay is adequately
described by considering only parent, metastable daughter, and daughter species.
For these assumptions the buildup of Xe and Kr isotopes is given by:

where
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[2] = number of metastable 85m Kr, M Kr, 87Kr,
[3] = number of133Xe and 135Xe atoms,
\j = decay constant, s*1,
X d = disengagement-rate constant, s"\
X L = cover-gas-leak-rate constant, s"1,
X p = cover-gas-purge-rate constant, s"',
[] N a = sodium phase,
[] C G = argon-cover-gas phase, and
f23 = branching fraction.

135m

Xe and

138

Xe atoms,

In these equations, cold trapping of iodine and bromine parents and
holdup of fission gas inthe sodium, cover-gas leakage, and the effects of CGCS
operation are accounted for by the constants, X d , \, and Xp, respectively. The
values of ([2]HaXd) and ([3]NaXd+f23[2]CGX2) are the isotope-production terms,
denoted as Pj. By assuming a linear approximation for an appropriate time
interval during CGCS operation, the Pj values can be calculated by:

where

dt = time interval between tj and t j V p s,
dC = activity difference of gas isotope i at the time interval dt, i . e . , Cj+1 Cj = measured value of activity at t j5 nCi/mL,
Xi = decay constant of gas isotope i, s"1.
The equation for no CGCS operation can similarly be derived by excluding the term

V

where
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dC* = activity difference of gas isotope i at the time interval dt for no
purging, i.e., C j+1 *-Cj\
The release rate Rs of the i-th isotope is then given by:

, dt ^
for 85m Kr, 87 Kr, M K r ,

for

133

Xe and

135

135m

Xe, and

138

x, A *•

Xe; and

Xe.

The birth rate of the i-th isotope is given by:

where
f = branching factor,
V = cover gas space., cm3,
Yjj = cumulative fission yield of isotope i, fraction, and
Fj = specific fission rate for fissile isotope j.
By defining release rates in terms of changes in measured cover-gas
activities, the complex processes of iodine and bromine precursors, trapping by
the cold trap, and decay of solid precursors are avoided. The above equations
have been used to calculate the behavior of log(Rj/Bj) with time for gas release
during RBCB operation.
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3.

Typical Fission Gas Release Signatures

In theory, when the release mechanism is simple recoil the slope
should be zero; in practice, recoil occurs in conjunction with knockout of gas
and this mixed mode of release exhibits a non-zero slope. The normal background
fission-gas activities in the E6R-II cover gas due to fissioning of "tramp"
uranium in the primary circuit give rise to such a mixed mode release signature
with a broad band of R/B slope values between 0 and -0.35. This type of behavior
is illustrated in the lowermost plot of Fig. II.5 for the time interval July 118, 1988. Fission gas release from all types of element failure are clearly
detected against such a background.
The gas release characteristics form a plenum failure are easily
recognized: an initial R/B value of -1.0 is followed by a steady decline over 1525 days to the tramp signature. This behavior has been observed a number of times
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Fig. II.5. Corrected Kr-87 and Xe-133 Activities and Typical R/B Behavior Before
and After Upper Weld (Plenum) Failure - July 1988
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from 1987 to 1990 and identified with specific upper weld failures in lead IFR
experiments (X419 and X420) when good tag gas information was available.7 Figure
II.5 illustrates the case of an untagged driver failure due to a defective upper
closure weld for the time interval July 18-31, 1988. Figure II.6 illustrates
typical data sets from which the characteristic slopes were derived. The
triangles correspond to the weld failure soon after initial release, with a slope
of -0,91. The predominant gas activity is due to the longer-lived isotopes 133Xe
and 135 Xe. Weld failures will occasionally "burp" fission gas but do not give
rise to any increase in delayed neutron (DN) signal during their time in reactor
because DN-emitters decay completely before reaching the release point.
The R/B signature for a fuel column breach is similarly very
recognizable. If bond expulsion is rapid enough, I and Br precursors in the
sodium give rise to a characteristic DN signal spike. Subsequently, R/B values
rise rapidly to -1.0, indicating release of stored fission gas in the plenum by
way of the breach site. Over 3-5 days the values decline to approximately -0.5,
corresponding to diffusional release via the interconnected porosity of the metal
fuel. Thereafter, occasional bursts of short and long-lived gas from the fuel
interior appear as momentary changes about the -0.5 level.
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Fig. II.6. Typical R/B Data Sets for Plenum and Fuel Column Metal Fuel Breaches
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Figure II.7 illustrates the gas release behavior in the latter stages
of a fuel column breach when stable diffusion through the fuel is occurring and
the slope of the R/B curve is -0.5. The data shown are from the HT9 clad U-19PulOZr element in X482B which had been artificially defected at 10.5% burnup and
eventually operated in 1990 for 150 full power days after breach; the time period
is approximately three months after breach, the circles in Fig. II.6 correspond
to this period. The machined defect was severe enough to have caused breach in
the storage basket at 370°C prior to full power operation so that no DN signal
was observed. The usual DN signal from a metal fuel breach (natural or induced)
is a spike of short duration (<20 min) and magnitude (<1000 cps).
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4.

Conclusions

Fuel column breaches and weld (or plenum) failures in metallic fuel
elements appear to be distinguishable by their fission gas release characteristics. Both types of failure exhibit an initial "stored gas" type of release.
Subsequently, fuel-column failures exhibit a stable diffusional release of gas
which is clearly discerned from the "tramp" uranium signature in the EBR-II core.
D.

Closure Welding of Oxide-Dispersion Strengthened Ferritic Cladding
1.

Introduction

Oxide dispersion strengthened (ODS) versions of ferritic stainless
steels are being considered as potential IFR cladding alloy alternatives to
martensitic HT9. They promise to be more swelling resistant and they may have the
strength and creep resistance10 required to withstand sustained operation >650°C
that follows loss of decay heat removal capability. Yttria is the oxide
dispersoid in two alloys being used: MA957, developed by the International Nickel
Company (INCO),11 and DT2203Y05 an ODS alloy developed by the Dour Metal
Corporation of Belgium.12
Satisfactory welding is difficult with these advanced alloys and a
resistance butt-welding procedure has been successfully developed as a simple
alternative to pulse magnetic welding. The process has been qualified for joining
the claddings to HT9 end caps. With adequate parameter control the weld is formed
without a residual melt phase and its strength approaches that of the cladding.
It requires a new design of end cap and weld joint.
2.

Weld Process Development

These alloys achieve their high temperature properties from the
finely dispersed yttria that retards recrystallization. The alloys are made by
mechanical alloying, which starts with powders and distributes the alloy
ingredients on a very fine scale. If conventional fusion welding is used,
restructuring in the melt and heat-affected regions redistributes the yttria. A
resistance butt-welding process13 was, therefore, selected in order to obtain a
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solid state weld without recrystallization. In common with pulse magnetic
welding, this process produces solid state welds without fusion in typically a
few milliseconds or less.
The equipment selected was a pair of Voltza Transguns designed and
built by Centerline Windsor Ltd., Windsor, Ontario, Canada. Both transguns,
#CLTG-9608-5 and #CLTG-9636-15 are powered by an 80 kVA transformer. The welding
units are operated by a modified Square D model 3857-004-802 controller. One
transgun is a "C" style for laboratory use, and the other is an "X" style that
enables welding to be performed more readily in a glove box. The transguns are
shown in Fig. II.8. The key component in the design of these transguns is the
patented OHMA cylinder used as the activator. The electrodes were modified to
clamp the cladding and end plug components, and the scissors unit is being
installed in the EFL through a standard glove port. The uniform application of

ELECTRODE AKM

Fig.

II.8.

Cross Sectional Drawings of Transgun Models #CLTG-9608-5 (Top) and
#CLTG-9636-15 (Bottom) Used f o r ODS Cladding Welding
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pressure by the electrodes is critical to the deformation welding part of the
process and was a principal factor in selection.
The design of the weld joint was based on input from modeling, fuel
pin design criteria, and a series of welding tests. Finite Element Modeling
(FEM) with the ANSYS code was used to identify the effect on the welding process
of both material property variations and weld geometry. The analysis showed that
variations in either the electrical resistivity of the cladding, due to
variations in forming history, or the amount of cladding material protruding from
the electrode clamps (stick-out) significantly affected the heating profile
during welding, which, in turn, impacted weld quality. The final weld design
consisted of the cladding butted to a right solid cylinder end plug that had a
diameter approximately 0.1 mm larger than the cladding. A schematic showing the
welding setup and pre-weld and post-weld configurations is shown in Fig. 11.9.
The welding parameters were a 4.5 kN load with 11 ka current for 3.33 x 10"2 s.
The welding process was also analyzed thermomechanically by running
an FEM analysis in which the elastic-plastic and transient thermal responses were
coupled during the welding process.14 This analysis showed that the process
involved two phases: a flash phase of short duration (1.5 x 10"6 s) followed by
a deformation welding (forging) phase. The flash phase heats the relatively
massive end plug and initiates mating of both components with the expulsion of
Moving
Clamp Electrode

Stationary
Clamp Electrode

(Q)

(6)

Cladding
End
Plug

Pre-weld
Weld upset
2.54 mm
End Plug
Stick-out

Welding Setup

Bolts
•1.27 mm
Cladding
Slick-out

\

(O)

CO)

(6) (o)
Post-weld

Fig. II.9. Schematic of Configuration Used for 00S Cladding Welding
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some cladding material. Figure II.10(a) shows the temperature contour map of
the weld joint just prior to material expulsion at t = 5 x 10"7 s. Peak
temperature occurred in the end of the cladding. By the end of the flash, (t =
1.5 x 10"6 s) the cladding had deformed significantly, as shown in Fig. II.10(b).
The joint bonding occurred by deformation welding (forging) of the end plug and
cladding butt end during the remaining portion of the time (two cycles or 3.3 x
10"* s). In effect, the consistent loading (4.5 kN) kept the electrical
resistance constant, thereby, controlling the temperature between the cladding
and end pluy. A momentary decrease in loading causes very rapid resistive
overheating, which leads to either recrystallization and grain growth or
excessive expulsion. Upset during the welding cycle was 2 mm, with 1.2 mm
occurring by cladding extrusion.

3.

Weld Characterization

Metallographic analysis ofthe welds revealed a bond line that was
30% longer than the cladding wall thickness (see Fig. 11.11). The deformation

End Plug

„ Peak
Temperature

(2700°C)
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(b)

1500°C

Electrodes

f

Claddings r = ^ V

c

__ l^_ \ _

End Plug
Cladding'

Fig. 11.10. Results of Finite Element Modeling of ODS Welding
(a) Temperature Map at 5 x 10 s6
(b) Deformation Map at 1.5 x 10" s
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Fig. 11.11. Photomicrographs of Resistance Butt Welded ODS Cladding
(MA957 Alloy) to HT-9 End Plug

flow lines were readily apparent and there was no indication of recrystallization. A preliminary SEM/EDS analysis of a polished sample verified the absence
of recrystallization and showed no evidence of yttria agglomeration, migration,
or significant redistribution. Some particles in the weld seam did contain Ti and
Y, which may be in the form of Y2Ti05.15
The mechanical strength of the weld was determined by bend, tensile
and burst testing. All mechanical test specimens other than those for the bend
tests were machined prior to testing to remove the external upset material from
the welding process. Bend testing was used primarily as a benchmark for strength
and weld quality during process development; i.e., fracturing in the weld was not
acceptable. The room temperature bend tests were cantilevered from the end cap
and loaded at 15 cm from the weld until weld failure or tube collapse was
observed. For acceptable welds, the clad failures or buckling must occur well
away from the weld zone.
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The tensile tests were performed at room temperature by inserting a
mandrel in the tubing end and straining at 8.5 x 10'3 mm/s. Fracture occurred
primarily in the tubing with occasional propagation into the weld joint, which
indicates that the welds are stronger than the cladding. Tensile testing of the
DT2203Y05 cladding weld is to be performed.
Biaxial burst testing was also performed to verify the strength of
the welds. The burst capsules were fabricated with 60-mm lengths of ODS tubing.
End plugs of HT9 were welded to each end of the tube section. One end was drilled
out to receive inlet tubes of 304 stainless steel for pressurization with argon.
The specimens were tested in retorts sealed from the surrounding atmosphere with
Swagelok fittings at the inlet tubes.
The burst tests were performed at 550°, 650°, and 750°Cin flowing
argon, with the specimens allowed to equilibrate at test temperature for one hour
before pressurization. The tests were performed by pressurizing each specimen in
an increasing pressure ramp at a rate of approximately 0.5 MPa/s. Failure
pressures were monitored by the motion of the needle in the pressure gage. The
uu st pressures are listed in Table II.4. The wide variance in burst pressure is
assumed to be due to variations in the tubing. Biaxial creep rupture tests are
being performed at the same temperatures as the burst tests.

TABLE II.4. Burst Test Results for ODS Weld Sample Tubing
Capsule
Number
1

Temperature
°C
547

Burst Pressure.
kPa

Hoop Stress,
MPa

74

5

551

103

2

648

61

4

652

70

3

758

21

657
914
544
625
187

6

760

31

278

30
E.

Postirradiation Test Results of the Zirconium-sheathed Fuel Testing
1.

Introduction

Current plans call for IFR fuel to be cast into quartz molds after
reprocessing in the IFR Fuel Cycle Facility. Because the quartz molds are
destroyed during the fuel demolding process, the quartz residue must be treated
as contaminated waste and is part of the IFR Fuel Cycle waste stream.
Alternatively, if the fuel could be cast into molds that can remain intact as an
integral part of the fuel slugs (i.e., if the fuel can be left inside the molds
for irradiation), then the quartz mold contribution to the waste stream will be
eliminated.16
This possibility is being addressed in an on-going effort to evaluate
the irradiation performance of fuel cast into zirconium tubes or sheaths rather
than quartz molds. Zirconium was chosen as the sheath material because it is the
component of the U-Pu-Zr fuel alloy that raises the alloy solidus temperatures
and provides resistance against fuel-cladding chemical interaction (FCCI). 17
Thus, the Zr sheath was expected to provide a compatible barrier to FCCI as well
as a mold alternative. This report presents and discusses the irradiation performance of Zr-sheathed fuel elements irradiated in subassembly X492 to 1.8 at.%
burnup in EBR-II.
2.

Description of Experiment

Binary (U-3Zr) and ternary (U-20.5Pu-3Zr) fuel alloys were cast into
Zr tubes in fuel fabrication facilities at ANL-W. The Zr tubes had an 0D of
0.174 in. (similar to that of a standard-cast fuel element) with a 0.008 in. wall
thickness; thus the sheathed slugs had dimensions similar to standard-cast slugs.
The Zr content of the melt was reduced to account for the Zr in the sheath,
giving the sheathed slugs the same Zr content as that in a standard-cast slug.
Similarly, the Pu content of the melt was adjusted to give a Pu content of 19 wt%
in the slug. Metallography of the as-cast fuel showed that the fuel alloy and
the Zr sheath interacted to fora a metallurgical bond. The interaction layer
extended roughly 12.7 urn (0.0005 in.) into the Zr sheath.
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The fuel elements made from the sheathed slugs were fabricated to
Hk-IIIA driver fuel parameters, using 316 SS cladding tubes. The Zr-sheathed
fuel elements were then loaded with standard-cast binary and ternary elements
(also fabricated to Mk-IIIA parameters) into a 61-element subassembly (X492) for
irradiation in EBR-II. All of the ternary Zr-sheathed elements and approximately
half of the binary Zr-sheathed -elements were made from two half-length fuel slugs
rather than a single full-length slug. The remaining Zr-sheathed elements as
well as the standard-cast elements contained a single full-length slug. The
nominal design parameters for the four types of elements loaded into the
subassembly are listed in Table II.5.
The subassembly was irradiated in EBR-II core position 4A1 to a peak
burnup of 1.95 at. %. A pretest analysis indicated that peak fuel center line
temperatures would range from 600 to 682°C and peak inside cladding temperatures
would range from 502 to 551°C depending on element position in the bundle. Table
11.6 lists the range of temperatures expected for each type of element. The peak
fast fluence for the subassembly was calculated to be 1.7 x 1022 n/cmz.
After removal from the reactor, the subassembly was taken to the Hot
Fuel Examination Facility (HFEF) where each of the 61 fuel elements was removed
from the assembly and radiographed. The lengths of the fuel slugs were measured
from the radiographs and compared to the as-fabricated slug lengths. From these
measurements, axial growth was determined. After radiography, six elements were
chosen for destructive examination, while the remaining elements were reconstituted into subassembly X492A for further irradiation.
The six elements removed from the subassembly include two binary
elements, two ternary-sheathed elements, a standard-cast binary element and a
ternary element. The strains for five of these pins [one ternary sheathed
element was sent to the Alpha Gamma Hot Cell Facility (AGHCF) at ANL in Illinois
for metal 1 ographic examination] were measured using helical contact profilometry.
Axial fission product distributions were found using axial gamma spectrometry.
Following those non-destructive exams, each element was pui.^ured and back-filled
using the HFEF gas sampling system. This allowed calculation of the plenum
pressures and volumes in the elements.
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TABLE II.5.

Nominal Design Parameters for Zr-sheathed Fuel
Irradiation Experiments

Element Type

Binary
Std. Cast1

Binary
Zr-sheathed

Ternary
Std. Cast

Ternary
Zr-sheathed

Fuel Alloy (wt. %)

U-lOZr

U-3Zr

U-19Pu-10Zr

U-20.5PU3Zr

Cladding and Wire

316 SS

316 SS

316 SS

316 SS

Na

Na

Na

Na

0.230

0.230

0.230

0.230

0.015

0.015

0.015

29.5
0.173
_

29.5

0.015
29.5

0.174
0.008

0.173
_

Slug Length (in.)

13.5

13.5/20 6.75

13.5

20 6.75

Smear Density

75%

76%

75%

76%

Plenum/Fuel
Volume Ratio
(as-built)

1.45

1.42

1.45

1.42

Bond
Clad OD (in.)
Clad Wall (in.)
Element Length
Fuel Slug OD 2 (in.)
Zr-sheath Wall (in.)

29.5
0.174
0.008

'Standard
Mk-IIIA driver elements.
2
Sheath OD for Zr-sheathed elements.

TABLE I I . 6 .

Ranges of Peak Centerline and Peak Inner Clad Temperatures
for Zr-sheathed Fuel Irradiation Experiment

Element Type

Binary
Std. Cast

Binary
Zr-sheathed

Ternary
Std. Cast

Ternary
Zr-sheathed

Peak Centerline (°C)

604-678

603-671

605-682

600-680

Peak Inner Clad (°C)

511-544

503-551

502-551

502-551
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3.

Postirradiation Examination
a.

Neutron Radiograph Examination

Examination of neutron radiographs of these elements revealed
two interesting characteristics. First, fuel material apparently grew out of the
ends of the Zr sheaths. Thus, the tops and bottoms of the fuel slugs as well
as the interface between the segmented slugs appear to have fuel in position to
contact the cladding. Second, measurements taken from neutron radiographs
indicate that Zr-sheathed elements experienced significantly less axial growth
than did standard-cast elements. For both the sheathed and standard-cast
element1., the binary alloy slugs grew more than did the ternary slugs, consistent
with previous results.17 The axial growth measurements are summarized in Table
II.7.
b.

Contact Profilometrv

Helical contact profi1ometry of the five elements (one
element of each type plus an extra binary Zr-sheathed element) showed the
cladding strains to be similar for each type of element. The dilations are
small, as expected for low burnup fuel elements. The maximum for all elements
is approximately 0.020 mm (0.0008 in.) above the nominal diameter (0.35%
diametral strain).
TABLE II.7. Summary of Axial Growth Results for Zr-sheathed and
Standard-cast Elements

Element Type

No. of Elements

Avg. % Axial
Growth

Standard
Deviation

U-3Zr
Zr-sheathed Segmented

15

1.79

0.39

U-3Zr
Zr-sheathed Unsegmented

13

1.34

0.24

U-lOZr Unsegmented

13

8.07

0.51

12
8

1.23

0.22

4.93

0.38

U-20.5Pu-3Zr
Zr-sheathed Segmented
U-19Pu-10Zr Unsegmented
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c.

Gamma Scan

Only a few notable features were observed in the axial gamma
scans of the fuel elements. The Zr-sheathed pins had Cs-137 spikes at the top
and bottom of the fuel column and (for two of the three pins) at the interface
between the slugs at core midplane. The Zr-sheathed fuel elements had narrow
regions of relatively low Zr-95 and Nb-95 activity near the core midplane level,
probably due to the separation of the two sheathed slugs at the slug interface.
d.

Fission Gas Analysis

An analysis of fission gas sampled from four elements (one of
each type) indicates that the fission gas released to the plenum of each element
contains roughly 88% Xe (mole percent) and 12% Kr. The sheathed pins exhibited
essentially the same gas release behavior as the unsheathed pins (see Table
II.8), with release fractions similar to those reported by Pahl et al.,17 for low
burnup elements. The two ternary elements did have slightly higher gas release
fractions than did the binary elements. A similar relation between Pu content
and fractional gas release has been previously reported.18

TABLE II.8. Gas Release Characteristics for Zr-sheathed and
Standard Cast Elements

Plenum Pressure1
(psig)

Percent
Fission Gas
Release2

Element ID

Description

Peak Burnup
(at.%)

M918

U-lOZr
Standard Cast

1.8

60

46

L490

U-3Zr
Zr-sheathed

1.9

62

49

K067

U-19Pu-10Zr
Standard Cast

1.8

66

53

K082

U-20.5Pu-3Zr
Zr-sheathed

1.9

68

59

^Temperature at approximately 30°C. Includes tag, fill, and fission gas.
Assumes 0.25 atoms fission gas per atom fissioned.
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4.

Metallographic Examination

To date, one element (I.D. No. KO25, ternary Zr-sheathed) has
been metallographically examined. Transverse sections at X/L = 0.23 and 0.78
(see Fig. 11.12) reveal wedge-shaped longitudinal cracks, presumably running down
the length of each of the two slugs. In each section, the Zr sheath appears to
have necked before splitting. The cracks appear to be similar to those observed
previously in U-19Pu-10Zr fuel elements irradiated to 2 at. % burnup,18 Electron
microprobe WDX analysis determined the Zr concentration of the dense zone in the
center of the element to be roughly 0.5 wt. %, depleted from the 3 wt. % Zr
content for the fuel alloy. Although the two transverse sections show no
fuel-clad contact through the opened crack, the fuel approaching the cladding
through the crack was determined to have as little as 1.1 wt. % Zr.

Fig. 11.12. Transverse Section of Zr-sheathed U-20.5Pu-3Zr of Pin K025 at X/L
= 0.78. The dark patches in the Zr sheath are artifacts from
grinding and polishing of the soft Zr material.
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Although the interaction between the fuel and the Zr sheath
appears to be small in Fig. 11.12, the transverse section at X/L = 0.23 and the
longitudinal sections at X/L = C O and 0.5 (see Fig. 11.13) show regions of
extensive interaction. In fact, the longitudinal section in Fig. 11.13 shows a
region where the entire Zr sheath has reacted with fuel. The Zr content at these
peripheral regions varies from 100 wt. % in the unreacted Zr sheath to 30 wt. %
at the inner portion of the reacted Zr sheath. The porous fuel lying between the
Zr sheath and the dense center zone typically has Zr contents of 5 to 6 wt. %,
although values of 11 wt. % and 3 wt. % were measured at the porous fuel-reacted
Zr sheath interface and the porous fuel-dense fuel interface, respectively. The
fuel material next to cladding at the slug interface in the longitudinal section
of Fig. 11.13 was found to contain 6 wt. % Zr.

Fig. 11.13. Longitudinal Section of Zr-sheathed U-20.5Pu-3Zr K025 Pin at X/L
0.50
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Although neutron radiography indicated that fuel had extruded
through the ends of the Zr sheaths and possibly contacted the cladding at the
top, bottom, and middle of the fuel column in the element, longitudinal sections
revealed FCCI only at the slug interface at the X/L = 0.5 elevation. This
interaction involved only a small area, but penetrated 21 nm (0.0008 in.) into
the cladding. Tliis depth of interaction is significant compared to previous
tests, since it occurred at low burnup at an elevation where moderate
temperatures occurred. The extrusion of fuel at the bottom of the fuel column
raised the lower fuel slug approximately 0.8 mm (0.031 in.) above the lower end
plug. Similarly, extrusion through the ends of the Zr sheaths at the fuel slug
interface (see Fig. 11.13) separated the two slugs by about 2.3 mm (0.091 in.).
The extrusion at the top of the fuel column (see Fig. 11.14) was less severe,
extending about 0.6 mm (0.24 in.) above the top of the sheath.

Fig. 11.14. Longitudinal Section of Zr-sheathed U-20.5Pu-3Zr K025 Pin at X = 1.0
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5.

Discussion

The two most striking results of the postirradiation examination of
the Zr-sheathed fuel are the reduced axial growth and the wedge-shaped cracks
observed in the Zr-sheathed elements. Those results will be discussed first
followed by discussion of zone formation and the implications of the results.
The fuel/Zr-sheath interaction seen in the transverse section of the
as-cast fuel slug indicates that the bond between the fuel and the sheath is a
diffusion bond that is uniform around the circumference. This is probably the
characteristic of the Zr-sheathed fuel that restricted axial growth. Of the
5.2 mm (0.205 in.) axial growth on the Zr-sheathed element used for the
metallographic exam, 3.7 mm (0.146 in.) was due to the displacement of the slugs
upon extrusion of fuel through the ends of the sheaths. The Pu-containing slugs
exhibited less growth than the binary slugs. This observed relation between
axial growth and Pu content for both the sheathed and standard-cast pins is
consistent with previously reported results.18
One may have expected the Zr sheaths to act as barriers for fission
gas, thus causing the Zr-sheathed slugs to retain more fission gas. However, the
gas release fractions were the same for the Zr-sheathed elements as for the
standard-cast elements. If the wedge-shaped cracks did in fact extend the length
of the slugs, then the cracks may have provided a path for fast release. Whether
the path for gas release was through axial wedge-shaped cracks or simply through
the exposed fuel at the open ends of the Zr sheaths, the implication is that the
fuel porosity was interconnected sufficiently to allow gas release similar to
that of a non-sheathed fuel slug, which does exhibit interconnected porosity at
this burnup.
The origin of the wedge-shaped crack is not obvious from the
metallography. Wedge-shaped cracks have been found in standard-cast U-19Pu-10Zr
fuel slugs irradiated to 2 at. % burnup.19 So, the crack in the sheathed pin may
have formed first in the fuel and then strained the Zr sheath to failure as the
crack opened wider. However, the crack may have formed first in the Zr sheath
as the fuel swelled radially; thus the fuel swelling would have split the sheath,
and the crack in the fuel would have formed as the split sheath opened wider to
accommodate further swelling.
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Metallographic examination of a binary Zr-sheathed element will help
resolve this issue. No wedge-shaped cracks have yet been found in standard-cast
binary fuel. Therefore, any cracks present in Zr-sheathed binary fuel will
originate from a split in the sheath induced by radial fuel swelling. If the
Zr-sheathed binary fuel has no wedge-shaped cracks, then the crack in the sheath
of the ternary Zr-sheathed fuel arose from fuel cracking. Similarly, the absence
of cracks in the Zr-sheathed binary fuel, which had a gas release fraction
similar to standard-cast binary fuel, will imply that porosity is sufficiently
interconnected to allow for substantial gas release through fuel at the open ends
of the Zr sheaths.
The metallographic sections of the Zr-sheathed ternary element at
both X/L = 0.78 and X/L = 0.23 show the iuel to have a two-zone structure. The
inner (or center) zone is noticeably dense and has a Zr content of around 0.5
to 1 wt. %. The outer zone lies between the center zone and the Zr sheath and
consists of porous fuel enriched in Zr (roughly 5 wt. % ) . This type of two-zone
formation is similar to that seen in U-19Pu-10Zr elements at cooler axial
locations, such as near the top and bottom of the element.1 The hotter portions
of the elements tended to form three-zone structures, with a somewhat porous
Zr-enriched zone in the center, a dense Zr-depleted zone near mid-radius, and a
porous slightly Zr-enriched zone lying radially outward.
That the Zr-sheathed fuel formed a two-zone structure rather than a
three-zone structure at a relatively hot axial location (X/L = 0.78) does not
necessarily imply that this element was irradiated at cooler temperatures,
however. The Zr-sheathed fuel contains significantly less Zr in the as cast
alloy and, therefore, may have different phases stable at irradiation
temperatures than does fuel containing 10 wt. % Zr. A pretest thermal analysis
indicated that the centerline temperature for the sectioned element should have
been around 670 a C. Ternary phase diagrams for U-Pu-Zr20 show that at 660°C, for
example, the 10 wt. % Zr alloy exists predominantly in the 7I + 72 phases while
the 3 wi. % Zr alloy has 7 + f phases stable. At 670°C both alloys lie in a
predominantly 7 region of the phase diagram, while at 650°C both lie in the 7
+ f" region. Therefore, the Zr-sheathed element was likely to have little or no
7 phase present at its center, while a 10 wt. % Zr alloy would. This is
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significant, in that the 7 + f two-phase region has previously been identified
as the Zr-depleted zone of a U-19Pu-10Zr element with three zones.21 The present
results consistently show that a zone (i.e. the center zone) expected to have the
7 + f" phases stable at irradiation temperatures is also Zr-depleted.
Although the results show that Zr sheaths, in the form tested here,
cannot be a reliable barrier to FCCI due to cracking, two other advantages hold
promise for the concept. First, fuel slugs can be cast into Zr tubes,
eliminating the need for quartz molds. Second, the Zr sheaths appear to reduce
axial growth to strains below 2%. If the low Zr fuel in the sheathed elements
does in fact interact with cladding in a manner that causes premature failure,
then variations of the concept can still be pursued. For example, the Zr content
of the fuel alloy can be increased tof say, 6 wt. %. Such a fuel alloy is
currently being tested in other irradiation experiments, so we may not need to
rely on a Zr sheath to ensure fuel/cladding compatibility. Thus, if the sheath
around a 6 wt. % alloy cracked, there may be no consequence. If fuel can be cast
into thinner Zr tubes, then the "smeared" composition of 10 wt % Zr can be
retained by casting 6 wt. % Zr fuel into Zr tubes with 0.003 to 0.004 in. walls.
6.

Conclusions

1.

A 0.203 mm. (0.008 in.) thick Zr sheath around a U-20.5Pu-3Zr fuel
alloy does not provide a reliable barrier against FCCI under
irradiation.

2.

Zr-sheath fuel elements irradiated to 1.8 at.% burnup exhibit
significantly less axial growth that standard-cast fuel elements.
This is beneficial for reactor reactivity considerations.

3.

The prospects of reduced axial growth or eliminating quartz debris
from the FCF waste stream may be sufficient incentive to warrant
further investigation of the sheathed fuel concept.
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III. PYROMETALLURGICAL PROCESS DEVELOPMENT
A.

Process Flowsheet and Chemistry Studies

The IFR pyrochemical process flowsheet accepts any mix of spent fuel from
the reactor, removes fission products and cladding, and yields a product from
which fresh fuel can be fabricated. Details of the process flowsheet, process
chemistry, and operation of the electrorefiner have been provided in previous
reports, but the IFR electrorefining process may be summarized as follows: Spent
fuel in its stainless-steel cladding is chopped into approximately quarter-inch
lengths and placed in a basket that is introduced into molten salt (LiCl-KCl) at
500°C in an electrorefining vessel. The basket is connected to a dc power supply
and made anodic; nearly pure uranium is removed from the spent fuel by
electratransport to solid cathodes, then the plutonium and any remaining uranium
in the feedstock are electrotransported to liquid cadmium cathodes. During
electrorefining, noble metal fission products mostly remain in the basket, but
some fall as particulate to the bottom of the electrorefiner. The alkali and
alkaline earth metals in the spent fuel are oxidized and remain in the
electrorefiner salt, as do most of the rare-earth fission products.
Experiments have demonstrated that separation of actinides from all fission
products except the rare earths is excellent, but because sufficient quantities
of most rare earths remain in the mixed uranium-plutonium product from the liquid
cadmium cathode, this product requires remote handling. As fuel batches pass
through the electrorefiner, the rare earth level builds up in the product and the
salt. Because the radiation level and heat release in the electrorefiner also
increase, the electrorefiner salt has to be processed from time to time to remove
the rare earths.
To predict the product composition in the liquid cadmium electrode and to
design and control the rare-earth removal process, we must first understand the
partition of the rare earth and actinide elements between molten salt (where they
exist as chloride compounds) and liquid cadmium (where they exist as metals in
solution). We are therefore measuring the separation factor for pairs of the
rare earth elements up to atomic number 64 (gadolinium) and for neodymium vs.
plutonium. These separation factors are being determined by measuring the
concentrations of pairs of the rare earth elements in molten LiCl-KCl eutectic
salt and liquid cadmium phases at 500°C.
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We define the distribution coefficient as the ratio of the weight percent
of an element in the salt phase (as the element, not its chloride) to the weight
percent of the element in cadmium. Because most of the elements of interest
(actinides and most lanthanides) are present in the salt as trichlorides, it 4 s
convenient to define the separation factor as the ratio of the distribution
coefficients of two (trivalent) elements. For elements that form dichlorides or
trichlorides, this leads to a definition of the distribution factor that is
slightly more complex. The general reaction and separation-factor definition,
regardless of oxidation state, for two elements are:
3/Y M'Cly + 3/X M <

> 3/X MC1X + 3/Y M'

(1)

and
[M'] 3 / Y
SF =
[M'C1 Y ]

3/Y

[MC1J 3 / X
[M]3/X

(2)

Unless the chlorides of both elements have the same oxidation state, the
distribution coefficient of one element in a pair will depend in a nonlinear
fashion on the distribution coefficient of the other element. Nonetheless, this
approach allows us to "chain" separation factors and form a self-consistent set
of separation factors from measurements on a minimum number of element pairs.
Self-consistency is of critical importance for calculations as the separation
factor becomes larger than 25, because it soon becomes difficult if not
impossible to precisely measure at least one member of the smaller pair of
concentrations (for example, the uranium in the salt or the yttrium in the metal
for the uranium-yttrium pair). By "chaining" more easily measured separation
factors, though, we can estimate, for example, the separation factor of the
uranium-lithium pair (7 x 10 12 ), even though it is clearly impossible to measure
this separation factor directly.
It is easiest to envision the relative distribution of the elements as the
oxidizing state of the system is changed, if the distribution coefficients of all
the elements are plotted as a function of the distribution coefficient of one
element.
In Fig. III.l, distribution coefficients (calculated from the
appropriate separation factors) are plotted against the logarithm of the
distribution coefficient of uranium. The separation factors used are the best
presently known values; measurement and data analysis are still in progress. A
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Fig. III.l. Distribution Coefficients of Selected Elements as a Function of
Oxidation State

logarithmic scale was used to accommodate the large range of oxidizing conditions
from the very reducing state, where the concentration of UC13 is small and only
europium and samarium are present as chlorides, to the highly oxidizing state
(relative to the IFR process conditions), where nearly all the rare earth and
actinide elements are found in the salt phase.
The behavior of the most metallic (readily oxidized) rare earth elements
is of interest in the salt purification steps, where the salt is treated with
lithium or uranium in cadmium to recover the transuranics and separate them from
the rare earths. A computer code has been developed to simulate countercurrent
extraction with salt and metal, where no solid phases are formed. This code uses
the set of separation factors to calculate the distributions of the rare earth
and actinide elements in the extraction process; it is being used in designing
the salt-treatment part of the pyroprocess flowsheet.
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B.

Process Development Studies

Work in this area includes experiments to study zirconium behavior in an
electrorefiner and fabrication of a new laboratory-scale electrorefiner for use
in process-development experiments.
1.

Zirconium Behavior Studies

Zirconium constitutes about 30 vol % of IFR fuel. In the normal
transport of uranium to a solid cathode and U-Pu to a liquid cathode, the bulk
of the zirconium is not transported but is left in the electrorefiner. With
repeated cycles, this zirconium accumulates in the cadmium anode pool.
Laboratory studies were continued to determine the behavior of
zirconium in electrorefiner operations and to devise methods for zirconium
removal from the cadmium anode pool. Although the site of zirconium deposition
during anodic dissolution of the fuel is not altogether clear, examination of
our engineering-scale electrorefiner indicated that some, if not all, of the
zirconium deposits on the crucible wall (see Sect. III-C.6). A similar finding
was made during examination of laboratory-scale crucibles (15-cm dia) and
stirrers used in small-cell tests. To clarify where zirconium deposits, several
small electrorefining cells (housed in 5-cm dia crucibles with capacity of
300 g cadmium) were operated, then their crucibles were cut apart and examined
to determine where the zirconium had deposited.
In typical tests, cells of the type Zr/LiCl-KCl-ZrClx/Cd(Zr) were
operated at 500QC.
No uranium was used, and zirconium was transferred
electrochemically from a zirconium anode rod to a cadmium pool cathode. The cell
electrolyte was prepared by adding CdCl2 to oxidize zirconium metal to ZrClx
(species not determined). The electrolyte, LiCl-KCl eutectic, contained an
estimated 1 wt. % Zr. The zirconium anode rod was easily anodized at a current
density of 100 mA/cm2 and low voltage. Visual examination of the cross-sectioned
crucibles after the test indicated that the solids had piled up on top of the
cadmium pool cathode. The cell stirrer was not adequate to break up this
deposit.
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In these tests, deposits of Cd2Zr (identified by X-ray diffraction)
were found on the zirconium anode rod. Since this formation was likely due to
"splashing," in the stirred cell, of cadmium onto the zirconium rod, we needed
to determine if the zirconium would be chemically attacked by cadmium. The
objectives of the next two tests were to determine (1) how much Cd2Zr would
actually be formed, and (2) whether or not the zirconium could be removed from
this cadmium phase electrochemically. Results from these two tests revealed the
following: (1) 37 g zirconium dissolved in 307 g cadmium over a seven-day period
at 500QC, and (2) the cadmium phase with this much zirconium appeared to be
nearly solid at 500°C. (The solubility of zirconium in liquid cadmium is about
0.2 wt. %.y
The zirconium from the cadmium phase was transported electrochemically onto a mild steel rod. However, we could not establish whether the
cathode product was zirconium metal, a zirconium salt, or a combination of both.
A relatively low voltage (<0.3 V) was required to facilitate this transport.
Typical cross sections of a crucible after zirconium deposition onto
cadmium shows an irregular boundary between the white salt phase and the dark
cadmium phase. Before deposition of zirconium, this interface was a flat plane,
as expected between two immiscible liquids. Figure III.2 shows a Cd2Zr-rich
phase on top of a cadmium ingot removed from a crucible, indicating that the
upper phase contained solids (Cd2Zr intermetallic) at the operating temperature
(500°C). This phase was located between the liquid cadmium and the salt (not
shown in this photograph). Figure III.3 shows a zirconium-bearing electrodeposit
obtained on an iron cathode from a cell which had a zirconium-rich cadmium anode.
The deposit appears to contain some metal crystals encased in salt. Analysis of
similar cathode deposits revealed both zirconium metal and a zirconium salt.
This work indicates that zirconium can be electrotransported to a
cathode, and is readily dissolved by direct attack of cadmium metal or by
electrolytic anodic dissolution. Accordingly, these methods should be candidates
for removing the alloy zirconium from the electrorefiner.
2.

Laboratory-Scale Electrorefiner

A new, laboratory-scale electrorefiner has been designed and
fabricated. The major design change, compared to the electrorefiner in use
earlier, is in the cadmium cathode. The new impeller design for the cathode
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Fig. III.2. Cut Section of Product Ingot Showing Cd,Zr on Top of Cadmium
(ANL Neg. No. 10384, Frame 21)

Fig. III.3. Typical Deposit Obtained with Zirconium
(ANL Neg. No. 10384, Frame 20)

49
provides for axial as well as rotational motion. Our work with the old design
showed that the actinide solids, found in the cathode, tended to build up on the
rotating blades of the impeller instead of sinking into the liquid cadmium. The
added axial motion should force the solids downward into the cadmium phase. The
apparatus was assembled outside the plutonium glovebox and was operated cold, and
certain initial deficiencies were found and corrected. The apparatus was then
moved into the plutonium glovebox, and further shakedown tests completed. The
electrorefiner is now being loaded with processing reagents (cadmium and LiCl-KCl
electrolyte) prior to heatup. After the electrorefiner is charged with uranium
and plutonium, experiments will be conducted to establish process parameters and
electrochemistry for transport to liquid cadmium cathodes.
C.

Engineering-Scale Process Development

The key steps in the pyrochemical processing of spent fuel are dissolution
and product recovery by electrodeposition using either solid or liquid cathodes.
Progress made in developing each step is discussed below. Also reported are
results from tests of a system to reduce cadmium-aetosol release from the
electrorefining process, a device for harvesting the uranium deposit from a steel
cathode, and zirconium behavior. All tests were conducted in our engineeringscale electrorefiner (0.9-m dia crucible).
1.

Dissolution of Spent Fuel

Anodic dissolution of chopped, clad U-Zr alloy pins at the
engineering-scale level (10 kg batch size) has become a routine operation. To
date, 200 kg uranium has been anodically dissolved in the engineering-scale
electrorefiner. Dissolution of 10 kg batches is typically achieved in less than
30 h. After an anodic dissolution run, the baskets are rotated in the gas phase
above the salt in the electrorefiner to reduce the amount of salt on the cladding
hulls and basket. Measurements were made to determine the effect of the basket
rotation speed on the weight of salt retained in the baskets. Approximately 60,
130, and 144 g of salt were retained on the baskets and hulls after basket
rotation at speeds of 250, 125, and 0 rpm, respectively. Based on these results
and the fact that the maximum basket rotation speed for the system is 250 rpm,
this rotation speed is recommended for salt removal from baskets.
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Future efforts will be directed to the development of improved anodic
basket designs for direct transport of dissolved uranium from the basket to a
solid cathode and for increased throughput rate.
2.

Electrotransport to Solid Cathode

Electrotransport of 10 kg uranium from a cadmium pool anode to a
single mandrel cathode has also become a routine operation. In the most recent
electrotransport tests (Runs 43, 45, 51, 52, and 54), 9.5, 9.3, 8.2, 10.0, and
8.6 kg of uranium were electrodeposited on a single mandrel cathode in 37, 26.5,
30, 46, and 30 h, respectively. These and other test results are given in Table
III.l. The optimal operating conditions required to produce a 10 kg uranium
deposit have been determined from the test results.
An important operating condition is that the salt and cadmium mixing
must be sufficient to ensure the electrotransport of uranium from the cadmium
anode pool to the solid mandrel cathode. However, the mixing must be controlled
after a deposit weight of about 5 kg has been produced to reduce mechanical
losses as the weight of the deposit is increased to 10 kg. This is accomplished
by turning the salt mixer off halfway through the run and by not using the
cadmium mixer.

TABLE III.l. Results from Electrotransport to Single-Mandrel Solid Cathodes

Run No.
Wt. Uranium Deposit, kg
Deposition Rate, kg/h
Collection Efficiency, %

43

45

51

52

9.5
0.26
39
111

9.3
0.35
39
302

8.2

10.0

37

26.5

30

0.27

0.22

42

42
111°b
254

219

Average Current, A
Time, h
a

25a

21 b

54
8.6
0.29
48
200
30

Uranium was electrotansported directly from the anodic dissolution baskets
to the cathode.
Electrotransport from the cadmium pool anode to the cathode.
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As shown in Table 11 I.I, the collection efficiency for the above
tests was 39 to 48%. The throughput rate could be nearly doubled by increasing
the collection efficiency to about 80%. Future efforts will include tests to
increase the collection efficiency.
3.

Electrotransport to Liquid Cadmium Cathode

Tests were continued to determine the operating conditions required
to electrodeposit 3 kg uranium in a liquid cadmium cathode (LCC). (Because the
glovebox in which these tgsts are carried out is not a plutonium facility,
uranium is used as a stand-in for plutonium.) Figure III.4 is a schematic of the
LCC in the engineering-scale electrorefiner. The tests conducted during this
reporting period were designed to determine the effect of the following variables
on the performance of the LCC:

Electrolyte

14.6 cm
Daridrite Breaker

5.7 cm

t

LCC Freeboard

7.1 cm
Salt/Cadmium Interface
LCC Cadmium
10.2 cm
LCC Crucible

Cadmium

Insert Plug

Fig.

III.4.

Configuration of Liquid Cadmium Cathode in Engineering-scale
Electrorefiner (LCC Crucible Elevation at 0 i n . )
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1.
2.
3.
4.
5.

Cadmium height in LCC crucible
Electrode area of LCC
Freeboard in LCC crucible
Electrode distance between LCC and cadmium anode pool
Height of salt above the LCC crucible

Electrode area, freeboard of the LCC crucible, and the electrode
distance between the LCC and cadmium anode pool were found to have a major effect
on the cell resistance. To date, resistance has been measured for reference
conditions and with a 20% increase in the electrode area, 50% increase in the
freeboard, and 50% increase in the distance between the electrodes. The
resistance tripled as a result of the increase in these variables. Further
testing is needed to determine the contribution of each variable to this increase
in cell resistance.
In one liquid cadmium cathode test (Run AD-LCC-7/7A), uranium was
electrotransported directly from the anodic dissolution baskets to the LCC.
During the run, the electrodeposition was interrupted after about 250 Ah; the
front edge of the dendrite breaker was positioned below the surface of the
cadmium in the LCC to compact the uranium dendrites; and the dendrite breaker was
then raised above the LCC and rotated at 150 rpm to remove uranium dendrites from
the breaker and upper surfaces of the LCC crucible. These operations were
repeated until the run was terminated. The average current for this run was
62 A, and the electrodeposition time was 59.4 h.
Based on chemical analysis of samples taken from the LCC product,
the product contained 66.8 wt. % cadmium, 33.2 wt. % uranium, and negligible
amounts of salt and zirconium. The weight of uranium in the LCC was 4.2 kg. If
similar results can be obtained with U-Pu mixtures (i.e., about 4 kg heavy metal
in about 9 kg cadmium), this would meet our goals for the LCC needed for the
electrorefiner in the Fuel Cycle Facility. The data from these experiments will
be useful in designing the liquid cathode for testing with U-Pu mixtures in the
Fuel Cycle Facility.
4.

Cover-Gas Treatment System

During testing with the engineering-scale electrorefiner, we
observed the release of cadmium aerosols to the glovebox. These aerosols deposit
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on the interior of the glovebox windows and equipment and could cause problems
in the argon cell of the Fuel Cycle Facility if similar releases were to occur.
A cover-gas treatment system (CGTS) was developed to reduce such releases from
the engineering-scale electrorefiner and, in principle, should be usable with the
electrorefiner for the Fuel Cycle Facility. In this system, a portion of the
cover gas is withdrawn and passed through a mass transfer unit (MTU) that removes
cadmium by vapor condensation. The unit is in the form of countercurrent flow
heat exchanger trays, which are fabricated from 5-mm high corrugated internal
passages. The gas temperatures are carefully controlled to suppress the onset
of homogeneous nucleation and, thus, to prevent formation of cadmium aerosols,
which would be very difficult to remove from the gas stream.
In the system, a portion of gas is withdrawn from the cover gas
region of the electrorefiner through a heated pipe connecting the electrorefiner
to the MTU. The gas is passed through the MTU and then through a gas cooler of
similar construction to the MTU. The cleaned gas is returned through the
opposite side of the MTU and then back to the electrorefiner close to the
prevailing cover gas temperature. A bleed-and-feed subsystem allows one to purge
a fraction of the cleaned gas and to maintain a constant cover-gas pressure.
Capability exists for obtaining samples of the inlet and exit gas from the MTU.
The system can be heated periodically to melt and drain the trapped cadmium from
the system at periodic intervals. The MTU and cooler assembly were installed in
a liner, and the complete system was placed in a well adjacent to the
electrorefiner for testing.
The cadmium concentration in the cover-gas space (untreated) above
the salt in the electrorefiner was determined to be in the range of 2000 to
4000 ppm by weight (ppmw). In tests with the CGTS, the MTU achieved \/ery high
collection efficiencies (99.38 to 99.99%) for testing periods where stable
operation was achieved. The cadmium concentration in the gas exiting the MTU was
significantly less than 1 ppmw. At gas recirculation rates of 5 x 10"4 m3/min
(1 scfm), the MTU reduced the cadmium concentration in the electrorefiner from
the undisturbed level of 2000 to 4000 ppmw to less than 100 ppmw.
The CGTS was regenerated twice by heating the unit and melting the
collected cadmium into a collector pot attached to the bottom of the unit. We
collected two ingots of cadmium, which together weighed about 17 kg. This
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compares favorably with an estimated 20-25 kg of cadmium contained in the gas
entering the unit based on samples from the inlet gas. The testing of the CGTS
has been completed, and the unit is being disassembled.

5.

Equipment Testing

Testing of a device to harvest the uranium deposit collected on
a steel mandrel cathode in the engineering-scale electrorefiner was continued.2
The main elements of this device are a machined die mounted on backing plates,
which are attached to a unistrut framework, welded to the glovebox floor. A
bolted collar is attached to the cathode assembly, and the die positioned around
a clean portion of the cathode mandrel, above the deposit. The mandrel is pulled
through the die, and the stripped uranium deposit is collected in a steel basket.
The main additions to the device included a screw-actuated harvester that employs
a torque device to pull the mandrel out of the uranium deposit and a thin steel
cylindrical sleeve to limit the diameter of the harvested deposit.
We tested a torque wrench, an impact wrench, and a modified power
pipe threader for their ability to provide the needed stripping force. The
impact wrench was not able to strip the uranium deposit from the steel mandrel
cathode, while the other two components were. The torque wrench harvested a
deposit that weighed 11.1 kg (9.3 kg uranium) and had a composition of 83.5 wt. %
uranium, 10.4 wt. % salt, 0.9 wt. % zirconium, and <0.01 wt. % cadmium. A
maximum force of 15, 670 N (3524 lb-f) was needed to strip the deposit. Figure
III.5 shows a side view of the harvested deposit after removal of the steel
cylindrical sleeve. The length of this deposit was 21 cm. The modified power
pipe threader stripped a 10.6 kg deposit from the steel mandrel in 51 s.
The above tests have provided sufficient data to design a harvester
device for the Fuel Cycle Facility. No further tests of the harvester are
planned.
6.

Zirconium Behavior in the Engineering-Scale Electrorefiner

The investigation of the zirconium behavior in the engineeringscale electrorefiner has continued (see also Sect. III.B.I). During this report
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Fig. III.5. Side View of Harvested Uranium Deposit
(ANL Neg. No. 10407K, Frame 12)

period, samples were taken from deposits that formed on components immersed in
the electrorefiner for various periods of time (see Fig. III.6 for locations).
Samples were also taken of molten material trapped on the horizontal surfaces of
the salt stirrer assembly when it had to be removed from the electrorefiner for
maintenance purposes. The above samples were found to have a relatively high
zirconium concentration. This suggests that "unaccounted" zirconium may be
accumulating on the interior surfaces of the electrorefiner.
The first component to be removed and sampled was a corrosion rod
to which two metal coupons were attached and immersed in the salt and cadmium,
as shown in the Fig. III-6. This corrosion rod and coupons had been immersed in
the electrorefiner for approximately one year (two 6-month periods). When
removed from the electrorefiner, the corrosion rod was covered with a fairly
thick deposit. (No significant deposit was observed on the corrosion rod after
the first 6-month period.) Figure III.7 is a photograph of the corrosion rod.
Little or no deposit was observed in the lower 5 cm, which was immersed in the
cadmium. The deposit was extensive throughout the portion immersed in the salt
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Fig. III.6. Samples Taken from Deposits on Components
Immersed in Engineering-scale Electrorefiner
and decreased to zero above the salt. The deposit varied from about 0.6- to 1.3cm thick. Samples Al to A4 were taken from the rod. As shown in Fig. III.6, the
zirconium content of the deposits ranged from 10.1 to 13.8 wt. %. The uranium
content was about 3 wt. % except for sample Al (<used to obtain information on
the possible rate of deposit accumulation in the intended location of the stirrer
for the Fuel Cycle Facility electrorefiner. This rod had been immersed for two
weeks and had only a thin coating on it. Samples Bl to B4 were scraped off the
rod. Despite the small amount of material on this rod, these samples also showed
a high zirconium content, 5.4 to 7.6 wt. %.
The third component to be removed from the electrorefiner was the
salt stirrer assembly, which had to be removed to replace its motor. At that
time, samples Cl to C5 were obtained. Samples Cl and C2 were deposits that had
formed on the support rods; sample C3 was a deposit from the blade of the
stirrer; and samples C4 and C5 were obtained from molten material that was
trapped on the horizontal top surfaces of the heat baffle and the bottom plug,
respectively. These samples also had high zirconium contents, ranging from 4.3
to 12.9 wt. %.
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Fig. III.7. Corrosion Sample from Engineering-scale Electrorefiner with Adhering
Salt, Uranium, Cadmium, and Zirconium. (ANL Neg. No. 9871K)
The above analyses indicate that deposits containing significant
amounts of zirconium had built up on certain components in the electrorefiner.
Because the surfaces of these components are at cathode potential during the fuel
dissolution process, this behavior is not unexpected. An attempt was made to
quantify the amount of zirconium on the interior wall of the electrorefiner. The
amount of deposit collected on the corrosion rod and coupons was about 500 g.
If a similar deposit thickness to that of the rod and coupons were formed on the
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inner wall of the electrorefiner, then the amount of zirconium contained in this
deposit would be 4-5 kg. This quantity represents a major portion of the 7 kg
of zirconium "unaccounted for" during the many tests run with this
electrorefiner.
Filtered samples were taken from the cadmium and salt several days
after the above components were sampled. The results, shown in Table 111.2,
indicate that the cadmium was saturated with zirconium and slightly below the
saturation value for uranium. As usual, the salt showed very small amounts of
zirconium. Thus, the excess zirconium appears not to be mobile but attaches
itself to cathodic surfaces. In a future drawdown run (i.e., electrochemical
removal of all uranium present), attempts will be made to electrochemically
remove the zirconium from the electrorefiner.

D.

Waste Treatment Processes

Processes are being developed to treat the spent salt and metal from the
electrorefiner to achieve desired levels of recovery of TRU elements and then to
convert the treated salt and metal into disposable high-level waste forms. The
spent salt contains the alkali metal, alkaline earth, rare earth, and halide
fission products. It also contains small, but significant amounts of uranium and
TRU elements. The spent metal consists of cadmium from the electrorefiner pool,
which contains zirconium and noble metal fission products, and the cladding
hulls. Efforts have been concentrated on developing the processes needed to
treat and immobilize salt, and work has been initiated on developing methods for
metal waste treatment and consolidation.
TABLE III.2. Zirconium and Uranium Content of
Filtered Cadmium Samples

a

Zra

Wt. %
Ua

Salt

<0.01

6.87

S155

Salt

<0.01

6.73

M210

Cadmium

0.23

1.93

M211

Cadmi urn

0.22

1.99

Sample ID

Phase

S514

Uranium solubility limit in cadmium, 2.35 wt. %;
zirconium solubility limit in cadmium, 0.22 wt.
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The reference flowsheet for treating spent salt and metal is shown in Fig.
III.8. The main process steps are as follows:
•

The spent salt is passed through a multistage, countercurrent
extraction process, the salt extraction step, where it is
contacted with a Cd-2.2 wt. % U solution. With the proper
metal/salt ratio and number of equilibrium stages, more than 99%
of the TRU content is transferred to the metal phase by exchange
with uranium, while more than 70% of the rare earths remain in the
salt.
The TRU-rich metal product is returned to the
electrorefiner.

•

Essentially all of the uranium, any residual TRU elements, and
most of the rare earths are removed from the salt raffinate by
contact with a Cd-0.1 wt. % Li alloy in a salt stripping step.
The stripped salt, now a waste salt, contains all of the alkali
metal, alkaline earth, and halide fission products; some rare
earths (Y, Sm, Eu); and only trace amounts of actinides
(<100 nCi/g).

•

The cadmium solution from the salt stripping step is combined with
spent metal from the electrorfiner and cladding hulls, and the
excess cadmium is removed by distillation and returned to the
electrorefiner. The remaining waste metal contains noble metal
and rare earth fission products, as well as zirconium from the
ternary metal fuel alloy.

Several techniques are being explored for immobilizing the treated salt and
metal and converting them to high-level waste forms. To immobilize and convert
the waste salt, it will be sorbed into a zeolite, and the salt-zeolite compound
will be hot-pressed into a solid waste form. The metal wastes will be combined
with a matrix metal or alloy (e.g., Cu, Ni, Zr-Fe, Al), yet to be selected, and
pressed or melted to produce a final waste form.
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Fig. III.8. Reference Flowsheet for Treatment of Salt and Metal Waste Streams
in the IFR Pyroprocess (NM = noble metals, RE = rare earths, TRU
= transuranics)
1.

Salt Extraction

A test facility with a high-temperature centrifugal contactor
(pyrocontactor) is being developed to separate elements from the rare earths in
the IFR fuel cycle. This pyrocontactor is similar in configuration to the ANL
centrifugal contactors developed for aqueous/organic solutions. The development
work includes the design, fabrication, and assembly of a pyrocontactor and the
associated processing equipment, to be housed in an argon-atmosphere glovebox
test facility. Experiments will be conducted in this facility to determine the
performance and extraction efficiency of the contactor with molten cadmium and
chloride salts at 5Q0°C. The ultimate goal is to develop a continuous liquid
metal-salt extraction process that uses multistage, countercurrent pyrocohtactors
to recover the TRU elements from the waste salts produced in the Fuel Cycle
Facility.
Progress toward building the test facility is summarized as follows:
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a. The pyrocontactor (made of Type 304 stainless steel) was designed and
fabricated. A pretest of the contactor at room temperature without
liquids was successful.
b. The metal and salt feed tanks will be two horizontal tanks made of
Type 304 stainless steel, with about 7 gal (26.5 L) capacity each.
These feed tanks, along with their associated heaters and support
brackets, were designed. Procurement and fabrication of the tanks and
the accessories were initiated.
c. The raffinate and treatment tanks for metals and salts, which have a
liquid volume of 7 gal (26.5 L) each, were designed, fabricated, and
installed. Shakedown tests are nearly complete.
d. The design work to modify an existing glovebox (1.7-m high, 1.4-m
wide, and 4.1-m long) for pyrocontactor testing is complete. Nearly
completed is the assembly of this glovebox, including floor wells for
the raffinate and treatment tanks, electrical and mechanical
feedthroughs, end plate with electrical fittings, and gas ducts
connecting the main purification system. The environmental control
system for the glovebox includes a main purification system with
pressure-control, emergency-control, and gas-cooling subsystems. This
system will provide dry (<15 ppm H20) and oxygen-free (<15 ppm 02)
argon at a rate of 0.02 m3/min (40 cfm) to the glovebox. This system
is also nearly assembled.

2. Salt Stripping
A prototype of the salt stripper system to be installed in the
Fuel Cycle Facility has been designed and is being fabricated. The system
includes the stripper vessel and a pump-and-transfer line to move salt between
the engineering-scale electrorefiner and the stripper vessel. The stripper is
equipped with an agitator capable of imparting mixing power densities up to
7 hp/1000 gal (1.4 kW/m3) in the salt and 30 hp/1000 gal (5.9 kW/m3) in the
metal phase. Ports for sampling and charging materials and fittings for
instrumentation, such as liquid level probes and reference electrodes, are provided.
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Several small-scale experiments were done to support development of
the salt stripper. In these experiments, the salt from the laboratory-scale
electrorefiner was stripped to recover the heavy metals. In total, 4200 g of
molten salt was contacted with Cd-Li solutions in five stripping runs. The
actinides (U, Pu, Am) and rare earths (Ce and Nd) were almost completely removed
from the salt solution. Nevertheless, difficulties were encountered in
dissolving the reduced actinides and rare earths in the cadmium, probably because
the rapid reduction from the salt resulted in the formation of slowly dissolving
intermetallic compounds at the salt-metal interface. In two runs, an attempt was
made to dissolve the intermetallic compounds by reducing the lithium addition
rate to the metal phase (the Cd-Li was added in three steps rather than one).
This completely dissolved the reduction products, but some evidence suggested
that the reduction rate exceeded the dissolution rate during certain periods.
The intermetallic compounds were also dissolved by raising the melt temperature
from 500 to 550°C.
Experiments will be conducted with the prototype salt stripper to
measure stripping rates as functions of mixing intensity, to assess the
effectiveness of various filters, to determine the characteristics of insolubles,
and to evaluate the performance of various components and instruments.

3. Salt Immobilization
Although the treated salt will contain only trace amounts of actinides
and very small amounts of rare earth fission products, it will contain Cs and Sr
and is, therefore, a high-level waste according to the definition in the Code of
Federal Regulations (Title 10, Part 60). As such, it must be disposed of in a
geologic repository for high-level waste. A waste form that will meet the
acceptance criteria for the repository must be developed for the IFR waste salt.
Although the exact acceptance criteria have not been specified, some guidance has
been obtained from the Waste Acceptance Preliminary Specifications for high-level
waste glass being prepared at the Savannah River Site and the West Valley
Demonstration Project. Qualitatively, the waste form for IFR waste salt must be
strong, leach resistant, and stable with respect to radiation and radiogenic
heating. In addition, the process for producing the waste form must be amenable
to remote operation and compatible with other IFR pyroprocessing operations.
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With these guidelines in mind, it is proposed to use zeolite powders
as an immobilization matrix for IFR waste salt. Densified salt-occluded zeolite
monoliths, possibly with added strengthened, have been proposed as the
corresponding waste form. The experimental program for testing this concept has
been focused on measuring the leach resistance and radiation and thermal
stability of salt-occluded zeolites.
a. Leach Resistance
The leach resistance of a waste form is of paramount importance
because leaching by groundwater is the most likely mechanism by which
radionuclides will reenter the accessible environment. The leach resistance of
waste-bearing (simulated IFR waste salt) zeolite A was measured at room
temperature with deionized water as the leachant. The ratio of the volume of
leachant to the mass of solid was 200 mL/g. The duration of the tests varied
from 2 to 25 days. The Teachability [L, in units of g/(m2-day)] was determined
from the equation:
L = CrV/(F,-SA-d)
where C,- is the concentration of species i in the leachate (g/mL), V is the
volume of the leachant (mL), F1 is the weight fraction of species i in the
sample, SA is the surface area (m 2 ), and d is the duration of the leach test in
days. Because the SA'was calculated from the literature value for the average
particle size (1.39 /um) and from an estimated value of the density (2.10 g/cm 3 ),
these leach test results must be considered preliminary. The leachate was
analyzed for strontium by inductively coupled plasma spectroscopy and for cesium
by atomic emission spectroscopy.
The leachabilities for Cs and Sr in the short-term (2-5 day) tests
averaged about 10"3 and 10"5 g/(m 2 -day), respectively. The leachability for both
Cs and Sr in the 25-day test was on the order of 10"5 g/(m 2 -day). Two conclusions were reached from these data: cesium is released more readily than
strontium from the zeolite matrix, and leachability decreases with time. These
leachability data compare favorably with the "initial" (i.e., leach period of
less than 28 days), room-temperature leachabilities given for borosilicate glass,
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i.e., 10"1 to 10'3 g/(mz-day).3 Also, the same time dependence of leachability
is observed in tests with borosilicate glass.
However, effects on leachability, if any, of the differences in
the SA/V ratios, i.e., 0.1 cm"1 in the borosilicate glass and 50 cm"1 for the
salt-occluded zeolite, were not considered in this comparison. Notwithstanding,
the leachability of the salt-occluded zeolite is well within the range that would
be acceptable for repository disposal. These studies are continuing.
b. Radiation and Thermal Stability
The radiation and thermal stability of salt-occluded zeolite A has
also been investigated. In these tests, three salt-occluded zeolite samples were
subjected to one of the following conditions: (1) heated to 200°C (no
irradiation); (2) irradiated to 8.0xl08 rad at a dose rate of 0.63 Mrad/h in a
gamma facility at room temperature (about 30°C); and (3) irradiated to 9.3xlO8
rad at a dose rate of 0.73 Mrad/h and heated to 200°C. Also included in this
study was a baseline sample (no radiation or thermal treatment). After
irradiation, all samples were examined with X-ray diffraction and infrared
spectroscopy. Samples were also leached in deionized water at room temperature
for seven days.
The results of these tests indicated that neither heat nor
irradiation affected the crystal structure or the leach resistance of the saltoccluded zeolite. X-ray diffraction and infrared spectra for the four samples
were nearly identical. The leachability results for all of the samples tested
were the same within experimental error. The concentrations of Cs and Sr in all
of the leachates were at or below detection limits. (The concentrations of Cs
and Sr initially present in the salt-occluded zeolite were 1.96 and 0.965 wt. %,
respectively.) The pH values of the various leachates were also the same within
experimental error. It is concluded that, for the conditions tested, the saltoccluded zeolite is stable with respect to radiation and heat.
c. Alternative Salt Waste Forms
Salt immobilization methods other than use of zeolites are also
being explored, including the conversion of salt into ceramic or vitreous waste
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forms. A preliminary literature survey indicated that titanates and zirconates
would also be attractive alternatives to zeolites. Several areas of concern with
respect to these waste forms were addressed. One concern is whether ceramic
waste forms could retain the cations predominant in IFR salt waste. Evaluators
in several countries are considering a parallel question with respect to PUREX
wastes. Some conclude that ceramics would be a superior waste form, while others
disagree. Another concern is what processes could be used to extract the
radioactive cations from the salt and incorporate them into titanates,
zirconates, oxides, or silicates. Several reports describe carrying out such
processes to prepare materials for various non-nuclear applications. Analysis
of such literature will enable an evaluation of the applicability of these
candidate waste forms to IFR wastes and help to identify conceptual processes for
transforming the salt waste into these forms.
A second literature survey focused on finding insoluble chloride
compounds, especially those that occur in nature. It was found that only
silicates form complexes with chlorides that are not readily water soluble. One
class of highly insoluble chloride-silicate minerals is sodalite,
Na6[A102]6[Si02]6-2NaCl, in which the halide salt is an essential constituent.
This mineral has a crystal structure with a molecular cage similar to zeolites,
and its Al/Si ratio is the same as that for zeolite A. Work to develop
techniques for synthesizing monolithic sodalite structures containing IFR waste
salt was initiated.
4.

Metal Waste Handling

The initial work in this area has been focused on the use of copper
as the matrix for immobilizing metal wastes. The main effort has involved the
preparation of copper alloy specimens containing Cd and La in a laboratory-scale
distillation unit. These have been prepared by dissolving Cu and La in cadmium
and distilling off the excess cadmium. During these preparations, data were
obtained on cadmium vaporization into a flowing argon stream as a function of
cadmium content (50 to 75 wt. % ) , argon flow rate (30 to 500 mL/min), temperature
(600 to 800°C), and pressure (atmospheric to 27 kPa). These data will be used
to design a waste-metal distillation unit.
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It was found that the cadmium vaporization rate was primarily
controlled by diffusion in the condensed phase and was strongly affected by
temperature and surface oxidation. The rate was less affected by pressure or
argon flow rate. The cadmium vaporization rate was found to be linearly
dependent on the vapor pressure of pure cadmium. Assuming ideal solutions, which
is a good assumption for a Cu-Cd system, the data can be extrapolated to mixtures
with nonvolatile components (e.g., copper) to determine the vaporization flux.
With the assistance of computer modeling and the experimental data, a
temperature-time profile was developed for a distillation run which optimizes
efficiency and prevents splattering and solidification by keeping the effective
vapor pressure within a prescribed range. This profile was used in the
preparation of Cu-Cd and Cu-Cd-La alloys, but more experiments are needed to gain
a better understanding of the relationship between the vapor pressure and cadmium
vaporization from more complex metal mixtures. A conceptual design of a wastemetal distillation unit has been started. Materials of construction and
operating parameters have been identified with the knowledge gained from the
laboratory-scale tests.
Because the Environmental Protection Agency (EPA) has identified
cadmium as a toxic material, one of the early objectives has been to show that
a Cu-Cd waste form would not be classified as a hazardous waste. Several Cu-Cd
alloys (10 to 80 wt. % Cd) have been subjected to the Toxicity Characteristic
Leaching Procedure (TCLP), which is used to determine if a waste containing a
toxic component is hazardous. The alloy samples specified for the TCLP must be
less than 9.5 mm in diameter. These samples are tumbled for 18 hr in an acetic
acid solution (pH = 5 ) . In these TCLP tests, the milling of the brittle Cu-Cd
alloys produced fine particles, from which cadmium was rapidly leached so that
the leachate contained more than 1 mg/L of cadmium, which is considered a
threshold hazardous level. However, the test results, when extrapolated to
copper alloys with only a few percent cadmium (the expected level in IFR waste
forms), indicated that such alloys would pass the TCLP and thus would be
considered by the EPA as nonhazardous with respect to cadmium content.
5.

Waste Form Assessment

Regulations and publications on acceptance of high-level waste for
disposal were reviewed to obtain foresight on requirements for acceptance of IFR
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waste. The perceptions resulting from this review were that acceptance would
probably depend on (1) specifications devised in agreement with DOE Office of
Civilian Radioactive Waste Management (OCRWM) during waste form development and
production, (2) judgment by the repository licensee (DOE-OCRWM), and (3) the
final waste acceptance specifications that evolve in the repository-licensing
process.
To assess the performance of a geologic repository, with particular
emphasis on the containment of long-lived radioisotopes such as w Tc, the
literature on the release rates of technetium from various waste forms and the
behavior of technetium in a geologic environment was reviewed. The experimental
data reported by various investigators indicate that a source term for computer
predictive modeling of IFR waste performance may be established if congruent
dissolution and congruent leaching are assumed. A number of geochemical and
performance assessment codes may be used to calculate a source term for a
specific geologic environment and the subsequent migration of technetium through
the geosphere. However, because the pyroprocessing of the IFR waste is still in
the developmental stage, it is premature to select a performance assessment code
at this time. Nevertheless, for conceptual development of an IFR waste form, the
EQ3/6 computer code4 is being acquired to study the interaction of groundwater
with the IFR waste form. This code will be used to establish the source term for
the important radionuclides present in the IFR waste and to support performance
assessment of the IFR waste forms under conditions of deep geologic disposal.
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IV. SAFETY EXPERIMENTS AND ANALYSES
A.

Lessons from the PRA for EBR-II

The EBR-II Probabilistic Risk Assessment (EBR-II PRA) was recently
completed. It was a level 1 PRA directed at analysis of systems to identify
accident sequences in the reactor plant which would lead to core damage in some
sense (even mild core damage). The analysis stopped at core damage, and did not
extend to the analysis of subsequent scenarios for release of radioactive
materials to and beyond the containment. The scope of the EBR-II PRA included
shutdown accidents and external events, (the seismic portion is not yet
complete). Passive safety response—both passive reactivity shutdown and passive
decay heat removal—was explicitly accounted for in the event trees.
The risk of operation of EBR-II was found to be very low, (of the order of
10" per reactor year for even mild core damage), with no one accident or class
of accidents dominating the risk profile. The value of this result lies not in
the low numerical value of the accident frequency as it compared with other
plants but in having extracted the underlying causes of this favorable result in
terms of quantifying the payoff of the specific sound engineering design
principles which led to the low damage frequency. These lessons learned can now
be applied to the future IFR design refinements.
6

Figure IV.1 shows a simple event tree which describes the basic requirements for safe shutdown of EBR-II (or any reactor), given an initiating event,
the scram event and the decay heat removal event. If this sequence is accomplished safely, then no damage to fuel will occur. Two classes of accident
sequences are shown in Fig. IV.1; the first arises after successful scram when
the decay heat removal function fails, the second occurs in the event of failure
to scram. The primary issues for EBR-II PRA are then the reliability of the
Reactor Shutdown System (RSS), and the reliability of Decay Heat Removal. In the
case of EBR-II added protection is provided by the fact that, even if scram is
not successfully carried out, the passive feedbacks are such that the resulting
unprotected accident may not lead to core damage—a demonstrable feature of EBRII and the IFR. Similarly, a decay heat removal path at EBR-II relies on passive
rather than electrically-driven equipment so that even if the designed heat
removal paths fail, a passive backup remains in operation.
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Consider first the initiating events which require reactor scram. The PRA
for EBR-II identified about four per year as the estimated frequency based upon
a conservative analysis of the last 15 years of EBR-II operation. The scram
reliability for EBR-II was typically estimated at 5xlO'6 per demand (the actual
value is initiating-event dependent).
This result depends greatly upon
hypothetical common cause events in the fault tree analysis.1 (Note that a
modern scram system can achieve much higher reliability than this, 0(10"7), as
long as the design has sufficient redundancy and diversity.) The probability of
an unprotected accident sequence at EBR-II is approximately 2xlO"5 per year; the
vast majority of these sequences lead, however, to an absolutely benign outcome
because of the passive reactivity feedbacks. Even adopting the extremely
conservative definition of damage which was used in the EBR-II PRA, (the
definition classifies all temperatures which exceed the Technical Specification
Limits as damage), fully 93% of the sequences, given failure to scram, lead to
no damage to driver fuel. The conclusion is that about l.OxlO"6 per year is the
probability that an unprotected accident sequence leading to driver fuel
temperatures exceeding EBR-II Technical Specification Limits will occur. If
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desired, this risk at EBR-II could be reduced by at least an order of magnitude
for a modern LMR by using a modern scram system design, which can be shown to be
immune to common cause events.
In the case of those accidents arising from loss-of-decay heat removal
capability, the PRA identified about 11 initiating events per year. (Even a
routine shutdown requires the decay heat removal system to be functional and so
the seven routine shutdowns a year at EBR-II are included and summed with the
four scram events), EBR-II is designed with passive redundant decay heat removal
capability through both the Balance-of-Plant and through two shutdown coolers.
Through careful design these systems are able to perform their functions without
electrical power, which removes an important factor observed in the risk of LWR
power plants, namely, electrical dependencies of the decay heat removal function.
The mission time for decay heat removal was taken to be 45 days in order to
include all the shutdown risk and, even in those circumstances, the probability
of failure was estimated to be about 2xlO"8 per demand, with failure being
defined as the sodium pool reaching a temperature of 1000°F (a Technical
Specification limit on internal structural components). The resulting overall
damage frequency is 2xlO"7 per year. This result serves to emphasize the value
of passive decay heat removal from the vessel, natural circulation cooling of the
core, and a design which provides redundant means of accomplishing this without
the requirement for electrical power, thus removing many sources of risk through
lack of diesel power, human error, etc. This feature is also important in the
external event analysis.
The remaining contributions to the risk of operation of EBR-II, and by
extension to any LMR, arise from those rare but conceivable events which are
inherently difficult to quantify. These rare events include steam generator tube
ruptures, major structural failures, and local faults. Structural failure is a
very low probability event, <10"7 per year; however, a causative mechanism was
identified in EBR-II which allowed for a meaningful evaluation. The hypothetical
cause involved over-pressurization of the cover gas by a failure of the argon
supply regulating system—combined with undetected blockages of the relief
systems due to sodium condensation. Though not a prominent contributor to risk,
this event was judged to be sufficiently important to highlight a generic "lesson
learned" requirement for support systems to be designed with the same regard to
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inherent limitation, (in this case limitation of the ability to over-pressurize)
as is used on design of IFR primary systems.
Because of the violent chemical reactions possible in the Na-H20-02 system,
steam generators in LMRs have traditionally been a source of much design effort
to minimize the chance for Na-H20 contact. Even so, LMRs in Russia and the
United Kingdom have experienced energetic events. The steam generators at EBR-II
are of a double-wall design, and have proved to be trouble-free for 25 years of
operation. Despite this, steam generator tube ruptures are in general still
important contributors to risk—in the EBR-II case primarily because of the
absence of fast-acting water and sodium dumps—which absence renders the EBR-II
IHX vulnerable in the event of an energetic reaction in the steam generator.
Thus, the lesson learned here is that effort must be applied on the design of the
steam generators and pressure relief systems so as to ensure that the consequences of energetic events do not impair the IHX or primary system integrity.
In all cases of rare events discussed above, a fundamental principle can
be extracted. First, in conducting a PRA one can almost never totally eliminate
a rare event on the grounds of its probability of occurrence because its
probability is poorly known; and the best one can hope for is by intelligent
design, which is consciously addressed at each such identified rare event, to
reduce the initiating probability to small values (<10~7 per year); Therefore,
one must in addition take additional measures to reduce the consequences of the
rare events with appropriate mitigative systems.*
The external event analysis can be divided into two parts, again by
reference to Fig. IV.1, those which require a scram and those which challenge the
decay heat removal capability. EBR-II has a seismic scram, set at 0.005 g, and
detailed analysis confirmed that drop of the control rods was extremely reliable.
(Note that an effective seismic scram also removes concerns about reactivity
insertion through seismically-induced oscillations of the core support.) Indeed,

Even though a rare event may lead to no core damage whatsoever, regulatory or
political consequences may be quite severe and thus in the design of a modern
LMR the focus should be on the first goal—must seek to minimize the probability
of rare initiating events by intelligent design.
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because of the seismic scram system and the fact that only one or, at most, two
control rods are required to be dropped for shutdown to take places no external
event which could impair the scram function was found. In particular no way was
identified in which a fire or flood could lead to a situation in which all the
control rods remained energized.
The effect of external events on the decay heat removal function for
reactors is usually via electrical power, with fires and/cr floods leading to
disablement of electrical power supplies. In the case of EBR-II, electrical
power is not required for decay heat removal. Overall the risk-dominant nonseismic external event for EBR-II is a liquid-metal fire under the deck plates
disabling all decay heat removal. The consequences of such an event could be
minimized in future IFR designs by argon inert systems and good physical
separation of the various decay heat removal paths. Though the seismic PRA for
EBR-II is not yet complete, the currently anticipated dominant seismic event is
a massive structural failure of the primary tank support system at a median of
0.7 g—leading to failure of the decay heat removal function. (This would be
equivalent to failure of seismic isolation in a modern seismically-isolated IFR
plant.)
In Probabilistic Risk Assessment, the assessment is intended to be "bestestimate" with engineering conservatism removed. Nonetheless, it is inevitable
in the early stages of a PRA that "damage" is assessed conservatively, that is
to say, accident sequences whose end states cannot unambiguously be shown to be
benign are included in the damage category. The EBR-II PRA is no exception.
Equally, in evaluating the probabilities associated with system response,
excessive conservatism can be introduced through, for example, the treatment of
common cause. A good example of how uncertainty can serve to mask results is in
comparison of seismic PRA results with conventional PRA results where the
uncertainty about the frequency of very large earthquakes distorts the hazard
curves and leads to seismic risk values of 0(10'5) for a plant whose median
fragility is 0.7 g. Thus even though the seismic PRA for EBR-II is not yet
complete it is already known that seismic risk will dominate the results because
of the shape of the hazard curve—the risk resulting from the shape of the hazard
curve is dominated by uncertainty in the return frequency of yery large
earthquakes. Thus, the EBR-II PRA results inevitably over-estimate the numerical
value of risk of operation o? EBR-II.
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The EBR-II PRA effort has provided invaluable guidance in the form of
lessons learned which may be applied to design issues for future LMRs.
B.

Passive Safety Characteristics of Low Sodium-Void-Worth Core Designs

A low sodium-void-worth actinide burner core design using metallic fuel has
been developed which has a flat annular geometry and a core power of 1575 MWth.
The core design is discussed in detail in Sect. V.A. In this section, the
transient performance of this reactor core in response to several types of
unprotected, i.e. unscrammed, accidents is reviewed. The transient response has
been calculated using the SASSYS LMR Systems Analysis Code, Version 2.1. The
emphasis in the analysis was to quantify the minimum margin to coolant boiling
and fuel/cladding eutectic penetration during the transient. The reactor
response was governed entirely by passive reactivity feedback mechanisms. The
analyses considered three accident sequences: an unprotected loss-of-flow (ULOF)
in which electric power to all pumps is lost; an unprotected transient overpower
(UTOP) in which one or more inserted control rods are inadvertently withdrawn;
and an unprotected loss-of-heat-sink (ULOHS) in which all normal heat removal
capability is lost without reactor scram. The initial conditions for all
transients were taken to be the normal full-power operating conditions at the end
of an equilibrium burnup cycle (EOEC). All analyses were conducted on the basis
of best-estimate modeling assumptions.
1.

Unprotected Loss-of-Flow Results

The unprotected loss-of-flow accident is initiated by a loss of
electric power to all coolant pumps with failure to scram the reactor. The
coolant pumps coast down according to their inertial characteristics, which for
this study provided an initial flow-halving time of 6 s. As a result of the
change in flow, the core temperatures increase, generating reactivity feedback.
This in turn changes the reactor power. The results for the changes in power and
flow are shown in Fig. IV.2, which indicates that both power and flow drop
rapidly. The peak in the power-to-flow ratio occurs at about 20-30 s after the
start of the transient. By 120 s, the power-to-flow ratio has returned nearly
to a value of 1.0. The reactivity feedbacks and the core temperatures are also
shown in Fig. IV.2. The major reactivity feedback mechanisms are radial expansion
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of the core and control rod driveline expansion. The radial core expansion
mechanism is dominant early in the transient due to its short time constant
compared to control rod driveline expansion. After about 60 s, expansion of the
control rod driveline becomes dominant. The only positive reactivity feedbacks
are from fuel Doppler and axial contraction of the fuel as the fuel temperature
is reduced. The magnitude of the positive feedback is much less than that of the
negative reactivity feedback.
As a result of the large net negative reactivity feedback, the power
reduces rapidly in response to the flow coastdown and the mismatch in power and
flow is not great. The maximum coolant temperature in the core peaks at 721°C
at 27 s after the start of the transient. The margin to the coolant saturation
temperature is over 200DC. The coolant temperature drops rapidly after the peak,
down to less than 600°C by 100 s. The cladding temperature peaks at 730°C, over
the threshold for formation of fuel/cladding eutectic material, but perhaps
150-200°C below the threshold for rapid formation and cladding penetration. The
total time that the cladding is above the formation threshold is less than 1 min,
and should result in negligible cladding damage. These results are consistent
with the results obtained previously for a 3500 MWth core, which had nearly the
same core diameter, but with a positive sodium void worth.2 The peak temperatures for the low sodium-void-worth core are approximately 100°C lower.

2.

Unprotected Transient Overpower Results

The unprotected transient overpower accident is initiated by an
uncontrolled withdrawal of one or more control rods, with failure to scram the
reactor. Nominal coolant flow is maintained. The increase in power causes an
increase in core temperatures, generating reactivity feedback, which in turn
modifies the power. For this core, the maximum single control rod worth,
including a rod interaction factor, is $0.78. For the purposes of this analysis,
the reactivity addition rate is assumed to be 0.01 $/s. The core power increases
until all of the reactivity from the withdrawing rod has been added, at 78 s.
The core power peaks at 165% of nominal power, and then drops to 150% of nominal
power by 100 s after the start of the transient. The major negative reactivity
feedback mechanisms counteracting the reactivity addition are control rod
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driveline expansion and radial expansion of the core.
feedback components are near zero.

All other reactivity

Due to the increase in core power, the maximum coolant temperature
in the core peaks at 675°C at 78.5 s, and then decreases to 650°C by 100 s,
stabilizing at that value. The peak cladding temperature is 712 D C, which drops
to 685°C by 100 s. The minimum margin to coolant boiling is over 300°C in this
case. After 100 s, the reactor appears to have reached a new equilibrium state,
under the assumption that the core inlet temperature remains constant throughout
the transient. While this may be true during the early stages of the transient,
the heat exchangers are probably not capable of continuously rejecting 150% of
nominal power, and some core inlet heating will occur. The elevated power may
cause a loss-of-heat-sink at the steam generators. These accident consequences
are also consistent with the results obtained previously with the 3500 MWth core
design, but the peak core temperatures are approximately 75-100DC higher for the
low sodium-void-worth design due to the much greater control rod worth.
3.

Unprotected Loss-of-Heat-Sink Results

The unprotected loss-of-heat-sink accident is initiated by the loss
of the main heat sink at the steam generators, with failure to scram the reactor.
The coolant flow is maintained. As a result of the loss of the main heat sink,
the core inlet temperature starts to rise shortly after the start of the
transient, at about 50 s. This increases the core temperatures, introducing
negative reactivity feedback, which in turn reduces the core power. The negative
feedback is dominated by radial expansion of the core. The negative feedback is
large enough such that the power and the coolant temperature rise through the
core is decreasing faster than the inlet temperature is rising. The result is
that there is no increase in the maximum core temperature. Rather, the peak core
temperatures decrease monotonically to a new level below the initial steady-state
value. At the same time, the core temperatures in the lower part of the core are
increasing, and the core temperature rise through the core decreases to only a
few degrees. The new "equilibrium" state, which is reached by about 1000 s after
the start of the transient, has an almost uniform core temperature of 510cC. The
reactor power is at decay heat levels, with the net reactivity being subcritical
and becoming more negative with time. The margins to coolant boiling and
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fuel/cladding eutectic penetration are larger than at steady-state conditions.
These results are also consistent with the results obtained for the 3500 MWth
core, although the "equilibrium" state temperatures are approximately 65°C lower
with the low sodium-void-worth core.
4.

Conclusions

The passive response of a low sodium-void-worth actinide burner to
various unprotected accidents has been analyzed. The margins to coolant boiling
and fuel /clad eutectic formation for the ULOF and the ULOHS are greater for the
low sodium-void-worth core than for the 3500 MWth core previously analyzed, due
to the larger reactivity feedback obtained from the control rod driveline and
radial core expansion. The favorable safety characteristics of metallic fuel,
which have been demonstrated previously for "conventional" reactor designs where
the sodium void worth is not zero, are also effective for the low sodium-voidworth design. The margins to coolant boiling and fuel/clad eutectic formation
are smaller for the UTOP accident with the low sod": i-void-worth core due to the
much larger worth of the single control rod initiator.
C.

Implications of Whole-pin Furnace Test Results on the EBR-II Mk-V Fuel
Safety Case

A Safety Analysis Report is being written for the conversion of EBR-II to
Mk-V driver fuel. The Mk-V driver is a plutonium-bearing fuel which will be
fabricated in the Fuel Cycle Facility (FCF). Whole Pin Furnace tests FM-4 and
FM-5 have been conducted specifically to support the safety case that is being
developed for this fuel. The present section provides the preliminary results
from these tests along with an assessment of the implications of the test results
on the safe operation of EBR-II with Mk-V fuel.
An important part of the Mk-V safety case is the analysis of fuel pin
behavior during normal operation and during off-normal transients. The LIFEMETAL and FPIN2 computer codes are playing a key role in these analyses by
providing state-of-the-art tools for calculating the neutronic, thermal and
mechanical response of the fuel pins. The Whole Pin Furnace test results are
being used as part of the database to validate the application of these codes to
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the Mk-V fuel. Consequently, also included here are descriptions of these codes
along with the results of pretest predictions for Tests FM-4 and FM-5.
An earlier Whole Pin Furnace test, FM-2, was conducted on a 3 at.% burnup,
U-19Pu-10Zr/HT9 fuel pin with more aggressive design parameters (i.e., smaller
plenum) than the Mk-V fuel. The thermal conditions of the FM-2 test (820°C peak
cladding temperature) and duration to pin failure (112 min.) were also more
severe than for the worst-case reactor accident scenario that has been identified
for the Mk-V design basis. The results from the FM-2 test are important to the
Mk-V safety case because they show that low burnup pins will have a considerable
margin to failure. This test has also contributed to the data base for
validation of LIFE-METAL and FPIN2. Although some discussion of the FM-2 test
is included here, the present section concentrates on the preliminary results
from the FM-4 and FM-5 tests on high burnup fuel. The fuel burnup and test
parameters for these experiments envelope the most severe duty cycle conditions
for Mk-V fuel.
1.

Mk-V Fuel Design

The reference Mk-V fuel pin design uses a U-20Pu-10Zr metallic fuel
slug with HT9 cladding. A design variation (Mk-VA) with Type 316 Stainless Steel
is also being included in the safety case. However, the initial Whole Pin
Furnace tests, which are discussed here, have concentrated on HT9-clad pins. A
comparison of the as-fabricated parameters and burnup of the Mk-V fuel with those
of the FM-4/FM-5 and FM-2 test pins is given in Table IV.1. The interim goal
burnup that if being requested for the Mk-V fuel is 10.0 at.% (peak).
2.

Bounding Design Basis Transients

Part of the Mk-V fuel safety case has been the analysis of the
neutronic/thermal/mechanical response of the fuel to the EBR-II duty cycles for
normal and off-normal operation during the fuel lifetime. The off-normal
transients have been groujtJ into categories having similar thermal behavior.
Each category has been chfracterized by an "umbrella" (bounding) transient, which
is the ;,,ost severe transient of that group. The most severe of these umbrella
transients, in terms of duration at elevated cladding temperature, is the UN-1
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TABLE IV.1. Comparison of As-Fabricated Fuel Pin Parameters and Burnup
Parameter

Mk-V

Element/Subassembly

FM-4/FM-5

FM-2

DP22/DP15/X441A

T461/X425

Cladding Type

HT9

HT9

HT9

Pu, wt. %

20.0

19.0

19.07

Zr, wt. %

10.0

10.0

9.78

Smear Density, %
Fuel Slug Diameter,
in.

75.0

74.0

72.5

0.168

0.172

0.170

Fuel Slug Length,
in.
Cladding Outer
Diameter, in.

13.50

13.56

13.56

0.230

0.230

0.230

Cladding Thickness,
in.

0.018

0.015

0.015

Plenum Volume, cm3

7.1

7.48

4.95

Plenum-to-fuel
Volume

1.45

1.45

0.98

Sodium Volume, cm3

2.0

1.95

2.09

Peak Burnup, at. %

10.0

11.4

2.7

Unlikely Loss-of-Flow (LOF) event. Because cladding damage (both mechanical and
eutectic attack) irr. a very strong function of time-at-temperature, this transient
was chosen as the reference "worst-case" transient for the FM-4 and FM-5
simulations.
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3.

Whole Pin Furnace System

The Whole Pin Furnace (WPF) system3 is in operation in the AlphaGamma Hot Cell Facility (AGHCF) at Argonne National Laboratory. The system
simulates the response of fuel pins to reactor transients by heating intact,
irradiated fuel pins in a computer-controlled infrared radiant furnace. The
major components of the WPF system are an in-cell furnace rig, a furnace control and data collection system, and a fission-gas measurement system. Ancillary
components of the WPF system include a glycol/water heat exchanger for cooling
the furnace body and nitrogen and helium gas supplies for lamp cooling and
environment control.
4.

IFR Fuel Pin Behavior Codes

The LIFE-METAL and FPIN2 computer codes have been developed to model
the thermal-mechanical behavior of IFR metallic fuel pins. These codes are
intended to provide the "state-of-the-art" understanding of metal-fuel damage and
provide reference analyses against which simpler, but less general, models may
be tested.
The LIFE-METAL code4 is used for the analysis of metallic fuel pins
under operational conditions, while FPIN25 is used to analyze accident
conditions. Although there is some overlap in capabilities for handling offnormal conditions, the emphasis in the development and validation of the codes
is wery different. LIFE-METAL has focused on steady-state fuel behavior, while
FPIN2 has focused on transient fuel behavior. The codes use different numerical
analysis methods, but LIFE-METAL and FPIN2 share a common set of material
properties. LIFE-METAL incorporates detailed models for predicting steady-state
fuel behavior, but does not include detailed high-temperature fuel behavior
models for accident analysis (e.g., fuel melting). FPIN2 incorporates models
related to accident analysis but requires the user to provide input data
describing the pretransient/steady-state conditions. This input can be obtained
from LIFE-METAL calculations as is the case here, or data (e.g., fuel geometry,
fuel tnicrostructure, fission gas remaining in the fuel) from sibling pins. Both
FPIN2 and LIFE-METAL are being used to make pretest predictions for the WPF
tests.
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5.

Description of Tests FM-4 and FM-5

During FY 1991, two WPF tests, FM-4 and FM-5, were conducted
specifically to support the Mk-V safety case. Both tests used U-19Pu-10Zr/HT9
fuel pins with design parameters that are essentially the same as the Mk-V fuel,
except for the thinner cladding (0.015 vs. 0.018 in. for the Mk-V). Table IV.1
provided a comparison of the as-fabricated conditions for the two fuels. The WPF
test pins, DP-22 and DP-15, were irradiated in EBR-II Subassembly X441A to a peak
burnup of 11.4 at.%, which is higher than the Phase-I burnup goal (10 at.%) for
the Mk-V fuel. The peak power in these pins (15 kW/ft) and peak cladding
temperature (600°C) at the beginning of life during the EBR-II irradiation
encompass the proposed Mk-V driver operating envelope in EBR-II. The results
from WPF tests FM-4 and FM-5 are therefore conservative from the standpoint of
Mk-V performance.
The two WPF tests were conducted as a pair with complementing
objectives. Test FM-4 was conducted as a run-to-cladding-breach test to
demonstrate the safety margin of a high burnup, Mk-V-type fuel pin in a simulated
loss-of-flow (LOF) event in EBR-II. Test FM-5 was conducted as a proof test to
demonstrate that a high-burnup, Mk-V-type fuel pin can endure the simulated LOF
event with only minor incremental cladding strain and wastage, and no cladding
breach. The LOF event chosen for temperature simulation was the UN-1 event
which, as discussed above, results in the highest cladding temperatures for the
longest duration among the various design basis transier.cs.
The calculated peak cladding temperature history upon which the FM-4
and FM-5 simulations were based is shown by the dashed curve in Fig. IV.3. This
history was calculated for an EBR-II Technical Specification Limiting Row 6
Subassembly temperature rise of 340°F (]89°C). The temperature history shows two
temperature peaks; the lower peak, 67fci°C, occurs at 4 s and the higher peak,
780°C, occurs at 40 s following the initiation of the LOF event. The first peak
occurs when the reactor is scrammed while the second peak occurs when the flow
is minimum. After reaching the second peak, the cladding temperature drops below
600°C at 90 s and remains low theieafter. Since the 600°C temperature is at the
level comparable to the peak cladding temperature of the pin during steady-state
operation, one might consider the temperature excursion in this worst-case UN-1
event to be effectively over in less than 2 min.
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Fig. IV.3. Comparison of the Measured Temperature at the Top of the Fuel
in the FM-5 Test with the UN-1 Peak Cladding Temperature History

In designing the thermal conditions for test FM-4 and FM-5, the
detailed UN-1 cladding temperature history in Fig. IV.3 was not followed.
Instead, the furnace was programmed to provide a cladding temperature-time
condition that would envelope the calculated temperature history. Test FM-4 was
designed as a run-to-cladding-breach test using a ramp-and-hold temperature
history similar to that used in the previous FM-1, FM-2 and FM-3 experiments.
A hold temperature of 780°C was selected in order to demonstrate that Mk-V fuel
could survive the worst-case transient for longer than the transient duration
even if the cladding temperature were to remain at its maximum value. The actual
FM-4 test temperatures at the top of the fuel rose to 790 c C during the heatup,
then dropped to 760°C, followed by a slow rise to a steady-state temperature of
770°C.
Test FM-5 was designed as a proof test to demonstrate that a
transient similar to the UN-1 LOF event would not damage the pin beyond the
limits established by the Mk-V design criteria. As shown in Fig. IV.3, the FM5 temperature history effectively enveloped the UN-1 temperature history for the
time over which transient damage might be expected.
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6.

Preliminary Results from Tests FM-4 and FM-5

Preliminary results from FM-4 and FM-5 include measured temperature
histories, cladding breaching threshold (FM-4 only; the FM-5 pin endured the
simulated LOF event with no cladding breach), gamma scanning, neutron radiography
(FM-4 only), and diametral profilometry (FM-5 only). The pressure transducer
output in FM-4 behaved like a step function near the end of the test; the capsule
pressure remained low until the cladding breached at 4094 sec (68.2 min) into the
test. Almost instantaneously, the fission gases released from cladding breaching
raised the capsule pressure from a background of 1.1 psia to a peak of 19.8 psia.
The furnace was automatically tripped, as planned, when the pressure exceeded the
trip setpoint of 2.1 psia.
Pre- and posttest Zr/Nb95 gamma scans of the fuel pins showed a
slight fuel-column elongation in FM-4 and no discernible change of fuel column
height in FM-5. Neutron radiography of FM-4 at HFEF confirmed the fuel elongation, a modest 0.9% based on as-irradiated fuel column height of 13.81 in.
Neutron radiography of FM-4 revealed no sign of fuel debris outside the cladding
in the fuel column region; however, a substantial portion (3.5 in.) of cladding
in the plenum region had increased in diameter with an estimated strain of 10%.

The FM-5 fuel pin survived the simulated LOF event with no cladding
breach. Contact profilometry of the pin showed peak incremental cladding strains
to be ^ 0.1% in the entire fuel region and 2.7% in the upper plenum (21 in. from
the fuel bottom). The peak temperatures within these two regions during the test
were 780 and 870°C, respectively. The 780°C peak temperature at the fuel top was
the desired test condition for FM-5 (see Fig. VI.1); the 870°C peak temperature
in the plenum was non-prototypical because of external heating and the transient
nature of the test. (In the plenum region, due to the reduced thermal inertia,
the temperature ramp was more severe than in the fuel region.) In future WPF
tests with temperature transients similar to FM-5, additional measures will be
taken to reduce this nonprototypicality.
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7.

LIFE-METAL and FPIN2 Calculations for Tests FM-4 and FM-5

Pretest predictions for WPF test FM-4 were performed using the LIFEMETAL and FPIN2 computer codes. These calculations used the planned thermal
history for the test to input the cladding surface temperatures as a function of
time. The thermal and mechanical response of the fuel pin to the FM-4 transient
was then calculated using the same versions of the codes as those being used for
the Mk-V safety case. Pretest predictions for test FM-5 were not reported.
However, preliminary FPIN2 posttest analyses have been performed and the results
are reported here. A summary comparison of calculated results with measured
results for tests FM-4 and FM-5 is given in Table IV.2.

LIFE-METAL Pretest Analysis of FM-4

a.

The LIFE-METAL WPF test calculations used the same version of
the code and the same material behavior models as were used here to predict the
pre-transient characterization of the test fuel. Predictions of fuel pin failure
during the WPF tests were based on one of several failure criteria that are
monitored within the code.
The three failure criteria for HT9 cladding are:
(1) a steady-state cumulative damage fraction (LMSS) based on long-time,

TABLE IV.2. Comparison of LIFE-METAL and FPIN2 Calculations with the
Preliminary Results from WPF Tests FM-4 and FM-5
TEST

Failure Time, min

Eutectic Penetration, %

FPIN

LIFE

TEST

FPIN

LIFE

TEST

FPIN

LIFE

TEST

FM-4

4.43
16.0'

9.0'
15.02

68.2

2.O3
8.0'

3.0'
5.02

-

6.O3
15.01

0.7'
2.02

~1O

FM-5

No failure3
No failure1

-

No failure

0.15

-

-

0.6 4

-

'Transient cumulative correlation.
2% cladding strain criterion.
3
6% cladding strain criterion.
4
Peak strain in fuel column region.
2

Failure Strain, %

<
0.1"
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steady-temperature, steady-pressure stress-rupture tests; (2) a 2% thermal creep
strain limit (LMD) calculated using a correlation for long-time creep deformation
of alloy HT9 and (3) a transient cumulative damage fraction (LMTR) based on FCTT6
transient burst tests of pressurized HT9 cladding tubes heated at a constant
temperature ramp rate. In addition, the code contains a formalism for reducing
the effective load bearing cladding thickness due to carbon depletion or liquid
eutectic penetration. The rate of liquid eutectic penetration into the cladding
was based on FBTA7 data from tests on siblings to the WPF test pins.
The planned FM-4 transient was a 6°C/s ramp from 500°C up to
a peak cladding surface temperature of 780°C, followed by a hold at constant
temperature until fuel pin failure was detected. For these conditions the
transient cumulative damage fraction calculation in LIFE-METAL predicted that the
test pin would fail at about 9 min (540 s) into the transient. If the thermal
creep strain criterion were used, the predicted failure time would be about 15
min (900 s ) . The primary cause of failure at either time is stress rupture and
not eutectic thinning of the cladding. The total predicted penetration at the
two failure times was only from 12 to 19 microns, or 3-5% of the cladding
thickness. Results using the steady-state cumulative damage fraction are not
given in Table IV.2 because it was recognized from the results of the FM-1 and
FM-2 tests that this criterion is not valid for the FM-4 and FM-5 test
conditions.
b.

FPIN2 Pretest Analysis of FM-4

Because FPIN2 is a transient analysis code, the cladding
failure criteria that are contained in the code are based on transient failure
data. The two criteria for HT9 cladding that have been used in analyzing the WPF
tests are a transient cumulative damage fraction (the same as LMTR criterion in
LIFE-METAL) and a 6% plastic strain to failure. Both of these criteria were
derived from the results of the HEDL FCTT transient burst tests. It should be
noted that one of the differences in the modeling between FPIN2 and LIFE-METAL
is that FPIN2 uses a cladding deformation constitutive model that is based on the
results of high-temperature tensile tests while the cladding deformation model
in LIFE-METAL is based on the results of longer-time creep tests. The FPIN2
model generally predicts larger strains. A second difference is in the
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calculation of cladding euteetic penetration. LIFE-METAL used FBTA data from
sibling pins to analyze the eutectic penetration in the WPF tesU while FPIN2
used the "ANL" correlation.8 This correlation, which was derived primarily from
earlier dipping test data on uranium and iron, is known to over-predict the
penetration rate for most of the FBTA tests on IFR fuels. For instance, the
penetration rate predicted by this equation at the 780°C temperature of the FM-4
test is 0.034 micron/s; the predicted rate for the LIFE-METAL correlation based
on sibling pin data is 0.020 microns/s.
A summary of the FPIN-2 calculated fuel pin failure conditions
is given in Table IV.2. If the 6% failure strain criterion (0.06) is used, the
predicted failure time is 265 s (4.4 min). At that time the eutectic penetration
fraction is only about 0.02 (2% of the wall) and the cumulative damage fraction
is 0.34. If there were perfect correspondence between the cladding strain
criterion and the cumulative damage criterion, one would expect a life fraction
of 1.0 at this point. However, a life fraction of 0.34 is within one standard
deviation of the FCTT data so this inconsistency is not great. If failure is
assumed to occur when the cumulative damage fraction equals 1.0s the predicted
failure time is 935 s (15.6 min). The cladding strain at this point has reached
15%. This large of cladding failure strain is not outside of the FCTT data base.
The eutectic penetration at 935 s is again small (8% of the wall) so the primary
cause of failure is stress-induced rupture.
c.

FPIN2 Analysis of FM-5

The cladding surface temperatures during the FM-5 test were
obtained from the thermocouple measurements along the length of the test pin.
The cladding surface temperatures were inserted into the FM-4 input data set and
the FPIN2 calculations repeated for the FM-5 transient. The resulting values of
the peak cumulative damage fraction, the peak cladding plastic hoop strain and
the peak fractional eutectic penetration at the top of the fuel column are given
in Table IV.2. In the FM-5 test, which simulated the temperature history in the
worst-case design basis accident (UN-1) for Mk-V fuel, the peak cumulative damage
fraction, cladding strain and eutectic penetration only reached 0.029, 0.64% and
0.143%, respectively. Comparison of the calculated results of the FM-5 tests
with the Mk-V fuel transient design criteria shows that the criteria are
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satisfied with sufficient margin for this worst-case unlikely event so that any
additional damage for the anticipated events (which are much more benign) could
be tolerated.
D.

Fuel Cycle Facility Safety Analysis

In parallel with the modifications of the former Hot Fuel Examination
Facility/South (HFEF/S), now renamed Fuel Cycle Facility (FCF), and the design
of process equipment to carry out the IFR fuel cycle demonstration program
(discussed in Sect. VI), an extensive safety analysis program was undertaken,
culminating in the production of the FCF Final Safety Analysis Report (FSAR).
This section presents a summary of the major safety-related issues that were
addressed in the FSAR.
1.

Safety Aspects of FCF Design

The argon and air hot cells are surrounded by operating areas that
are served by an exhaust ventilation system that is separate from the hot cell
ventilation exhaust and off-gas systems. This results in a minimum of two
separate confinement barriers except in a limited area of the air and argon cell
roof. The hot cell atmosphere pressures are maintained negative with respect to
the operating areas to prevent the backflow of contamination. In addition, all
ventilated areas containing loose contamination are provided with high efficiency
particulate air (HEPA) filters at ventilation inlets. The argon cell is cooled
with recirculated argon that is refrigerated in the out-of-cell portion of
recirculation loops. There are two such cooling loops, each with a capacity
approximately equal to the expected heat load in the cell, so that even if one
loop failed, hot-cell operations are unlikely to be seriously impacted. The
cooling loop design is such that the cell atmosphere is exchanged every 6 or
7 min which, combined with full-flow HEPA filtration, keeps suspended particulates in the cell atmosphere at very low levels. This is important in minimizing
the particulate release that accompanies the small purge of argon atmosphere
necessary to control nitrogen levels for fuel processing.
The FCF modifications were conducted in accordance with the
Department of Energy (DOE) General Design Criteria Manual,9 the codes and
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standards guide developed by the Brookhaven National Laboratory (BNL), and the
mandatory DOE standards.11 Earthquake analyses of the cells, foundations, and
building were conducted by dynamic methods using the finite-element ANSYS code.12
DOE-sponsored guidelines for site-specific natural phenomena13 were utilized in
this effort. Although the FCF is classified as a moderate-hazard facility under
DOE guidelines, it was modified using seismic loadings recommended for application in high-hazard facilities. Furthermore, for added conservatism the only new
structure being built for the FCF was designed for even higher seismic loadings.
The original FCF hot cells were designed using static load methods,
and with less severe earthquake accelerations than are presently required for
nuclear facilities. It was necessary to reanalyze their seismic response using
dynamic analysis methods, as now preferred by the DOE. These new analyses showed
that the basic structural integrity of the cells and their foundations is
adequate. However, a Safety Exhaust System (SES) was added to maintain adequate
inward flow through any breaches that might occur in the cell boundary, because
of numerous cell boundary penetrations and a DOE requirement for no unfiltered
release, even in a design basis earthquake. This special exhaust system (see
Fig. IV.4) was designed to applicable safety-class standards.
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Following postulated breaches in the argon cell boundary, it must be
presumed that air will enter the cell, resulting in the eventual combustion of
exposed hot process metals, primarily heavy metal. Such combustion would cause
the oxides of fission products and transuranic metals to become airborne. It is
the primary requirement of the SES to prevent unfiltered release of these
radioactive materials through such breaches by maintaining inflow and exhausting
the cell atmosphere through two sets of HEPA filters in series. It does this by
maintaining particulate capture velocities >0.635 m/s across the breach area.
To assure this capability under design-basis metal-fire accident conditions, the
exhaust system must remove cell atmosphere at a rate that accommodates expansion
of cell gas due to heatup (i.e., from the sensible heating effects of the in-cell
metal fire, radioactive decay of fuel and waste in storage, and heat transfer
from the cell liner and from process equipment). To minimize the burden on the
SES, all electrically powered heat loads are automatically shed when the SES is
activated.
The FCF contains a "hot repair" area in the basement, with two
confinement levels, in which equipment can be washed/decontaminated and
subsequently repaired, either by suited-entry hands-on maintenance, or by use of
a glove wall to protect the operator from excessive radiation exposure. All
contaminated waste water from washing (and all other minor streams of contaminated water generated in the facility) is evaporated so that no contaminated
liquid waste is released to the environment.
Achieving passive safety in the FCF was a primary objective. The
protection provided personnel by the highly shielded hot cell walls, natiralcirculation/radiation coolability of all fuel and waste in storage, naturalcirculation/radiative cooling of fuel subassemblies if forced cooling is lost,
and finally passive cooling of process equipment such as the electrorefiner are
ways in which passive safety is achieved. The passive cooling of waste cans
located in the pits in the argon cell is a particularly difficult requirement to
address. The desire to maximize heat in the can in order to minimize storage
volume requires realistic, if not conservative, heat transfer analyses under
conditions that are difficult to analyze, conditions involving combined natural
convection and radiation. The can, when removed from the argon cell, must also
be able to meet acceptance criteria of a local temporary dry-tube storage
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facility. These acceptance criteria impose a requirement that salt and cadmium
metal wastes remain in a solid state without forced cooling, which places
additional constraints on the waste can design.
To ensure its passive cooling when it is received in the FCF, an
EBR-II fuel subassembly must be cooled approximately 100 days or longer for the
anticipated fuel burnup. This cooling period also allows adequate time for decay
of the 131I and other short-lived fission products so that they need not be
considered contributors to accidental radiological doses. The primary remaining
gaseous radioisotope is 85Kr. Initial plans were to collect a portion of the 85Kr
gas at the fuel chopping station at the time of fuel-element puncturing. In
addition, a recovery system was planned for 85Kr released to the cell atmosphere.
Subsequent analysis established that the B5Kr radiological doses would be
sufficiently low, for the approximate 4 x 1 0 K Bq annual normal release, that the
recovery of krypton would be unnecessary. Therefore fission gas recovery is
being treated only as a desirable option, to bs implemented as a demonstration
after initial startup if deemed appropriate.

2.

Analysis of Abnormal Events

A wide spectrum of abnormal events (or accidents) was analyzed to
show that the operation of FCF presented no undue risk to the public or the
operating staff. This showing consisted of developing a scenario for each
accident considered, estimating radiological doses at the site boundary and at
the on-site bus-staging area, and comparing those doses with guideline values
developed for FCF using several relevant and authoritative sources. In addition,
the collective subjective judgments of project staff were tapped to categorize
each accident by likelihood of occurrence. The following paragraphs summarize
some of the accidents analyzed in the FSAR.
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a.

Accident Analysis
Fission Gas Release From Argon Cell

There are several events that might lead to the abnormal
release of fission gas from the argon cell. These are:
1.

Over-pressurization of the argon cell due to loss of cell cooling
and subsequent heatup of cell atmosphere, with the pressure buildup
relieved by activation of the safety exhaust system (SES).

2.

Gver-pressurization of the argon cell due to inadvertent activation
of argon gas supplies to the cell and subsequent release of cell gas
to the environment through the normal cell pressure control system
or the SES.

3.

Loss of normal electrical power which has the same qualitative
effect as item (1) above,'except there is a time delay for
activating the SES using the emergency power supply.

4.

Accidental evacuation of cell gas using a vacuum pump intended
for gas-lock purging.

Each of the above events was analyzed; however, the dose results are bounded by
the doses calculated for the assumed release of all the 85Kr in the cell at the
time of the equipment malfunction(s). That quantity is calculated from
conservative estimates of (a) the facility throughput (50% greater than planned),
(b) fuel burnup (80% greater than planned), and (c) normal cell atmosphere purge
rate (1/3 smaller than expected), and amounts to about 7 x 10 13 Bq.
Breach in Argon Cell Boundary
As noted above, the processing of hot metals in the argon cell
leads to the possibility of spontaneous ignition and a metal fire if sufficient
air leaks into the cell. A number of potential accidents could result in a cell
boundary breach. However, a design-basis earthquake (DBE) was identified as a
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potential initiator that might result in the largest breaches in the argon cell
and in the subcell volumes, thereby bounding the consequences of accidents
involving smaller breaches. As previously discussed, the SES is installed as a
safety-class system to filter any airborne particulate products that result from
this postulated event. In addition, as a "defense-in-depth" measure, confinements for individual process furnaces are designed to survive -a DBE. This
concept is discussed more fully below,
A computer code was written to analyze this problem,
incorporating the various physical phenomena and models that determine the cell
response and ultimately the source term needed to estimate the radiological
consequences of this event. Figure IV.5 is a schematic diagram of a vertical
section through the cell structure, showing the SES flow paths and potential
breach locations. The walls, ceiling, and floor of the argon cell are
constructed from reinforced concrete with thicknesses ranging from 1.2 to 1.5 m
(4 to 5 ft). It also has a gastight steel lining. The cooling system cubicles,
although not lined, are built with three thick reinforced concrete walls and one
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of metal. It is therefore very unlikely that air would be introduced by a breach
in either ce'i'i structure. However, in a severe seismic event, failures in some
feedthroughs and gas lines might occur in the argon cell and subcell confinements. Such failures were studied for the DBE and the resulting breach areas
calculated. The calculated area sums of these potential breaches are 1.08 x 10"2
and 6.1 x 10"2 m2 (0.11 and 0.66 ft2) in the argon cell and in the subcell cooling
system cubicles, respectively.
During a DBE it is possible that the argon cooling system
recirculation ducts could fail. Such failures would not constitute additional
violations of the containment boundary but could cause the cooling system
cubicles to communicate with the argon cell through large holes in the argon cell
floor, shown in Fig. IV.5 as a "potential floor hole". For such events it is
conservatively assumed that the air in the cooling system cubicles instantly and
uniformly mixes with the argon cell atmosphere; subsequent SES operation causes
air to enter the system through breaches in the cubicles, thereby preventing
outflow.
A number of cases were studied in which the breach locations
were varied. Two worst-case scenarios were identified:
(a)

a breach in the argon cell and a breach in the south
(subcell D) cooling system cubicle only, with one SES
train operating, and

(b)

breaches in the argon cell and both cooling system
cubicles, with both SES trains operating.

As will be seen shortly, Case (a) has the least margin against unfiltered release
of radioactive material through the breaches (outflow), which, it will be
recalled, the SES is designed to prevent. Case (b) has a larger margin against
outflow, but results in a greater source term, and hence greater consequences.
A significant element in limiting the amount of heavy metal
(HM) that might burn in case of a cell breach (called material-at-risk) is the
concept of "defense-in-depth", mentioned earlier. It is considered that only
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material that is outside the defense-in-depth seismic-hardened process
confinements might ba involved in a fire. Any material above the salt in the
electrorefiner (ER) is also counted as "at risk" since the salt is the upper
boundary of the ER defense-in-depth boundary. As a conservative assumption, ER
cathodes (solid uranium and ternary Pu-U-Cd) are included in the inventory of
pyrophoric materials, although it is believed that the ternary cathodes would not
ignite. With these assumptions the materials at risk are given in Table IV.3.
Each entry in the table contains two values in the format XX/YY, where XX is the
maximum amount of heavy metal that would be at risk (considering both binary and
ternary operations), and YY is the amount of Pu that would be at risk for ternary
operations. Note that the total HM assumed to burn was determined by the
limiting Case (a) above; if more material were permitted to burn, and if Case (a)
conditions prevailed, then an unfiltered release would occur in violation of the
basic SES design criterion. Also, although experiments have shown that liquid
cadmium at a temperature as high as 884 K (1132°F) will not burn in normal air,14
its inventory in ternary cathodes (30 kg each) is assumed to be consumed in

TABLE IV.3. Heavy Metal and Pu Burning Following OBE
Mass of Material 8 Burning in
Scenario, kg
B
C
D
E

Items at Risk

A

Chopped fuel from chopping until immersed in
salt

20/6

10/3

0/0

20/6

0/0

0/0

Cathodes out of salt
and cathode processor

25/6

25/6

25/6

25/6

25/6

47/12

45/12

35/9

25/6

45/12

25/6

47/12

TOTAL
a

A B C D E F -

F

ER run complete, cathodes being processed, and next ER batch being
prepared.
One anode loaded in ER, one anode in preparation, one cathode remaining
in ER, and one cathode being processed.
ER ready for next batch, and cathodes in process and transit.
ER run complete, cathodes remain in ER (above salt), and next ER batch
being prepared.
ER reloaded with chopped fuel but cathode processing just starting.
Casting is in progress.
Delay in cathode processing beyond completion of next ER run. Cathodes
remain in ER (above salt) and reload has started.
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addition to the U and Pu that contacts it. The main effect is to add a cell heat
source, which is not significant.
For the DBE reference (worst-dose) case, scenarios A or D are
appropriate. They maximize the fission product and Pu inventory, and the
material burn rate is high because both contain 20 kg of chopped fuel with a
large surface area potentially exposed to oxygen. The remaining 25 kg of heavy
metal comprises two solid uranium electrorefiner cathodes, each with 8.5 kg of
U, and two liquid cadmium ER cathodes (U-Pu-Cd), each containing 3 kg Pu and 1 kg
U. The modeling is insensitive to the number of solid cathodes as long as the
total mass does not exceed 17 kg, a conservative value for ternary fuel (Pu-U-Zr)
processing.
It is conservatively assumed that when the oxygen concentration
in the cell becomes 4% fuel ignition occurs. At this point the buildup of oxygen
in the cell is diminished by the rate of its consumption in the burning process.
For the fuel alloy, the rate is based on the data of Baker and Fischer15 for the
ternary alloy of U-20 to 25 w/o Pu-2.5 w/o Mo in air. While this rate is not for
a zirconium alloy (as will be processed in the FCF), it should provide a
reasonable basis for determining rates of burning for assessing the consequences
of an argon cell fire. These data were also used in the FSAR for ZPPR.16 Baker
and Fischer also cite comparative rate data for U and Pu metals; these are used
for the burning of cathode materials except for the cadmium, which is considered
to burn at the higher rate attributed to the fuel alloy. These rates, r, are:
1.83 x 10"3 kg 02/m2 • s for ternary alloy (U-Pu-Zr) and Cd
.3.33 x 10'4 kg 02/m2 • s for U and Pu metal.
The heat generation rate is obtained by multiplying r from the above equation by
the heat of formation for the particular oxide being formed17 and dividing by
0.032 kg 02/gm-mole. Note that the burning rate is expressed on the basis of
unit area of exposed material. The rate of material consumption, therefore,
depends upon its exposed surface area. Thus the computations depend upon the
geometry of the individual materials at risk; areas are calculated or estimated
for chopped fuel pellets and ternary and solid electrorefiner cathodes.
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During normal operation heat is added to the argon cell; its
lights, miscellaneous electrical loads, process equipment, and fission product
decay are the significant sources. In the event of a DBE resulting in a cell
pressure rise, electrical power is automatically interrupted simultaneous with
SES activation, so the only residual active heat sources are the decay heat and
emergency lights. However, process equipment will add heat during cooldown to
a temperature level equal to that of the gas. That heat is dissipated to the
cell gas subsequent to electric power interruption and is calculated separately;
those heat sources are included in this model as time-dependent functions. Decay
heat is input as a constant for the duration of these transients.
Experiments conducted in the argon cell show that 2/3 of the
radiant energy from the lights is absorbed in the gas with the remainder
deposited in the steel liner. Thus, during normal operation, the liner is hotter
than the gas and the heat deposited in it is convected to the gas and conducted
to the concrete walls. For a DBE-induced fire, the normal lighting is shut off
and the attendant smoke causes all emergency light energy to be absorbed in the
gas.
Combining the above considerations, and solving mass and energy
balance equations, the following computations are performed:
•
•
•
•
•

heat transfer and pressure and temperature levels in the
cell
relevant SES system dynamics and flow rates
flow rates through breaches
argon and air mixture concentrations and their needed
thermophysical properties
fire ignition times and burning rates of the various
materials at risk.

As noted above, the worst case for the dose-consequence analysis involves both
SES trains operating, although that is not the planned operating mode. This
results in a total SES flow rate of 1.9 m3/s (4000 cfm), with 60% exhausting the
argon cell and the balance exhausting both cooling system cubicles.
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One of the main results is given in Fig. IV.6. This figure
shows that fires begin at slightly more than 3 min after the breaches occur; the
consumption history of each material involved is also shown. The chopped fuel
and solid cathodes burn rapidly because of their large exposed surface area; all
material is consumed within approximately 2000 min after ignition. The results
of this calculation were used to determine the amounts of each material that burn
in a "critical burn time" (CBT). That time is the longest burn time for which
a receptor at a given dose point would be affected for a prescribed time after
the accident begins, taking into account the plume transport time to the
receptor. For FCF, those CBTs are 9.5 and 27 min for the bus-staging area (230 m
away) and the site boundary (5 km), respectively, derived from the corresponding
residence times of 15 min and 2 h. The results of this calculation are given in
Table IV.4. The plutonium burned and the fission products from the burning of
the chopped pellets constitute the source term used in the consequence
assessment.
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TABLE IV.4. Heavy Metal and Pu Mass Burned in Critical Burn Time
Heavy Metal Burned in CBT, kg
Bus-staging Area
Constituent

Site Boundary

Heavy Metal

Pu

Heavy Metal

Pu

Chopped pellets

4.1

1.1

15.2

4.1

Liquid cadmium cathodes
Solid uranium cathodes

0.06

0.06

0.23

0.23

3.4

0

12.7

0

7.56

1.16

28.13

4.33

Total

Waste Can Drop
Process wastes from the electrorefining furnace and from other
process streams are handled in the FCF argon cell in sealed cans, known as waste
cans. In handling the waste cans, the possibility of a can being dropped and
breached and its contents dispersed cannot be ruled out. The path of a loaded
and sealed waste can is normally from the argon cell to the air cell, and
eventually into a container through a bagged-transfer device that maintains an
atmosphere seal between the air cell and the transfer cask in the tunnel beneath.
During the handling of the waste can within the air cell, some handling mishaps
can be assumed to occur in which the can loses its integrity, resulting in the
exposure of its contents and the release of some fraction of plutonium and
fission products from a dropped salt-waste can or of cadmium from a dropped
metal-waste can.
The bases for defining the source are the Waste Isolation Pilot
Plant (WIPP) criteria.18 The relevant criteria for this accident assessment are:
Maximum waste package thermal power = 300 W.
Maximum fissile or fissionable nuclide content in waste package
= 600 g (in Pu fissile grain equivalents).
Maximum
1013 BQ.

equivalent activity in waste package = 3.7

x
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In order to specify a conservative (i.e., bounding) fissionproduct source term for either a salt- or cadmium-waste can, four types of wastes
were defined to cover all operational possibilities. Those types are:
Type
Type
Type
Type

1
2
3
4

=^ alkali metals + alkaline earths
= alkali metals + alkaline earths + rare earths
= rare earths + noble metals
= noble metals

Type-1 and Type-2 wastes are in the salt waste; the former has had the rare
earths stripped out, the latter has not. Type-3 waste is the result of
chemically reducing the rare-earth elements into the cadmium pool without
removing the insoluble noble metals. Type-4 waste is the insoluble noble metal
fission products filtered out of the cadmium pool.
Detailed calculations showed, first, that the Type-1 waste has
the greatest hazard potential for a given heat content. Second, the ternary (UPu-Zr) fuels have a slightly greater hazard potential than do the binary fuels.
Third, burnup has no effect on hazard potential. Finally, the hazard potential
increases with cooling time, for constant heat content. Therefore, the fissionproduct source term was taken from Type-1 waste from processing 18% burnup
ternary fuel with 10-y cooling. The waste transuranic content was assumed to
arise from the same subassembly type. The nuc'iides relevant to the dose
assessment are given in Table IV.5.
A key parameter necessary in the calculation of the dose
commitment for this accident is the release fraction of the strontium and cesium
to the air cell atmosphere following the waste can drop. That fraction was
evaluated as follows. Solidified electrorefiner salt is classified as a brittle
material, because, like concrete, glass, or ceramics, the material breaks or
chips when subjected to shock loading. The particle size distribution generated
from dropping brittle materials was studied; it was found that impacting brittle
materials generates a predictable size distribution of particles.19 The mass
fraction of particles formed with size <10"5 m was correlated with impact energy
and material. (For the purpose of this assessment, particles of size >10'5 m
are of no interest, since they will have settled out long before they could reach
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TABLE IV.5. Radionuclides in Waste Can and Committed Effective Dosd Equivalents
Committed Effective Dose
Equivalent

Nuclide
H38 pu

Activity in
500-Wa Waste
Can, Bq

Sv/Bq
inhaled

Total dose
content of
waste can,
Sv

0.33

_

1.2 x 10"4

2.6 x 107

239

Pu

569

_

1.4 x 10"4

1.8 x 10°

240

Pu

176.9

_

1.4 x 10"4

2.1 x 10°

Pu

10.0

-

2.7 x 10"6

1.1 x 10°

Pu
Z41
Am
90
Sr

5.1
7.5
-

_

1.3 x 10"4

9.7 x 104

-

1.4 x 10"4

1.3 x 10°

2.2 x 1015

3.5 x 10"7

7.7 x 10°

3.4 x 1013

1.2 x 10"°

4.1 x 105

3.3 x 1015

8.8 x 10"9

2.9 x 107

241
242

134

!

Mass for
600-g 239Pu
Equiv., g

Cs

137

Cs

-

a
Increased
b

for conservatism from 300-W WIPP limit.
From Ref. 20.

a receptor outside the FCF.) For the design can-drop height of 1.2 m (4 ft) and
the salt density of 1700 kg/m3, the energy density on impact is approximately 2
x 104 J/m3. Assuming that the behavior of solid salt is similar to that of
concrete, and further assuming that the metal container has no effect, the above
noted correlation, extrapolated to this energy density, yields a release fraction
of 10"4 for particles <10"5 m in size. This fraction is used to determine the
mass of the can contents available for release to the environment.
The release fraction of plutonium from the dropped salt-waste
can and of cadmium from the dropped metal-waste can was assumed to be the same
as that from an in-cell fire, namely 5 x 10"4; this assumption is conservative
because a waste-can drop should not result in the same level of atmospheric
turbulence that would be associated with a fire. Further, the waste-can contents
are solid, because planned storage sites outside the argon cell do not accept
liquid wastes; nevertheless, for added conservatism the contents were assumed to
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be liquid and "spill", thereby promoting the release of radioactive species or
cadmium to the air cell atmosphere.
Waste Evaporator Rupture
The radioactive liquid waste processing system includes a pot
evaporator located in the heavily shielded spray chamber. A scenario can be
conceived in which multiple filters in the evaporator exhaust line are plugged
and pressure relief blocked while the liquid feed to the unit and evaporation
continue. With tne assumed failure of all controls and safety devices and lack
of human intervention, the pressure inside the evaporator increases until it
ruptures, dispersing the contained radioactivity throughout the spray chamber.
Such an event was analyzed for the FSAR.
The pot evaporator is assumed to have been operating for a
sufficiently long time to have built up a level of solids having a significant
radioactivity content. Then, following a combination of human and/or equipment
malfunctions, liquid waste continues to be evaporated while vapor exhaust and
pressure relief are blocked. The result is overpressurization and rupture of the
vessel, with the radioactive contents being spewed around the spray chamber and
drawn into the air-cell exhaust system that serves the chamber.
Since the plan is to ship the loaded evaporator to the Waste
Isolation Pilot Plant (WIPP) for disposal, it was assumed that the evaporator and
its contained radioactive materials satisfy the current WIPP criteria.18 Those
criteria require, inter alia, that the dose rate at the package surface be no
greater than 10 Sv/h (1000 rem/h). This is in addition to the criteria relevant
to the waste-can accident, namely that the fissile and fissionable content be no
greater than 600 g of Z39Pu or equivalent, and that the heat load be limited to
300 W.
However, operational requirements dictate that the actual
fission-product and actinide accumulations in the evaporator be substantially
less than the WIPP limits. In particular, the dose rate at the evaporator
surface (not the WIPP package surface) will be no greater than 0.077 C/kg-h
(300 R/h). To account for possible measurement error, this limit was
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conservatively increased to 0.13 C/kg-h (500 R/h). This dose rate assures that
the above noted WIPP limit is met even with no shielding credit given for the
shipping package. Similarly, the WIPP criticality limit of 600 g of 239Pu
fissile-equivalent is much greater than is operationally permissible or
acceptable. That limit was accordingly reduced to the still conservative value
of 50 g.
The fission-product inventory for a binary-fueled subassembly
irradiated at 0.76 MW to an average heavy-metal burnup of 18% and cooled for one
year was calculated using the ORIGEN code. The cooling time is a very
conservative estimate, since there is little likelihood that the liquid waste
system could accumulate the activity required to fill the evaporator to its
design limit in such a short time. A binary-fueled subassembly is used as the
reference because the fission yields for the most biologically significant
nuclides are higher for uranium than for plutonium. A shielding calculation
yielded a correction factor to apply to the subassembly source to achieve the
desired surface dose rate. The TRU source was taken as the same as in Table IV.5
but multiplied by 1/12 (50/600). This is an added conservatism since the longer
cooling time associated with the Table IV.5 values (i.e., 10 y) results in a
higher unit toxicity than is the case for one-year cooled fuel. Finally, the
fraction of radionuclides remaining airborne in the spray chamber and available
for release was taken to be 0.01, in accordance with the LANL recommendation for
an explosive release.21
Other Accidents
The accidents described in some detail above are examples of
the kinds of analyses that were necessary in order to assure that the FCF could
be operated safely. A number of other accidents were also considered but are not
reported here. They are:
•
•
•
•
•

loss of subassembly forced cooling in air cell
dropped subassembly in air cell
subassembly stuck in air cell transfer port
spent fuel or waste can stuck in small transfer lock
waste box fire
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• subassembly rupture after dropping cask
• air cell exhaust system flow reversal
• fuel element failure during washdown.
Except for the accident involving a heat-generating source becoming stuck in the
small transfer lock, all of the above abnormal events resulted in the release of
radioactive materials to the environment. The analyses required the development
of source terms for each case and the calculation of downwind doses using
standard techniques for atmospheric dispersion estimates.
b.

Results

The calculation and evaluation of the consequences of the accidents
discussed above involved the following considerations:
•
•
•

atmospheric dispersion parameter, x/Q
source term release fraction
paniculate filter efficiency

•

dose guidelines

These are discussed separately below.
Atmospheric Dispersion
The essence of the consequence analysis is the determination of the
50-y dose commitments to a stationary observer located at the site boundary, 5 km
distant from the facility, for two hours following the onset of the accident.
This criterion follows directly from the "exclusion area" concept of the USNRC;
the area between the FCF and the site boundary is analogous to the NRC-defined
exclusion area. In addition to the site-boundary dose, doses were also
calculated at the bus-staging area, 230 m distant, so that exposure during
employee evacuation can be evaluated.
The 61-m (200-ft) facility stack is shared by the FCF and EBR-II.
Although the SES discharges into the stack, under design-basis-earthquake
conditions the filtered SES exhaust may recirculate to the FCF (or to EBR-II)
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instead of discharging up the stack directly to the environment. In that event,
release from the facility was assumed to be at ground level. Otherwise, a stack
release was postulated. However, in one sector near the closest approach to the
site boundary there is a terrain rise whose elevation approximates that of the
stack. Under stable (i.e., inversion) conditions, the effective plume height
should be reduced by the rise height; in this case, the plume height was taken
conservatively as zero, effectively converting what would otherwise be an
elevated release to a ground-level release. Therefore, the accident analyses
assume a ground-level release for site-boundary calculations and either an
elevated or ground-level release for calculations at the bus-staging area,
depending on the accident scenario.
The U.S. Nuclear Regulatory Commission guidelines for determining
atmospheric dispersion factors (Regulatory Guide 1.145)22 were used as the bases
for the FCF analyses. According to RG 1.145, if a stack release is postulated,
then a fumigation condition should be assumed to exist at the time of the release
and continue for 1/2 h. Because stack releases are relevant only to the busstaging area, and because evacuation times of 1/4 h or less have been routinely
demonstrated, fumigation was considered the only applicable diffusion process for
all dose commitment assessments at the bus-staging area resulting from elevated
releases. This approach also assures conservative results.
Using wind speed and stability data for the ANL-W site, the
characteristic dispersion parameter x/Q was determined for each of the various
possible accident scenarios. The results are given in Table IV.6.
TABLE IV.6. Atmospheric Dispersion Parameters for FCF Accident Assessments
Type of Release

X/Q. s/m3

Bus stop

Stack, fumigation, a full
stack exhaust rate

3.3 x 10"5

Bus stop

Stack, fumigation, only
SES flow up stack

5.9 x 10'5

Bus stop

Ground

2.3 x 10"3

Site boundary

Ground

4.1 x 10"5

Location

a

x/Q depends upon the stack exhaust velocity; the normal exhaust flow rate was
conservatively assumed to be only 24 m3/s (51,000 cfm) about 10% less than
expected.
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Source Term Release Fractions
For the release of radioactive materials from fires, the release
fractions are given in Table IV.7. These fractions are all numbers previously
used in safety analyses.23 The plutonium and cesium release fractions were
investigated to assure that they are reasonable and near the upper limit of
applicable experimental data. The release fractions given in Table IV.7 were
used also in accidents other than fires when it was considered conservative to
do so. In addition, 50% of the released materials was generally assumed to plate
out on internal FCF surfaces.

Filter Efficiency
Although recent guidelines recommend the use in safety analyses of
HEPA filter efficiencies as high as 99.9%,21 for FCF only 99% was assumed based
on earlier DOE guidance.24 In addition to the SES, the normal ventilation
systems include the building exhaust system which ventilates the non-suspect
areas of the FCF and the air cell exhaust system which serves those areas known
or suspected to be contaminated. The former has one HEPA filter bank with an
assumed efficiency of 99% and the latter has two such banks in series with an
assumed combined efficiency of 99.99%.

TABLE IV.7. Source-Reduction Factors for Releases from Fires
Nuclide

Fire Release Fraction

Pu

0.0005

Cs

0.35

Other solid fission products

0.0005
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Dose Guidelines
In order to assess the impact of calculated doses on workers and the
public, guidelines were developed for both categories of people using the best
available sources,21f25"27 since no such guidelines existed. The FSAR describes
the rationale for the guideline development in some detail. The results are
given in Table IV.8.
The results of the accident analyses are given in Table IV.9. In
each case, the calculated accident dose is a very small fraction of the relevant
guideline value. In terms of the closest approach to a guideline value, the
worst case is less than 0.02% of that value. On the basis of these analyses, it
was concluded that the planned FCF operations presented no undue risk to the
public or the operating staff,
E.

Tomoqraphic Reconstruction-Nondestructive Examination of TREAT Experiments

A computed tomography (CT) system is now being developed to complement the
post-test destructive examination and metallography that is normally performed
on the test trains used in TREAT experiments. When fully operational, CT will
be used not only as a guide to locate optimal sectioning positions, but also to
provide cross sectional images at more locations than would be possible with
destructive sectioning. The code system has been used to analyze parts of the
final configurations of PFR/TREAT tests L05, L06 and L07, seven-pin assemblies
subjected to overpower transients in the TREAT reactor and will be used on future
metal fuel experiments in TREAT.

TABLE IV.8. Fuel Cycle Facility Radiological Dose Consequence Guidelines
Committed Effective Dose Equivalent Guideline,
mSv
Accident Classification

Public

Worker

Anticipated

<50

Unlikely

<1
3

Extremely unlikely

125

625

150
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1.

Computed Tomography Technique

The underlying principle of CT is that a two-dimensional image of an
object can be reconstructed from a number of one-dimensional rays or projections
through the object. For the fuel bundle CT, the projections are the measured
intensities (or equivalently, measured attenuation) of parallel neutron beams
passing through the assembly at multiple viewing angles. Whereas X-ray systems
use detectors to directly measure beam intensity, neutron CT as it is currently
performed requires an intermediate step. A radiograph is made whose density at
any spatial point is a measure of the neutron intensity at that point.
a.

Neutron Radiography and Digitization

Radiography for the CT is performed at the Hot Fuel Examination
Facility (HFEF) at Argonne-West using the NRAD facility. The beam port is
positioned to enable a large percentage of epithermal neutrons to be used. The
beam is shaped by a scraper to a rectangular opening of 432 by 254 mm. This
results in a near-parallel beam configuration with only a 1.5% magnification
factor at the image plane.
The fuel pin bundle to be examined is positioned between the
reactor beam port and a neutron detector. The test object, typically nearly 2-m
long and 100-mm diameter, is suspended by a fixture capable of precisely rotating
the test trains in small angular increments. The detector device consists of a
package of two foils: a 0.5-mm thick cadmium foil to attenuate thermal neutrons
and an indium foil to capture epithermal (1.45 eV) neutrons. After an exposure
ime of about 30-60 min, the indium foil is removed and placed in contact with
a sheet of photographic film. After the decaying indium exposes the film, it is
processed and prepared for digitization. This procedure is repeated for each
angular position, normally 76 views over a range of 180°.
Digitization is performed on a scanning micro-densitometer with
an adjustable aperture. The aperture in the horizontal scanning direction and
the number of angles at which the projections are made determine the final
minimum spatial resolution of the reconstructions, while adjusting the vertical
aperture determines the axial resolution of the sections. Apertures as large
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TABLE IV.9. Summary of Design Basis Accidents and Consequences
Committed Effective Dose Equivalent
Classification*

Bus-staging Area

Site Boundary

Argon cell atmosphere
release due to equipment
malfunctions

A

5xl0~3C/lxl0~2

2x!0^/2xl0" 2

Breach in argon cell boundary

E

0.11/1.8xl0"2

7.6xl0' 3 /6.1xl0' 3

Loss of subassembly forced
cooling in air cell

U

6.2x10^/4. lxlO' 5

v.sxio^.exio4

Drc";psu subassembly in air
cdl"

A

3.1xl0"5e/6.2xl0'5

3.8xl0' 5 °/3.8xl0 4

Subassembly stuck in air cell
transfer port

E

e^xlO^/lxlO" 6

7.8xlO"**/6.2xlO'6

Waste can drop

E

2.4xlO^/3.8xlO~5

2.9x10^/2.3x10^

NA

&

0f

Waste box fire

U

8.3xlQ"7/5.5xl0'7

lxlO^^xlO"5

Waste evaporator rupture

E

6.3x10^/1x10^

8xl0 4 /6.4xl0 4

Subassembly rupture after
dropping IBC

E

1.3xl0"2d/2xl0"3

1.6xl0"2d/lxl0"2

Air cell exhaust system flow
reversal

E

NCg

1.3xl0"2/lxl0"2

Fuel element failure during
washdown

A

3.1xl0"5°/6.2xl0~5

3.8xl0"5C/3.8xl0'3

Accident

Spent fuel or waste can stuck
in small transfer lock

a

A = anticipated: U = unlikely; E = extremely unlikely; NA = not applicable - no release.
mSv/percent of FCF guideline (see Table IV.8).
"Effective submersion dose for worst case considered.
d
Does not include submersion dose.
'Effective submersion dose.
r
No release expected.
g
Not calculated.
b
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as 200 x 400 jum and as small as 50 x 400 nm have been tested, and ideal
resolution parameters are still being studied.
b.

Reconstruction Technique

Because the large assembly cannot be rigidly fixed parallel to
the axis of rotation, there is some wobble as the holder is rotated. An
alignment process is necessary before CT analysis can be performed. An edge
finding routine determines the tilt of the test train for each view and rotates
the image on a pixel-by-pixel basis so that all views are aligned to a common
angle. In addition, any vertical misaliqnment of the foil cassette is included
in the correction using a standard density wedge attached to the foil holding
mechanism.
The mathematical formulation of CT reconstruction has been
implemented using the filtered ba > projection (FBK) method. Using the FBK
method, the data from each axial elevation of each view (one digitized radiograph
row) is Fourier transformed, multiplied by a filter, inverse transformed, then
combined with geometric weighting factors to produce the transverse section
data. The filter is needed to reduce slowly varying components such as
non-uniform background, and reduce the noise caused by statistical fluctuations
in the data. The ideal filter minimizes statistical noise (graininess) and
artifacts without removing significant details.
The FBK process produces a two-dimensional array of CT numbers
(attenuation coefficients) describing the x-y distribution of material densities
at a given axial elevation along the test section. When these CT numbers are
mapped to either colors or grey scales and displayed, the result is a transverse
section image. The transverse sections are useful for determining the mixture
of fuel and steel debris, the extent of flow tube blockage and final fuel pin
condition.
These transverse sections can be stacked to create a three
dimensional array of data, containing a full description of the entire test
assembly that was within the field of view of the radiographs. Vertical planes
can be defined through the length of this region, and the appropriate pixels
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(data points) can be selected to produce longitudinal slices at any azimuthal
angle and any offset from the center of the assembly. In one image, a
longitudinal slice reveals fuel pin bowing and dislocation, as well as voided and
blocked regions in the flow tube, highlighting those axial locations where
destructive examination would be useful for further analysis.
2.

Example: Results from TREAT Test LQ7

Test L07 is one of a series of experiments designed to study the
effects of a combined undercooling and overpower excursion on a seven-pin bundle
of irradiated stainless steel-clad ceramic fuel pins. Unenriched blanket pellets
were contained in each pin above and below the fuel region. In each of the
tests, seven pins were supported by grid spacers and installed in a
flowing-sodium loop with stainless steel flow tube, outer wall and loop wall.
The fuel pin clad had an outer diameter of 5.84 mm and was 0.38 mm thick. The
fuel pellets had a central hole diameter of 1.52 to 1.78 mm. The tri-fluted flow
tube had an outer diameter of 26.0 mm and a wall thickness of 0.89 mm.
Following the test, there were large voided regions near the center
of the fueled section and accumulations of debris near the top and bottom of the
original fuel column and near some of the grid spacers. One of the regions
selected for CT study was near the bottom of the original fuel column. The
transverse CT sections show good agreement with destructive examination sections
at the same elevations, but still cannot reliably distinguish fuel and steel
quantitatively, especially in melted mixtures. They can be used, however, for
interpolating between the cut sections, and eliminate the need for sectioning in
regions of minimal interest.
Using the reconstructed data, longitudinal sections can be created
as shown in Fig. IV.7. Longitudinal destructive examination sections are rarely
done because of the difficulty, and the CT images provide details of the
equivalent PTE with reasonably good accuracy, showing spatial material
distributions and effects such as fuel-pin bowing and the locations of debris
accumulation and voided regions.
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Figure IV.7 shows the CT axial reconstruction of a lower section of the
L07 test train from about 50 mm below to 300 mm above the original bottom of the
fuel column. This image represents a thin slice through the assembly, and does
not contain any interference from structure in front of or behind this slice as
would be present in a radiograph. The reconstructed density values have been
binned into shades of gray, with darker shades representing more dense material.
Below 200 mm, the remnants of the annular pins are clearly visible and show
extensive melting and slumping. Large amounts of steel and/or fuel have flowed
downward into the regions below 0 mm and forced the pins from their original
positions. Above 200 mm, refrozen steel has accumulated on the flow tube walls
and a large region of fuel and steel with void: nearly fills the flow tube.
Molten material has also accumulated between the grid spacers and the flow tube
at elevations near 10 mm, 100 mm and 190 mm.
3.

Summary and Future dork

The results of the CT work to dats, especially the comparisons with
the destructive examination results, prova ths.t computerized tomography using
digitized neutron radiographs can now be considered a standard tool for the
analysis of fuel bundles, to be used as a supplement to traditional examination
methods. At this stage of its development, CT analysis provides a good overview
of the material relocation following the transient tests, clearly showing the
accumulations of fuel and steel.

LO7 Lower Set, 0-Degree Longitudinal

3OO m m

200 mm

100 mm

I
0 mm

Fig. IV.7. CT Reconstruction of Axial Slice through the L07 Test Assembly
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Development work is now aimed at three specific areas: digitization,
material recognition and quantitative analysis. Because of the number of
radiographs needed to produce the required resolution, a faster digitization
system is being considered. Characterization of the data in the transverse
section images into fuel, steel, sodium and void regions is the next priority in
the CT studies. Refinement of the filters used in the reconstruction method is
needed to enhance the contrast between different materials without introducing
edge effects and artifacts. Further study will determine if filter refinement
can extract enough information to identify materials, or if the material neutron
absorption properties are too nearly identical to separate. Once separate
materials can be identified, quantitative analysis programs will be able to
determine void, fuel and steel fractions for use in validating fuel behavior
models, and CT analysis will advance beyond qualitative material distributions
to become a powerful tool for quantitative analysis of disrupted fuel elements.
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V. CORE DESIGN DEVELOPMENT
A.

Low Sodium Void Worth and Transuranic Burner Core Designs

In the ongoing evaluations of IFR technical options, trade studies on
several key IFR core design features were performed. In particular, alternatives
in the transuranic management and sodiiu void worth characteristics of IFR cores
were investigated. Various transuranic management strategies can be used in an
IFR fuel cycle ranging from the conventional fissile self-sufficient cycle to
either net breeding or net burning cycles. Because LWR spent fuel disposal has
received increased attention in recent years and since transuranics dominate the
long-term toxicity of LWR spent fuel, the usefulness of transuranic burning is
again being evaluated from a waste management viewpoint. Various concepts for
burning transuranics, ranging from accelerators to thermal reactor recycle, have
been proposed. However, the IFR closed fuel cycle offers a number of favorable
features regarding management of man-made actinides. The pyrochemical processing
techniques and hard neutron energy spectrum facilitate transuranic burning as
described in Ref. 1. Therefore, an IFR fuel cycle which is a net consumer of
transuranics (low breeding ratio) may have advantages relative to the other
burner options; this transuranic burning fuel cycle is a significant departure
from conventional IFR designs with their high internal conversion ratio and
fissile self-sufficient fuel cycle.
Recent investigations have also focused on design options for reducing the
sodium void worth of LMR cores. Although large margins between the peak coolant
temperature and the sodium boiling temperature have been demonstrated to exist
for various unprotected transients, there remains a non-zero probability of at
least a limited amount of sodium boiling in a LMR. Large-scale voiding, in
response to extremely unlikely events, would introduce substantial reactivity ($4
to $6) in conventional IFR designs and may present a significant licensing issue
because of the potential for severe reactor damage and of the resulting risk to
the public. For this reason, there remains an incentive to reduce the reactivity
(ideally to a negative value) that can be added when sodium voids and, thus, to
minimize the consequences of coolant voiding in the extremely unlikely event that
it takes place. Various techniques for reducing the void worth were analyzed in
Ref. 2; to obtain a significant void worth reduction, substantial modifications
of conventional IFR cores are required.
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1.

Design of Transuranic Burner Core

For a core to be a net burner of transuranics, the consumption rate
by fission must exceed the transuranic production rate (U-238 capture which
produces Pu-239). This criterion is roughly realized when the breeding ratio is
less than one. The trade studies in Ref. 2 indicate that most design options
which decrease the breeding ratio also allow a decrease in sodium void worth;
therefore, low void worths are more readily achievable in transuranic burning
(low breeding ratio) core designs. Various low void worth, transuranic burner
design options were evaluated in a series of trade studies; some design
constraints applied in these studies were:
1.

Enrichment. The maximum plutonium content being investigated
in the current U-Pu-lOZr fuels program is about 25 wt. %; this
corresponds to a heavy metal (HM) enrichment of 28 wt. %
Pu/HM. The minor actinides are expected to have chemical
behavior similar to plutonium in the metal fuel system; thus,
an enrichment limit of 28 wt. % TRU/HM is targeted.

2.

Power Output. Conventional IFR core designs, such as PRISM3,
are small, modular designs; for this analysis, a larger
1575 MWt (600 MWe gross) power level is targeted.

3.

Heat Rating. A prototypic pesk linear power limit of 15 kW/ft
is assumed.

4.

Cycle Length.
assumed.

5.

Discharge Burnup. A prototypic assembly average discharge
burnup of 100 MWd/kg is targeted.

A prototypic cycle length of one year is

In Ref. 2 where tha variation of performance characteristics with
void worth was investigated in detail, it was shown that the void worth and
breeding ratio can both be reduced (as compared to conventional designs) by
several methods: substitution of moderator for fuel, geometric spoiling (e.g.,
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core height-to-diameter (H/D) ratio reduction), and high sodium fractions
(especially for "pancaked" cores). However, of these design options, geometric
spoiling appears to give the best trade-off between void worth and enrichment.
It appears that a near-zero void worth would be difficult to achieve with any of
the other methods using prototypic er;r:chments.
One method for spoiling the core geometry is to decrease the
height-to-diameter ratio; H/D ratio reduction can be achieved by reducing the
height of the active core region and adding additional driver assemblies to the
outer core edge. Parametric studies indicated significant reductions in void
worth and breeding ratio are achieved for such pancaked cores. However,
significant increases in enrichment were observed; and large increases in the
burnup reactivity swing were also observed. At the target enrichment limit, a
sodium void worth near $2.0 was observed; further reductions in the void worth
require nonprototypic enrichment levels or alternate means for spoiling the core
geometry.
Another option for spoiling the core geometry is the introduction of
a central sink region (creating an annular active core). The performance effects
of introducing central regions of varying size and composition were evaluated.
The placement of blanket, reflector, sodium, and absorber materials into the
central region were evaluated. Since the void worth reduction effects require
the central zone to behave as a neutron sink (little reflection back into the
core), the presence of absorber in the central zone was found to be most
effective in reducing the driver void worth.
Performance evaluations indicate that use of a central absorber zone
gives a significant reduction in void worth and breeding ratio; in addition, the
presence of a central absorber zone removes the radial power peak, and allows a
mitigation or elimination of the radial enrichment zoning.
Thus, some
combination of H/D reduction and a central absorber zone appears to be attractive
for void worth reduction at "target" enrichments. Therefore, flat annular core
designs were investigated in greater detail. Performance comparisons indicate
that reflector assemblies can be used in the interior of the central zone; the
relatively expensive absorber assemblies are needed only in the outer row of the
central absorber zone. In addition, a mid-cycle assembly exchange in the central
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absorber zone can be utilized to allow a mid-cycle reactivity insertion. By
exchanging the absorber assemblies which lie next to the inner core radius with
reflector assemblies at mid-cycle, a 1.5 %Ak reduction in burnup reactivity
swing was achieved; thus, the initial excess reactivity and control rod
reactivity compensation requirements are reduced.
The refined flat annular core configuration is shown in Fig. V.I; the
core height is 45 cm with a diameter of 363 cm and a four row central absorber/
reflector zone. The neutronic performance characteristics are summarized in
Table V.I. The breeding ratio is 0.50 with a sodium void worth of $0.15; thus,

0

DRIVER ASSEMBLY (420)

STEEL REFLECTOR (103)

CONTROL ASSEMBLY (30)

SHIELD ASSEMBLY (186)

B4C EXCHANGE ASSEMBLY (18)

E f f e c t i v e Core Diameter - 363cm
Heights Fuel Lower AB Upper AB
Burner 45cm
0
0
Breeder 45cm
45 cm
0

Fig. V.I. Low Void Worth Actinide Burner Core Layout
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TABLE V.I. Comparison of Calculated Performance Characteristics for
Low Void Worth Interchangeable Burner and Breeder Designs
Core Concept
Breeding Ratio

Burner

Breeder

0.5^3

1.067

Sodium Void Worth, $a
Totalb
Core
Spectral
Planar Leakage
Axial Leakage
Total
Plenum
Burnup Swing, % Ak c

0.15

1.10

6.40
-0.95
-2.88
2.86
-2.71
4.17

6.05
-0.84
-2.31
3.17
-2.07
2.53

Ave. Discharge Burnup, MWd/kg

82.6

72.8

Peak Linear Power, W/cm (kW/ft)

495(15.1)

453(13.8)

Enrichment, wt. % TRU/HM
Net. Transuranic Consumption, kg/y

25.8
250

24.8
0

5791
5791

16728
5781
6552
3377
1018

Heavy Metal Mass Flows, kg/y
Total
Driver
Axial Blanket
Radial Blanket
Central Blanket*

_
-

^Delayed neutron fraction is 3.47 E-3.
notal
includes active driver as well as plenum region.
c
Absorber assemblies in outer row of central zone are exchanged for
reflectors at mid-cycle.
Blanket assemblies in the interior three rows of the central zone.

a near-zero sodium void worth is achieved with a net transuranic consumption rate
of 250 kg/y at the 1575 MWt power rating. The neutronic performance and
reactivity coefficients of this design are evaluated in more detail in Ref. 4;
and the passive safety properties are discussed in Sect. IV.B of this report.
Several other low void worth burner core options were also
investigated. For high leakage configurations, the void worth can be reduced by
increases in the fuel pin P/D ratio (higher sodium fraction) for a subset of the
fuel assemblies in the core; if the core is sufficiently flat, the void worth
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reduction caused by the enhanced leakage effects dominates the void worth
increase resulting from the larger core volume. However, severe penalties in
vessel diameter, heavy metal mass flow, and fuel management complexity are
anticipated. Design options for using thorium (instead of uranium) as a fertile
material were also evaluated; significant reductions in void worth and
transuranic production (fissile U-233 is created instead of Pu-239) can be
achieved using a thorium fuel cycle. However, low void worths were only achieved
at high fuel enrichment levels; and metal fuel material studies5'6 indicate it
is doubtful that transuranic enrichment levels above 10% can be achieved in a
metal thorium matrix at a reasonable solidus temperature.
2.

Design of Transuranic Self-Sufficient Core which Is
Interchangeable with the Transuranic Burner Design

Because there is a large inventory of LWR spent fuel and a
significant current production rate, it is conceivable that operating advanced
LMRs in a transuranic net consumption mode would be preferred in the short term;
however, since the ultimate utility of LMRs is in resource extension it is
desirable to allow flexibility in the breeding characteristics. With breeding
ratios greater than one, the transuranic inventory can be maintained or increased
based on future demand levels. Thus, an alternate core model which achieves
fissile self-sufficiency (breeding ratio greater than 1.0) while maintaining the
low sodium void worth has been developed. The alternate self-sufficient core was
designed to be interchangeable with the proposed low void worth burner core
described above and shown in Fig. V.I; the core diameter (number of assemblies),
assembly dimensions, control rod positions, and power level of the burner design
are maintained in the self-sufficient design.
Different material configurations are required for a self-sufficient
core with a low void worth; significant amounts of fertile material must be added
to the burner design to achieve fissile self-sufficiency. The design approach
for increasing the breeding ratio while maintaining the low void worth is based
on interpretation of results given in Ref. 2 where the variation of performance
characteristics with void worth was investigated in detail. As discussed in Ref.
2, the same physical phenomena which provide for internal breeding also lead to
positive sodium void worth. Therefore, if low sodium void worth is a design
goal, then external breeding is preferable to internal breeding.
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Fuel cycle calculations were performed with fertile material added
externally using radial, axial, and central blanket regions. The radial and
central blankets utilize a conventional blanket assembly design; a higher fuel
volume fraction is achieved by using thicker pins packed more closely than in the
driver. In these blanket assemblies, the fueled region extends 30 cm above and
below the active core. Axial blankets are placed within the driver pins; axial
blankets may be placed above and/or below the active driver zone. With a single
row of radial blanket and 30 cm of axial blanket above and below the core, the
breeding ratio can be increased from its value of 0.5 to roughly 1.10. However,
a marked increase in the sodium void worth (to $3.0) was observed, as compared
to $0.15 in the burner case. This higher overall void worth is largely due to
the reduced axial leakage; because of reflection from the axial blankets,
neutrons do not leak from the core as readily. In addition, the negative upper
plenum voiding effect is severely reduced by the presence of the upper axial
blanket.
Therefore, in order to retain a low value of the sodium void worth
it is particularly desirable to remove the upper axial blanket and to suffer the
concomitant decrease in the breeding ratio (since most of the external breeding
occurs in the axial blankets). To achieve fissile self-sufficiency while
maintaining a low sodium void worth, a quite thick lower axial blanket, a single
row of radial blankets, and central blanket assemblies in the inner three rows
were utilized; the performance results for this core design are summarized in
Table V.I. A breeding ratio of 1.07 is observed with a void worth of $1.10. By
using a thick (45 cm) lower axial blanket this core achieves fissile selfsufficiency while maintaining an acceptably low void worth. The $1.00 increase
in void worth (compared to the burner core, see Table V.I) is caused by a
downward shift in the axial power shape; this can also be viewed as a larger
effective core height. The self-sufficient design requires much higher heavy
metal mass flows through the fuel cycle facility (over three times the burner
core rate) to process the large amounts of fertile material. Because of the
additional breeding, the burnup reactivity swing is lower (2.5 %Ak as compared
to 4.6 %Ak for the burner core). The enrichment and peak linear power are
slightly lower for the self-sufficient design because of the larger "effective"
core volume which includes some power production in the axial and radial
blankets.
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Other options for introducing fertile material were also evaluated.
The use of internal blanket assemblies in radially heterogeneous configurations
allows fertile blanket assemblies to displace driver assemblies. This allows
breeding ratios above 1.0 to be achieved at void worths near $1.0; however,
because of the displaced driver assemblies, excessive increases in transuranic
enrichment are required which result in enrichment levels beyond the range of the
IFR fuels testing program. The use of mixed-pin bundles, containing both driver
and fertile pins, was also evaluated. The mixed-pin assembly is not as effective
as an internal blanket assembly for increasing the breeding ratio because with
the blanket pin size set at the driver pin diameter less fertile material is
introduced; thus, a very large number of mixed-pin assemblies would be required
to achieve a significant increase in the breeding ratio. Modular configurations,
where a favorable void worth is achieved by creating multiple small cores with
high neutron leakage fractions, were also evaluated. However, radially and
axially modular concepts require substantial modifications of the core geometry;
thus, they would not be interchangeable with the burner design shown in Fig, V.I.
3.

Summary and Conclusions

The fuel cycle processing techniques and hard neutron spectrum of the
Integral Fast Reactor (IFR) metal fuel cycle have favorable characteristics for
the management of transuranics; and the wide range of breeding characteristics
available in metal fueled cores provides for flexibility in transuranic
management strategy. Numerous trade studies have been performed to assess
various design options for a low void worth transuranic burner core. A flat
annular core configuration appears to be a promising option; the high leakage
geometry yields a low breeding ratio and a low sodium void worth. A transuranic
burner core and a transuranic self-sufficient core design which is interchangeable with the burner core and maintains a low sodium void worth were
developed.

B.

Basis for Assembly and Pin Designs for the EBR-II Mk-V Driver

The Mk-V driver fuel for EBR-II will use the recycled fuel from the Fuel
Cycle Facility with HT9 cladding and duct and will provide for the development
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of a statistically-significant irradiation data base for prototypic fuel for an
IFR. Variant forms will include 316SS cladding and ducts. The main differences
of Mk-V fuel when compared to recent EBR-II driver fuels are the presence of
Plutonium (20% by weight), remote fabrication and accumulated fission products
retained in the fuel after recycling. Physically the EBR-II fuel is similar to
the current Mk-III and Mk-IIIA fuel pin designs, 61 pins per assembly, 0.230 in.
outer diameter cladding with an element length of 29.5 in. and fuel column length
of 13.5 in. The U-20Pu-10Zr fuel has a smear density of 75%. Other design
parameters are essentially the same as the Mk-III fuel. One important e'fect of
using the two different cladding materials arises from the thickness of the
available tubing, HT9 at 0.015 in. and 316SS at 0.018 in. Because it has been
decided to remain with 75% smear density in both cases in order to lie within the
majority of the fuels irradiation data base, the Fuel Cycle Facility will be
required to fabricate two sizes of fuel slug.
The basis for the fuel pin design is embodied in the design criteria
applied and these in turn are derived from more general functional requirements.
The fuel and blanket subassemblies used in EBR-II are being designed to
satisfy the general performance and safety limits presented in the EBR-II
Technical Specifications by performing their respective functions in a safe and
reliable manner over their design lives. The fuel element and fuel subassembly
designs, including geometry, choices of materials, and fabrication requirements,
must meet certain functional requirements. These functional requirements are:
1.

To maintain a coolable geometry within both the fuel element and the
fuel element bundle for the useful lifetime of the subassembly, and
during off-normal events. A performance assessment demonstrates the
adequacy of the fuel element design in regard to fuel element
dilation and distortion over a prescribed lifetime and subsequent to
breach.

2.

To ensure that sufficient fuel element reliability is maintained so
as to statistically prevent a "significant" number of fuel element
breaches during steady-state and off-normal reactor operation (up to
and including unlikely events). A "significant" number of breaches
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may be defined as that which challenges the safe operation or
performance goals of the EBR-II reactor. This has previously been
defined as ensuring that no more than one fuel element breach is
expected per core loading. In other words, a 95% confidence that no
more than one in about 3000 elements will breach.
The achievement of this requirement is demonstrated through an
analytical performance assessment and a follow-on in situ fuel
qualification program.
The calculable performance guidelines
presented below have been designed to ensure this reliability
requirement. Factors involved in the assessment and guarantee of
reliability are 1) prevention of stress-rupture of the cladding,
which involves fuel element materials choices that ensures a minimum
fuel/cladding eutectic temperature for steady-state operation and a
burnup limit at which point creep damage caused by fuel and
fission-product induced stress does not compromise cladding
integrity, and 2) a fuel design and fabrication specification which
will statistically eliminate manufacturing defects sufficient to
cause reduced reliability. The latter is ultimately demonstrated by
the qualification program.
The detailed design criteria for Mk-V fuel are derived from these general
requirements and have been formulated in such a way so as to provide a
representative set of design criteria for any metal-fueled reactor, e.g., ALMR's.
The criteria set limits upon strain, stress, cumulative damage function and
temperatures as shown in Table V.2 for HT9 cladding. The classification of
anticipated, unlikely and extremely unlikely events is taken from the existing
EBR-II documentation.
In some cases the limits chosen may be overly conservative for other
reactor designs. This is necessary for continuity with the existing EBR-II
safety position, e.g. the limit of a maximum cladding eutectic penetration of 5%
is embodied in the existing EBR-II Safety Analysis Report. In addition, a
criterion of no fuel melting in all anticipated and unlikely events has been
adopted for consistency with previous EBR-II safety analyses. This is not
necessarily applicable to advanced reactor types.
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TABLE V.2. Design Criteria for Mk-V Fuel (HT9 Clad)
DESIGN
CRITERIA

DESIGN BASIS EVENTS
Anticipated
Events

Normal
Operation
1.0

6THN < 1 %

2.0

CDFN <0.05

Unlikely
Events

Extremely
Unlikely
Events

No fuel melting

3.0
4.0

No eutectic liquefaction at the fuelcladding interface

5.0

aH < 150 MPa

6.0

Maximum cladding eutectic
penetration <S% wall thickness

7.0

£

£

i

i

i

i

(CDFA + CDF,,) <0.1

s.C

9.0

T<TboU

£THN

=

Thermal component of plastic hoop strain during normal operation.

CDF N

=

Cumulative damage fraction during normal operation.

=

Average hoop stress across cladding thickness.

ffH
M

N

CDFA =
CDFy
M

Cumulative damage fraction during all M anticipated events and all N occurrences.

=

Cumulative damage fraction during single most damaging unlikely event.

=

Total plastic hoop strain for all M anticipated events and all N occurrences.

N

€llA

=

Plastic hoop strain for single most damaging unlikely event.

=

Peak sodium coolant temperature.

=

Sodium boiling temperature.
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The assessment against these requirements is primarily carried out by
detailed analysis using the ANL codes LIFE-METAL, FPIN2 and SASSYS-1 which
address fuel performance during steady-state irradiation, fuel performance during
transient (off-normal) events and coupled system thermal-hydraulic neutronic
behavior respectively. These codes have been extensively validated against
results from EBR-II experimental irradiations, Whole-Pin Furnace Tests (WPF),
Fuel Behavior Tests Apparatus (FBTA) experiments and TREAT tests. (Sect. IV.C.5
describes the results of recent WPF experiments).
The results of the analytic performance assessment, based upon the
extensive experimental database, have shown that the Mk-V fuel design is suitable
for selection as the next driver fuel for EBR-II. The irradiation of the Mk-V
fuel in EBR-II and its subseque1** recycling in Fuel Cycle Facility will provide
an integral demonstration of the closure of the fuel cycle and the operation of
EBR-II as an IFR prototype.
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VI. FUEL CYCLE DEMONSTRATION
A.

Status of Facility Modifications

The embedments, rebar, and forms were installed and the concrete was placed
for the floor of the safety equipment building (SEB) in February. The walls and
floor of the SEB were completed in March. The concrete roof of the SEB was
completed in April. The safety equipment building envelope was basically
completed by May. Roof weather protection was installed on the SEB during
December. Figure VI. 1 shows the SEB as it nears completion.
The two safety class diesel-generator sets were delivered for the emergency
power system in March. Upon the completion of the design and testing of the
necessary lifting beams, the diesel storage tanks and diesel-generator sets were
set in place during December. Figure VI.2 shows the installation of the diesel
generators.

Fig. VI.1. Fuel Cycle Facility Safety Equipment Building (new construction)
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Fig. VI.2. Installation of a Diesel Generator into the Safety Equipment Building
(SEB)

The glove walls were installed in the suited entry repair area (SERA). The
shielded glove wall has 3-in.-thick leaded glass windows. The unshielded portion
of the glove walls have laminated glass and lexan windows. They also have a
rolling shield door to protect the operator from radiation sources within the
SERA. Figure VI.3 shows the rolling shield door in the open position.
The installation of the decon spray chamber liner and equipment continued
throughout the year. All of the work on the spray chamber liner, shroud doors,
and exhaust duct work were completed in December. The confinement boundary will
be complete when the slaves, window, and liquid sump have been completed. The
criticality-safe liquid sump is being fabricated in the ANL-W shops. Figure VI.4
shows the location of the spray chamber with respect to the SERA and Fig. VI.5
shows the current status of the spray chamber.
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Fig. VI.3. Biologically-shielded and Unshielded Equipment Remote
Glovewalls of the New FCF Basement Hot-Repair Facility

Repair

The installation of the transfer tunnel overhead movable shield was
completed and made operational during March. The transfer tunnel cart system
fabrication was completed in March. The transfer tunnel carts and drive
accessories, two transfer tunnel hydraulic rams, and two ram pit liners were
delivered in April. Sufficient transfer tunnel preparations were completed to
allow the element chopper to be moved into the argon cell during August. The pit
liners and hydraulic rams were installed in the transfer tunnel in November. The
transfer tunnel cart was installed, connected to temporary power, and the drive
mechanisms tested during December. Figure VI.5 shows one of the transfer tunnel
carts (the open center platform) within the spray chamber.
A mockup assembly of the safety exhaust system (SES) seal pot was used to
test seal pot performance. The results indicated that the seal pots would meet
the necessary functional design criteria. Based on these test results, the seal
pots were ordered and received. Final design reviews were held on the safety
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Fig. VI.4. FCF Personnel Suited-entry Repair Area (SERA) in New Basement HotRepair Facility (decon spray chamber is at left rear)

exhaust system (SES) mechanical design in April. Pressure drop tests on the SES
safety class backdraft dampers were successfully completed during September.
During installation tests in January, the hot repair area crane exhibited
abnormal noise and vibration. The crane was removed and returned to the crane
manufacturer for repairs. The vendor located the problems and the crane was
repaired and returned by March.
Analysis of the seismic loadings of the Argon Cell cranes and
electromagnetic manipulators was completed during February to show that the
bridge structures meet the load combinations for the safety-class AISC-N690 code.
No modifications to these structures will be required.
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Fig. VI.5. FCF Equipment Decontamination Spray Chamber, Interior View Looking
Outward Toward Chamber Remote Operating Station (new construction

Refurbishment of Room 20 was completed during the year. Room 20 had been
previously used for fuel casting prior to construction of the fuel manufacturing
facility (FMF). The highly contaminated casting furnaces were removed from Room
20, boxed, and prepared for waste disposal in May. The removal of equipment and
the waste disposal was completed in June.
Work on the installation of fire sprinklers throughout FCF began in
January. Work throughout the year included drawing review, vendor selection, and
bid negotiations. Installation of the sprinkler system began in September and
was nearly completed by December.
Plans for upgrading the operations office were completed early in the year.
The contractor started work on the project during November. The erection of
concrete block walls was completed in the Operations Office during December.
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A variety of components were procured and installed for the electrical
system. The 480 volt normal power panels were delivered in February. The motor
control centers for the normal and emergency (except Class IE) power systems were
delivered during April. Dual power feeds to the condensate and industrial waste
sumps were completed in May. The new normal power motor control centers were
received during May. The normal power panel, the building envelope lightning
protection, and electrical receptacle checkout and ground fault interrupter
installations were completed in June. Argonne staff witnessed the class IE
automatic transfer switch tests at the vendor in June. Motor control centers
(HCC) F2, F4, and E2 were mounted and MCC-F2 was energized during December.
Installation of lighting assemblies in the air cell was started in January
and completed by March. Selected argon cell lights were replacad with new high
pressure sodium lamps during April for testing. This lamp has an improved
starting transient and lower voltage spikes when compared to the old style lamp.
They will reduce the heat lo-.J in the argon cell due to higher efficiency.
A contract was awarded for the argon cell cooling system freon leak
detector in April. Drawings for the purification system instrumentation
(including the instrument cabinet) have been completed. Design of the hydrogen
injection system was near completion by the end of December, and the hydrogen
monitor had been delivered. Suppliers for seismically-qualified, solenoidoperated isolation valves, an integral part of the hydrogen injection system,
were being sought at the end of December.
Final designs were completed for the radioactive liquid waste system
(RLWS). Equipment procured for the RLWS included three major tanks, evaporator
heater and controls, vapor condenser, intermediate cooling system,
evaporator/condenser test system components.
B.

Status of Process Equipment Design and Fabrication
1.

Fuel Element Chopper (EC)

Out of cell qualification for the EC was completed in August. While
the qualification was being completed, time was spent on the procedures for
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installing the chopper and supporting electrical equipment into the cell, and
preparing the argon cell and subcell for the transfer. Figure VI.6 shows the EC
prior to installation in-cell.
The fuel element chopper and the feedthroughs were transferred into the
argon cell during September. The fuel element chopper was then remotely
assembled and operated. Steel rods were initially used to check out the
operation of the chopper. Sodium-bonded depleted uranium fuel elements and
irradiated fuel elements are scheduled to be chopped during 1992. Operation of
the element chopper in the Argon Cell marks a significant milestone in the IFR
Fuel Cycle Demonstration Project. This milestone signals the beginning of the
in-cell/remote qualification of the fuel cycle process equipment.

Fig. VI.6. Element Chopper Prior to Installation in the FCF
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2.

Electrorefiner (ER)

Torque-speed testing of the prototype electrode assembly (EA) was
completed during January. All the components for the heater assembly were
received by February. The heater support can and the first of two electrorefiner
crucibles were received in March. After receipt of these components, tests were
successfully conducted to check the fit between these components and the support
structure. During April, the second of two electrorefiner crucibles and the
cover plate for the electrorefiner were received.
Several final design reviews were held during the year. Final design
reviews for the elevator and rotator assembles (ERA), the electrode assemblies,
the primary vessel internals, and the valve and latch assembly were held during
April. During May, final design reviews were held for the bracket and latch
assembly (BLA), the valve latch assembly (VLA), the cadmium and salt stirrer
assembly, control circuits, data circuits, and electrical support hardware.
Final design reviews for the ball valve (used with the sampling system and pellet
insertion system), vessel sensors and the various port plugs of the
electrorefiner were held in June. In September, a final design review was held
for the bulk reagent loading system, the pellet insertion system, the sampling
systems, and the instrument assembly.
The final design review for the
electrorefiner cover gas system was held in December.
The construction of ER Cabinet No. 3, which contains the ER heater controls
was completed in August. A test of the electrorefiner heater control system was
conducted during September and October. The primary vessel was heated to 250°C
with no observable operational problems.
Fabrication of the valve and latch assemblies and 23 fuel dissolution
baskets were completed during October. The mechanical assembly of Cabinet No.
1 (port mechanisms) was also completed.
Two of the elevator and rotator assemblies (ERA) were received in November.
Fabrication of the last two ERA was completed in December. The Phase I
Qualification Plan for the ERA mechanical assembly and check out on the
electrorefiner was also completed in December.
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Assembly and QA inspection of Cabinet No. 1 (port mechanism controls) was
completed in December. The mechanical assembly of Cabinet No. 4 (electrode power
supply systems) was completed in December. Figures VI.7 and VI.8 show the basic
structure of the ER.
3.

Cathode Processor

Hardware receipts during January included the trolley assembly, the
o-ring assemblies for the CP vessel, and the motor controllers for the lift and
translate motors. The CP furnace liners, the graphite process crucibles and the
condenser seal assemblies were delivered during February. In April, the CP
vessel shell, cover flanges, furnace transition pieces, and bottom blind flanges

Fig. VI.7. FCF Remote Electrorefiner
(basic structure)

Fig. VI.8. FCF Remote Electrorefiner
(partial assembly)
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were delivered. The construction of structural components for the prototype test
facility enclosure were also completed. Figure VI.9 shows the in-cell CP and
out-of-cell development CP during assembly. Figure VI.10 shows the internal
assembly consisting of the condenser, the heat baffles and the process crucible.
The CP cover flange assembly and the furnace liner assembly
components were assembled in May. The last of the major components, the copper
shield assembly, was received in May. Assembly of the identified development
testing unit and in-cell remote processing unit continued throughout the year and
was near completion in December.

Fig. VI.9. Cathode Processors
(in-cell and prototype
units) Mounted on Support
Stands

Fig. VI.10. Cathode Processor
Internals
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In June, wiring for the PLC interface cabinet for the prototype
system was completed. The wiring on the PLC interface cabinet for the in-cell
apparatus was completed in October.
The assembly activities specified in the CP Qualification Plan were
completed in November for the crucible assembly.
4.

Injection Casting Furnace

Heat-up tests at full power were conducted during January. A high
temperature test of the vessel was successfully complete during May. Final
software coding and informal software testing was completed in August. The
casting furnace was reassembled as part of the qualification process in
September. Phase I of qualification, and the control system checkout, was
completed during December. Figure VI.11 shows the casting furnace during the
final stages of Phase I qualification.

Fig. VI.11. Casting Furnace During Initial Qualification Testing
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5.

Fuel Pin Processor

Connection of the operator control station (OCS) to the control
system was successful in January. By June, the programmers had completed the
coding of the individual PLC and OCS modules.
Initial tests of the pin demolder and shearer during April resulted
in breakage of simulated ternary alloy fuel. A design modification for removal
of the demolder was approved and the parts were completed in December. The pin
processor is shown in Fig. VI.12.
6.

Vertical Assembler/Disassembler (VAD)

The VAD cooling system fabrication was completed and is awaiting
qualification checkout. An Installation and Test Instruction (ITI) was completed
and sent out for review to install the VAD pneumatic and flow test assemblies.
The VAD table is currently being assembled and qualified in the mockup area.

Fig. VI.12. Pin Processor During Checkout
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7.

Other Process Equipment

In April, Phase II of the final design review for the element welder
was held. This phase of the design review covered the vision system and xenon
tag gas assemblies. The last portion of the final design review was held in
June. Assembly of the element welder began in the mockup area during September
and was completed before January (see Fig. VI.13).
The motors and translators for the element fabrication magazine
rotate and positioning table were received and accepted in October. An X-ray
machine was selected for the inspection station during November. Delivery of the
X-ray system is expected in early 1992. The gripper has been fabricated and will
be assembled and tested in 1992.
Drawings, process and instrument diagrams, and electrical schematics
were completed for the final design of the element settler.

Fig. VI.13. FCF Remote Fuel-element Closure Welding System
(in cold checkout phase)
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C.

Waste Handling and Processing

The storage strategy for the FCF wastes and interim process materials was
finalized and detailed in the final safety analysis report. A paper detailing
the design approach that was taken to develop this strategy was presented at the
Second Annual International High Level Radioactive Waste Conference in Las Vegas.
The thermal models that were being developed to investigate different
storage options for the waste were finalized. For the in-cell storage of high
thermal content waste, the design of the equipment t.iat provides convective
cooling of the waste cans was completed.
Prototypes of the systems were
fabricated and are being installed so the thermal models and equipment
configuration can be verified. Waste can designs were finalized and are awaiting
the results of the thermal test before fabrication.
D.

Process Control and Accountability

The fuel cycle facility control system was finalized to use a distributed
control system for the automatic control and monitoring of the different process
and facility systems. As shown in Fig. VI.14, each in-cell process has a
programmable logic controller (PLC) and operator control station (OCS) that
provides independent control of the equipment. The facility configuration uses
a central PLC that collects data and sends commands to and from remote
input/output (I/O) modules. The remote I/O modules help to minimize the wiring
requirements between the field sensors and the control system. The main PLC also
communicates to two redundant PLCs that control systems where extra reliability
is desired. Under normal operating conditions the two redundant PLCs load share
the control and monitoring functions. If one fails, their entire function can
be assumed by the remaining system. This extra reliability is being used for the
argon cell pressure control and argon recirculation systems. For the facility
systems, the operators can access monitored data and control functions through
five OCS located throughout the facility as follows: two in the operations
office, one in the main operating corridor where the transfer locks can be seen,
one outside the hot repair in the basement and one in the health physics office.
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Fig. VI.14. FCF Process Control System

The distributed PLCs and OCSs are interconnected by four different local
area networks: ethernet, Allen-Bradley Data Highway, Allen-Bradley Data Highway
Plus, and Allen-Bradley remote I/O network. The ethernet network also provides
connection to the in-cell balances and the mass tracking system which operates
on two SUN computers. The network system has completed its final design review
and the procurement of the major hardware pieces has been completed. The
installation packages for the networks have been drafted and cable tray
insta^ation has started.
The control software for all systems follows a stringent software
development procedure where preliminary design and final design reviews establish
the requirements for the individual systems. After the final design review, the
software coding is done and systems start a testing phase. During the assembly
of process equipment, the PLC and OCS software is tested by the responsible
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software engineers working in conjunction with the various hardware engineers.
After completion of the assembly testing phase, the software is placed in
configuration control and the software is tested by independent people during the
out-of-cell qualification testing of the equipment. After the out-of-cell
testing, the equipment is installed in-cell and tested again. Since each
processor is independent in control functions, the software development proceeds
in parallel with the individual process equipment and facility systems. An
overall integrated system test will be completed when all systems are installed.
During 1991, the element chopper PLC and OCS software completed its coding
and was successfully tested during the equipment assembly and out-of-cell
qualification. The casting furnace control software has been completed and
tested through the assembly phase. Pin processor software is essentially
complete and is ready for assembly testing. The final design review for the
element welder, element settler, and cathode processor PLC and OCS software were
completed and the coding has begun. Approximately 60% of the electrorefiner and
facility control software has completed their final design reviews. Portions of
their coding has started.
The mass tracking system (MTG) provides computerized support for a variety
of functions including materials control dnd accountability (MC&A), criticality
safety and OCS operations. The second phase of the final design review for the
MTG system was held in September. Designs have now been approved for the basic
database design, the servers that control the MTG system and its communications
with other computer systems, and program modules that support MC&A calculations,
criticality safety, zone-to-zone and container-to-container transfers, radioactive decay calculations, weighing operations, the fuel-element chopper and
casting operations. Coding has been completed on all servers and on prototypes
for most of the program modules for which there are approved designs. All
servers have been thoroughly tested, and coded program modules that support the
OCSs are ready for testing as the corresponding OCS coding is completed. A
terminal session program which starts, stops and suspends the MTG servers has
also been written and tested. All of the software that supports MC&A, from the
MTG system database through the MAWST code that will be used to compute variance
propagation, is currently in test.
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E.

Preparations for Start of Operations

There were several activities important to the start of operations. These
included the development of operating procedures, maintenance instructions, and
the development of a training program for the operation of the fuel cycle
facility. The planning included the identification of procedures necessary for
startup and the development of a schedule to insure procedures are available when
new process equipment is installed. The training of FCF operational personnel
will be based on individual training plans.
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VII. LIQUID METAL REACTOR TECHNOLOGY RESEARCH AND DEVELOPMENT
A.

Seismic Isolation

ANL has an experimental test program on seismic isolation bearings. The
purpose of the test program is to determine the performance characteristics of
laminated elastomeric seismic isolation bearings under a wide range of loadings
and to develop a solid technology base which will permit the use of base
isolation as a new seismic design strategy for future ALMRs.
Three types of bearings, each procured from a different manufacturer, have
been tested: (1) high shape factor-high damping-high shear modulus bearings
(purchased from Furon Structural Bearings Division of Texas); (2) medium shape
factor-high damping-high shear modulus bearings (purchased from LTV Energy
Products Co. of Texas); and (3) medium shape factor-high damping-low shear
modulus bearings (purchased from Rubber Consultants of Malaysian Rubber Producers
Association of UK). The Furon, LTV, and Rubber Consultants bearings were all
designed by ANL and made specifically according to ANL specifications. The tests
described in this report were performed at the Earthquake Engineering Research
Center (EERC) at the University of California, Berkeley,1"3 under the technical
direction of ANL staff. The bearing configurations, test types, and test results
are described below.
1.

Furon Bearings

Furon bearings are made of a high damping-high shear modulus rubber
compound. The bearings were designed with a shape factor (SF) of 24, which is
considered to be in the high range. The high shape factor of the bearing
provides a very high vertical stiffness and a very high vertical frequency for
the isolated structure. This is desirable because it provides the least amount
of vertical amplifications to reactor structures. For example, the General
Electric Company Power Reactor Inherently Safe Module (PRISM) (which uses seismic
isolation) currently under development by GE requires a vertical frequency of
24 Hz.
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The Furon bearings were procured by ANL and installed in a full-size
test building facility in Sendai, Japan as part of a joint ANL/Shimizu (Japan)
study which was recently completed. ANL's efforts in this study were funded by
the National Science Foundation (NSF). Thus, the test program of Furon bearings
was specifically designed to replicate the loading conditions of the bearings
installed in the Sendai test building. The bearings were tested in the large
scale bearing test machine at EERC. The machine tests four bearings at a time
and can produce a vertical load up to 1 million pounds per bearing. It can also
produce a maximum horizontal displacement of 18 in. The maximum horizontal load
it can apply to a bearing is 250 kips. The horizontal and vertical loads are
entirely self-equilibrated and the machine is free standing, independent of
strong walls or strong floors. The disadvantage of the machine is that it is
only capable of testing at slow rates.
Four bearings were placed in the test machine with the vertical load
set to 83.2 kips. Each displacement cycle (±3.15%, ±6.25%, ±12.5%, ±25%, ±50%,
+75% -50% shear strain) was repeated three times and data collected for all three
cycles. The vertical load was increased to 115.1 kips and the test program
repeated. The bearings were then subjected to displacement cycles of ±100% and
±125% at the larger vertical load. It was observed that during the ±125% cycle
one bearing showed signs of distress. This bearing and its partner on that side
of the test machine were immobilized by a strong-back, and the testing was
continued with displacement cycles corresponding to ±150% and ±200% shear strain.
No further evidence of damage was visible, and it was concluded that the other
two bearings tested performed satisfactorily to ±200% strain. The distressed
bearing was cut in half and it was found that the bond between the rubber and the
top end plate had failed.
The test results indicate that the bearings are somewhat stiffer than
anticipated in the design. The system frequency at 50% strain is 0.80 Hz. For
small displacements generated by minor earthquakes, the frequency will be even
higher. For example, at around 10% strain, the response will be of the order of
1.2 Hz. The damping in the bearings is also consistently high. Over the range
of strains, from 3% to 50%, the average damping is 15.5%. Thus, for small to
moderate earthquakes, structures using this high-shape factor bearing do not
perform well (i.e., these bearings are not very effective in reducing
amplification of the input acceleration).
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The bearing that performed badly experienced a bond failure at the
top end plate. The failure was indicated by a dislocation of the bearing in the
region of the top end plate. Evidence of the failure was first noticed during
the 125% shear strain 'oading cycle. The shear forces induced at the 125% strain
level were sufficient to break the bond completely and overcome the friction
resistance between the end plate and the rubber. Thus, during the test the end
plate moved back and forth across the top of the bearing. The only remaining
connection between the bearing and the end plate was provided by the rubber cover
layer. There was, however, no catastrophic collapse of the upper load beam and
the bearing continued to support the axial load. These observations indicate
that this type of failure mechanism is gradual and not sudden, but they also
reveal the difficulty of detecting a poor bond in bearings. Clearly the standard
testing procedure of 50% shear strain tests along with high vertical loads as
acceptance test will not reveal the presence of a poor bond. (Friction will mask
the lack of adequate bond.) It remains, therefore, necessary to develop a test
procedure that will detect this. One way to better assure acceptable bonding is
to subject the bearings to large horizontal displacements while the vertical load
on the bearing is reduced to essentially zero, thus eliminating the friction
factor.
2.

LTV Bearings

LTV bearings are medium shape factor-high damping-high shear modulus
hearings. The motivation to design and test moderate shape factor bearings
include a desire to achieve a bearing design that facilitates fabrication to high
quality standards, has highly predictable behavior and is efficient in reducing
acceleration levels throughout the structure. ANL developed four different
designs for manufacture by LTV Energy Products Company. Two different rubber
compounds (259-62 and 257-71) and two shape factors (9 and 18) were used to give
the following four types of design: Type 1, SF = 9 with compound 259-62, Type
2, SF = 18 with compound 259-62, Type 3, SF = 9 with compound 257-71, and Type
4, SF = 18 with compound 257-71. The bearings were sent to EERC at the
University of California, Berkeley for testing and evaluation of their dynamic
characteristics and the failure mechanisms. This particular test program is very
important to the DOE's seismic isolation program, because it provides data over
a wide range of shape factors. It should be mentioned that GE's PRISM and
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Rockwell International's SAFR bearings tested at EERC were high and low shape
factor bearings, respectively.
Each bearing design was subjected to seven different types of tests,
making a total of 28 bearings tested. Each type of isolator was subjected to
five different failure tests ir; which the axial and the shear loads were changed
in order to obtain an axial-shear load interaction diagram. The five tests are:
(1) compression failure (P > 0, S = 0) where P is the axial load and S is the
horizontal shear load, (2) shear failure with a compressive design vertical load
(P = design load, S > 0), (3) shear failure with no axial load (P = 0, S > 0 ) ,
(4) shear failure with a tensile design vertical load (T = design, S > 0), and
(5) tension failure (T > 0, S = 0). Fatigue tests were carried out at two
different shear strain levels: one at 100% and the other at 150%. The purpose
of the fatigue tests was to study (1) the response of the isolators to a long
time duration of cyclic dynamic loads, (2) the loss of stiffness under cyclic
loading, and (3) the failure mechanisms. This is the most intense and extensive
isolation bearing test program ever undertaken in the United States.
The compound used in Types 1 and 2 bearings has a nominal shear
modulus of 120 psi at 100% shear strain; the compound used in Types 3 and 4
bearings has a shear modulus of 150 psi at 100% shear strain. The nominal
vertical load of 62.5 tons corresponds to 812 psi vertical pressure for bearing
Types 1 and 2, and 1105 psi vertical pressure for bearing Types 3 and 4. These
isolators were designed to provide a horizontal frequency of 0.50 Hz at 100%
shear strain. The vertical frequency of a rubber isolator is controlled by the
ratio of the diameter to the thickness of the individual rubber layers. This is
expressed by the shape factor. As mentioned earlier, the shape factor for
bearing Types 1 and 3 is 9, and that for bearing Types 2 and 4 is 18. It should
be mentioned that these shape factors are considered to be moderate in comparison
with the low shape factor of 2.25 used for the SAFR isolation system and the high
shape factor of 24 of the PRISM isolation system.
The original test program for the fatigue tests was to test each type
of bearing to a cyclic displacement corresponding to 50% and 100% shear strains
until failure occurred while carrying the design load of 62.5 tons (125 kips).
The tests were run in increments of 40 cycles. However, after the first fatigue
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test was performed, bearing Type 3 resisted 2880 cycles without a sign of
failure. The testing machine itself could not sustain that many cycles, and as
a result, various machine components had to be replaced several times. A
decision was made to modify the test program to shear strain levels of 100% and
150% and only bearing Types 1 and 3 were tested.
The LTV bearings performed well during the fatigue tests, especially
those run at 100% shear strain, in which one bearing sustained over 2880 cycles
while carrying the design load without failure. The results show that neither
the shape factor nor the rubber compound had any apparent influence on the loss
of stiffness and the energy dissipated for each set of 40 cycles. The change to
150% shear strain was intended to induce failure, thus making it possible to
evaluate the failure mechanisms. The bearings tested in fatigue at 150% shear
strain sustained up to 1120 cycles before failing (equivalent to 30 minutes of
severe ground shaking). Bearing Type 3 sustained only 515 cycles due to a
fissure caused by the expulsion of an air bubble entrapped in the bearing. These
results, however, are more than satisfactory when considering that no earthquake
will generate so many cycles all with large displacements. For example, an
earthquake of two (2) minutes duration (which is very high) would have about 200
cycles, of which only a fraction would be of the higher displacement motion.
The compression tests revealed that the mechanism of failure under
this type of loading is yielding and tearing of the reinforcing steel suim
plates. The plates are loaded by surface shear stresses as they act to prevent
lateral distortion of the bearing under the vertical load. It was demonstrated
that the elastomer and the rubber steel bond are able to sustain shear stresses
that are large enough to yield the steel in a type of all around tension. The
vertical pressure on the bearing when the steel reinforcing plates failed
depended on the shape factor, but was in every case so much larger than the
design vertical pressure or a possible overload to be induced by seismic or other
events as to be beyond significance.
The buckling capacity of the isolators was also shown to be very much
above design load levels and also capable of being accurately predicted by simple
analysis. The critical buckling load was found to be 1672 kips equivalent to
10,861 psi, a value 13 times greater than the design vertical load. The
predicted critical load was 1690 kips.
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3.

Rubber Consultants Bearings

A new compound developed by the Malaysian Rubber Producers Research
Association (MRPRA) has a shear modulus that is about half that of the shear
modulus of the high damping rubber developed by LTV. Also, the value of the
shear modulus is less dependent on shear strain. Bearings made from this low
shear modulus compound may improve the response of the test building during small
earthquakes. In July 1990, ANL contracted with Rubber Consultants of the United
Kingdom to manufacture 10 bearings using MRPRA's newly developed compound. Eight
bearings made by Rubber Consultants were shipped to Japan in October 1990: six
for installation in the Sendai test building and two for laboratory tests in
Japan. The remaining two were sent to EERC at the University of California,
Berkeley for laboratory testing in the USA. The following section describes the
results of the tests by EERC of the medium shape factor-low modulus-high damping
bearing made by Rubber Consultants.
The test plan consists of three types of tasts: (1) horizontal
tests, (2) vertical tests, and (3) failure tests. In the horizontal tests, the
bearing was subjected to two sequences of horizontal displacement cycles. Each
sequence included three cycles of displacement at the following strain levels:
Sequence 1: ±5%, ±10%, ±25%, ±50%, ±75%, +100%; Sequence 2: ±125%, +150%, ±175%,
±200%.
In the vertical tests, the bearing was subjected to five cycles of
vertical loading centered around 500, 625, 1000, and 1500 psi of vertical
pressure. The variation in the vertical load in each of these tests corresponded
to about ±100 psi. This particular test series is close to the limits o r the
test system capability at EERC.
The horizontal tests in Sequence 1 were carried out at frequencies
of 0.1 Hz and 0.5 Hz. The horizontal tests in Sequence 2 and the vertical tests
were carried out only at a frequency of 0.1 Hz. After the completion of the
horizontal and vertical tests a failure test was performed. In the failure test,
the bearing was loaded monotonically in shear at a rate of 2.5 in./min.
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The results of horizontal shear tests show that the shape of
hysteresis loops change with the magnitude of vertical pressure loads. The loops
change from narrow-elongated to wide-elliptical as vertical pressure increases.
The results of vertical tests show that the bearing stiffness varies with the
pressure level around which the cycles are centered and they are much higher than
the so-called tangent stiffness of the monotonic loading curve. The most
important results of the failure test is the fact that the bearing was able to
sustain horizontal shear displacements to exceed the diameter of the bearing
while under the design vertical load. The maximum shear strain developed at the
limit of the actuator displacement is very large, about 412%, which is at least
a factor of four beyond the design displacement level.
4.

Conclusions

All three types of bearings have shown that they are capable of
having extremely large shear strains before failure occurs. The most common
failure mechanism was the debonding of the top steel plate from the isolators.
The root cause of this debonding is poor quality control on some of the bearings.
It should be noted that as the manufacturer gained experience with these rubber
compounds, the test results became more consistent and indicated high quality
bearings. For example, some LTV bearings had to be tested up to four times in
pure tension until they finally failed. LTV bearings tested in fatigue at 150%
shear strain sustained up to 1120 cycles before failing. This is roughly
equivalent to about 30 min of extremely strong ground shaking. These results are
more than satisfactory when considering that no earthquake will generate so many
cycles with 150% strain of large displacements. This indicates that high quality
bearings can be manufactured.
The most important result of the failure test of the isolators is the
fact that bearings can sustain large horizontal displacement, several times
larger than the design value, without failure. In the case of the Rubber
Consultants' bearing, the maximum shear strain developed at the limit of the
actuator displacement is 412%. This is equivalent to a maximum displacement of
19.6 in. with a maximum shear stress of 355 psi. If we accept that the design
level is 200% shear strain, which is already twice the common design practice,
then the corresponding shear stress is 50 psi. A shear stress of 50 psi and a
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vertical bearing pressure of 625 psi correspond to a base shear coefficient of
0.08. Thus, to produce a maximum shear stress of 355 psi in the bearing, it
would correspond to a base shear coefficient of 0.568. If the superstructure is
designed to a standard base shear coefficient, 0.2, there can be no circumstances
under which the bearings will fail before the structure.
The results of these test programs should give the designer
confidence that base isolated structures can be designed and built with more than
adequate safety margins. Their performance in moderate and strong earthquakes
will be far superior to conventional structures. More importantly, the isolation
system will significantly reduce damage to the structure and to internal
equipment and other contents.
B.

Electromagnetic Pump Development

The current ALMR concept being developed by General Electric requires that
several large electromagnetic (EM) pumps operate submerged in the reactor vessel
to pump the primary system sodium. These pumps are designed to operate without
an active cooling system relying instead on the pumped and surrounding sodium to
remove internally generated heat. The electrical windings of these self-cooled
annular linear induction pumps will reach temperatures near (538°C) 1000DF.
Conventional high voltage coil winding insulation is limited to about 200°C. An
insulation system for an EM pump is required that can operate continuously at
538°C for 40 years at 1000 volts A.C., and be commercially available. These
insulation systems are very sensitive to total insulation thickness, voltage
gradient, and mechanical effects causing cracking. A program to develop and test
this insulation system has been in progress since 1985. The program has
consisted of the following components
a)
b)
c)

Small bar sample tests for materials evaluations,
Tests on prototypic EM pump coils, and
Prototypic testing of a full diameter-1/4 length EM pump.

Initial work was directed at screening of candidate materials by testing
small bar samples at operating temperature and voltage. As a result of the bar
sample tests several promising materials including woven Fiberglas-reinforced
mica tape and woven ceramic fiber tape were selected. The glass/mica tape was
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selected for further testing due to space and cost reasons. A program was
initiated to determine the estimated lifetime of the glass/mica tape insulation
at 538°C by accelerating the chemical aging of bar samples with the application
of over-temperature at voltage. The lifetime at 538°C, the normal operating
temperature, can be determined by running selected higher temperature accelerated
aging tests to failure and using the Arrhenius Principle to predict the lifetime
at 538°C.
The thickness of the insulation has been established at about 1.9 mm
(0.075 in). This insulation thickness is a trade-off between an acceptably low
voltage gradient and adequate heat transfer from the high temperature pump
windings to the cooler magnetic iron stator. Generally mica has a poor thermal
conductivity. Both bonded and unbonded glass/mica tape layers have been studied.
Binders such as mono-aluminum phosphate and ceramic cements have shown acceptable
electrical performance. These binders are applied to the tape by brush as the
tape is wrapped on the bar sample with up to 15 tape layers on straight test bars
of copper. Due to the large water content of these binders care must be taken
to slowly heat the insulated bar to remove the water before applying significant
voltage to the samples. After this curing operation, samples are tested at 680750°C and a voltage of 1500-2500 volts at 60 Hz applied between the copper bar
and an external electrode. Data on the leakage current through the insulation
is taken and the time-to-failure recorded. The times-to-failure have extended
from a few hundred hours to about 50,000 h. Based upon the high temperature
accelerated aging tests of the bar samples the estimated lifetime at the normal
operating temperature (538°C) is estimated to be in excess of 100 years.
This insulating technique was next applied to prototypic EM pump coils
having shown the feasibility of glass/mica tape insulation of bar samples. Four
small ovens are used for testing bar samples and four large ovens are used for
testing the large prototypic pump coils. These ovens are shown in Fig. VII.1.
The full-size EM pump coils are prototypic of planned ALMR pumps and are about
58.4 cm (23 in.) 0D, 40.6 cm (16 in.) ID, and 2.54 cm (1.0 in.) thick. A series
of coils were insulated using mono-aluminum phosphate and ceramic cement binders.
These coils were tested at both ultra-high temperature (730°C) and at near normal
operating temperature (550°C). The results showed that both binders tended to
crack at the ultra-high temperature but performed satisfactorily at normal
temperature.
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Fig. VII.I. Ovens for Testing Bar Samples and Pump Coils
Oven testing of both samples and coils addresses the chemical effects of
high temperature and voltage on the materials but did not address the mechanical
stresses imposed on the materials in an actual EM pump. For this reason the
General Electric Company designed and built a test article EM pump which would
provide the mechanical stress conditions expected in an ALMR. The test article
EM pump was 1/4 the length of a prototypic pump but of full-diameter. This test
article EM pump is shown in Fig. VII.2. The pump was tested in the small sodium
test facility constructed of 5.08 cm (2 in.) diameter pipe at ANL-E. The pump
operated at prototypic current density and magnetic flux density; subsequently,
each of the 24 coils in the pump was subjected to prototypic electrical, thermal,
and mechanical stresses. Unlike conventional annular linear induction pumps, the
coils of this pump can be easily replaced. The initial coils were insulated with
unbonded glass/mica tape. A test of 2047 h between August 1988 and March }.989
showed that this unbonded insulation system was unsatisfactory due to shrinkage
resulting in loosening of the coils in the pump stator and subsequent coil
vibration, insulation abrasion, and coil failure. Shrinkage was caused by the
loss of the Fiberglas woven backing for the mica at temperatures higher than
normally allowable for Fiberglas.
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Fig. VII.2. EM Pump Stator Segment Test Article
This pump was re-built with a second set of coils. These coils were
insulated at ANL with glass/mica tape bonded with a ceramic cement which does not
shrink at high temperature. Earlier ANL oven tests had confirmed the good
electrical performance and stability of the ceramic cement bonded coils. The
ceramic cement was applied to fill all the voids in the open Fiberglas woven
fabric backing of the tape. When cured and operated at high temperature the
Fiberglas deteriorates but the multi-layered tape structure remains intact due
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to the solid ceramic cement. Other improvements were made to the pump including
additional ground fault insulation and better radial and axial clamping
arrangements to prevent stator vibrations. These pump modifications were
performed by ANL with GE consultation.
The test of the modified pump began in July 1989 on a 24-h per day, 5-day
per week schedule. With the exception of two visual examinations of the stator,
this schedule was continued through March 1990 with a total accumulation of
3611 h of operation. There was no evidence of any electrical fault or malfunction during this time. The ground leakage current, an important measure of
coil performance, did not vary indicating no observable aging effects. Also,
visual examinations showed no significant deterioration of the insulation. Some
loosening of the radial clamping bands was observed but pump vibrations were
minimal. The weekly schedule of pump operation required a temperature cycle once
per week between 205 and 482°C (400 and 900°F) with a total of 33 thermal cycles
over the testing period. The severe thermal cycling (33 cycles) represented a
very significant mechanical stressing of the pump. These tests have successfully
demonstrated the feasibility of fully developing a high temperature
electromagnetic pump without an active cooling system.
The accelerated aging tests employing the small bar samples and the fullsize coil tests have continued through Fiscal Yeav 1991. The results of the
accelerated aging tests with the small bar samples are shown in Table VII. 1. The
oven internal air temperature and continuous 60 Hz voltage impressed across the
insulation are illustrated. The original loadings of these ovens included

TABLE VII.I. Accelerated Aging Tests with Small Bar Samples
Number & Types of Samples on Test
Original
Remaining
5 dry & 5 Secon 3 dry & 5 Secon

Total

1500

5 dry & 5 Secon

0 dry & 5 Secon

25084

1500

12 MAP

0 MAP

Oven
Number
1

Temp., °C
680

Continuous
Voltage
150

2

730

3

680

Hours
24886

*

11040
4
2500
730
9 Secon
20 Secon
*The Oven 3 heater control failed on 7-1-91 after 49890 h of testing. Three
MAP samples remained on test at the time of heater control failure.
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samples which were unbonded (dry), bonded with Secon 5 ceramic cement (Secon),
and bonded with mono-aluminum phosphate (MAP). The numbers of bar samples which
remain on test, having not experienced failure, are presented. Extrapolation of
these data for the bonded bar samples in Ovens 1 and 2 indicate an expected timeto-failure at 538°C of over 1 x 106 h. Oven 3 has been taken out of service.
The Oven 4 Secon 5 bonded samples being tested at 2500 volts at 730°C have had
many failures but the higher test voltage prevents using this data in combination
with 1500-volt data to make lifetime predictions. Also, since the data is all
from samples at one temperature it cannot by itself allow an Arrhenius prediction
of the insulation lifetime. These 2500-volt samples at 730°C are failing at a
faster rate than similar samples at 1500 volts and 730°C. This data supports the
view that the ALMR pump voltage should be kept to a minimum.
High temperature and voltage tests on full-size (23-in. diameter) EM pump
coils have continued through Fiscal Year 1991 to determine both the electrical
and mechanical performance of prototypic coils, individually. Six full-size
coils continued on test and no failures were experienced during Fiscal Year 1991.
Table VII.2 summarizes the test results with the six full-size coils. All coils
exhibited steady leakage current during this period indicating acceptable
electrical performance.

TABLE VII.2. High Temperature and Voltage Tests on Full-size Coils
Oven
Number

Temp., °C

Continuous
Voltage

Number & Types of Samples
on Test

Total
Hours

5

550

1500

Coils 17 & 18 - Secon

23870

6

550

1500

7

500

1500

Coil B - Secon

21754

8

500

1500

Coils 19 & 20 - Secon

22594

Coil 16 - MAP

34930
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