





3 3679 00053 1840

COORDINATED IRRADIATION PLAN
FOR THE FUEL REFABRICATION AND
DEVELOPMENT PROGRAM

J. 0. Barner

April 1979

Prepared for
U.S. Department of Energy
under Contract EY-76-C-06-1830

Pacific Northwest Laboratory
Richland, Washington 99352

PNL-2946






SUMMARY

The Department of Energy's Fuel Refabrication and Development (FRAD)
Program(]) is developing a number of proliferation-resistant fuel systems and
forms for alternative use in nuclear reactors. A major portion of the program
is the development of irradiation behavioral information for the fuel system/forms
with the ultimate objective of qualifying the design for licensing and commercial
utilization.

The nuclear fuel systems under development include denatured thoria-
urania fuels and spiked urania-plutonia or thoria-plutonia fuels.

The fuel forms being considered include pellet fuel produced from mechanically
mixed or coprecipitated feed materials, pellet fuel fabricated from partially
calcined gel-derived or freeze-dried spheres (hybrid fuel) and packed-
particle fuel produced from sintered gel-derived spheres (sphere-pac).

This document describes the coordinated development program that will be
used to test and demonstrate the irradiation performance of alternative fuels.

The program relies upon the generation of data for key steady-state and
safety-related phenomena, which have been identified for ultimate fuel
performance modeling and licensing. The steady-state phenomena are:

e fission gas (product) release
e stored energy and fuel temperature distributions, and
e propensity for failure.
The safety-related phenomena are:
e reactivity insertion accidents
e departure from nucleate boiling
e transient-over-power, and
e the loss-of-coolant accident (LOCA).

Demonstration irradiations will be accomplished concurrently with the
behavioral testing to permit correlation between the key behavioral character-
istics of the alternative fuels and the existing, extensive data base for urania
during both normal and safety-related operation.



This report provides general fuel designs, desired irradiation conditions,
and preliminary test matrices, and schedules.
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INTRODUCTION

Several combinations of proliferation-resistant fuel systems and forms,
hereafter called system/forms, are under development by the Department of
Energy's Fuels Refabrication and Development (FRAD) Program.(]) The ultimate
objective of the program is to produce licensable proliferation-resistant
fuels for use in nuclear reactors. ‘

A nuclear fuel system under consideration is thoria-urania that has been
denatured (the fissile uranium content is less than 20% of the total uranium
content). Other systems include the fuels urania- and thoria-plutonia that
have been "spiked" to make the fuel highly radioactive.

The fuel forms being considered include pellets made from material that
has been mechanically mixed or coprecipitated; a hybrid type of pellet made
from partially calcined, gel-derived or freeze-dried spheres; and fuel consisting
of spherical particles produced by the sol-gel process and packed to a high
density (sphere-pac).

A coordinated irradiation program has been recommended to provide the
operational data for the performance predictions and verifications required
for commercial licensing of reload quantities of one or more of the alternative
fuel types. The coordinated program would include not only management of the
various types of irradiations, but, more importantly, provide comparative
irradiations of all the system/forms under conditions that are as nearly
identical as possible. This type of coordinated program will allow direct
comparison of test results of each fuel system/form; such a comparison could
not be made if each fuel fabricator individually tested the fuels that he
produced. Another benefit of the program is a probable cost savings because
fewer irradiations will be required.

Many years of research, testing and commercial operation have resulted in
an extensive data base for urania during both normal and safety-related operation.
The behavior of the thoria-urania, urania-plutonia and thoria-plutonia fuel
systems, especially in the pelletized forms, is expected to be similar to
the behavior of urania. Therefore, it is reasonable to develop an irradiation



plan that identifies key behavioral characteristics for the alternative fuels

to tie the results of these irradiations to the urania data base. From the
results of these irradiations, performance predictions for the alternative fuels
can be based upon a "normalized" urania data base. Verification demonstration
irradiations will be used to confirm and/or modify the "normalized" performance
prediction data base. A minimum number of fuel system/form variables and fuel
physical parameters can be evaluated in such demonstration irradiations.

In order to provide the required information for the commercial licensing
of one or more of the alternative fuels, an irradiation development program will
be required that consists of 1) normal steady-state testing, including tests
under off-normal conditions up to the 1imit of the plant protective system,
2) propensity-for-cladding-failure testing, 3) lead-rod demonstration irradiations,
4) lead-assembly irradiations, and 5) safety-related testing. Overall program
scope, priorities, and monetary resources will influence the actual alternative
fuels development. This initial version is intended to show the scope of an
irradiation program that best meets the requirements to license alternative
fuels(s) for commercial LWR utilization.



DEVELOPMENT PHILOSOPHY

The ultimate objective of any program to develop a new fuel, or fuel rod
design, for commercial use is to qualify the desi?n for licensing. Over
the years, the data base of normal steady-state(a performance for a new fuel
type, e.g., pelletized urania, has developed through a natural progression of
events that usually include:
1) the design of a new fuel rod based upon anticipated behavior and reactor

design considerations,

2) the accumulation of operational data on the new fuel rod design from
experimental test-reactor irradiations,

3) the development of computational models for performance predictions
based upon the test-reactor data, and

4) verification of the performance predictions by the sequential irradiation,
in commercial reactors, of a few lead rods, a few lead assemblies, and
finally, a partial core of the new fuel.

This type of sequential plan has worked well in the past.

Historically, the data base of safety-related performance has not been as
logically developed. O0Often, following commercial utilization of the fuel,
additional test-reactor experimentation has been needed to verify models
developed from extrapolation of steady-state behavioral data and out-of-reactor
measurements. Knowledge of concerns for safety-related performance in current
LWRs should permit a logical development sequence for new fuels that is similar
to that for steady-state development.

For the near-term utilization of alternative fuels, one or more of the
fuel system/forms could be substituted for those in existing LWR fuel assemblies.
There is an extensive data base for normal and safety-related operation for urania
in LWRs. It is anticipated that the behavior of the alternative fuel systems,
especially the pelletized forms, will be similar to the behavior of urania.

(a) It is recognized that reactors do not operate at "steady-state." The term
steady-state is used to differentiate between normal and off-normal operation
and conceivable safety-related incidents.



Therefore, an irradiation plan for development of an alternative fuel could be
abbreviated, as below, in comparison to the generic, normal steady-state and
safety-related development sequences. Specifically, the plan (as Figure 1
illustrates) would:
1) utilize the extensive technical data base for urania, as modified by the
addition of data on alternative fuel properties and behavior, for initial
performance predictions,

2) spot check key steady-state behavioral phenomena on viable alternative
system/forms in test reactors to provide "“tie-points" to the urania data
base,

3) spot check key safety-related behavioral phenomena on viable alternative
fuel system/forms in test reactors to provide "tie-points" to the urania
data base,

4) initiate, as early as possible, steady-state verification irradiations
of viable alternative fuel system/forms in lead~rod demonstrations in

commercial reactors, and finally,

5) drradiate lead-assembly demonstrations for the most promising alternative
fuel system/form(s), as determined by the above testing and lead-rod
irradiations and the proliferation-resistance goals of the program, in
commercial reactors.

The recommended irradiation plan will provide adequate data for the design
bases. The bases are necessary to make performance predictions that are
required for the licensing of reload quantities of the alternative commercial
reactor fuel system/form(s). The comparative behavioral information from the
coordinated program will be free from biases that might otherwise occur because
of differences in in-reactor operating conditions and/or characteristics of
individual testing or demonstration reactors. The coordinated testing and
demonstration program will have the following attributes:

1) a common experimental design for each phase of testing or demonstration,
e.g., similar operating conditions, same reactor, similar burnup history,
etc.,
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2) a common fuel rod design for each phase of testing or demonstration for
each system/form, e.g., same cladding materials, same geometric character-
istics, same amount of pressurization, and

3) fuel rods produced by the appropriate fabricators, e.g., national
laboratories for initial low-quantity testing and commercial fuel
fabricators for large-quantity demonstrations.

A single fuel type, of a particular composition, porosity size and
distribution, grain size and distribution, impurity level, density, etc.,
will be evaluated for each alternative fuel system/form. The selection of this
fuel will be based upon its anticipated in-reactor behavior and similarity to
existing urania fuel types. Fabrication capabilities and engineering judgment
will also be major factors influencing selection.

A reference urania fuel design appropriate for each fuel system/form will
be irradiated with the alternative fuel designs during all phases of testing and
demonstration except the lead assembly irradiations. Appropriate data for both
PWR and BWR fuel rod designs will be obtained during the steady-state key
phenomena testing phase. Both PWR and BWR designs will be irradiated during
the demonstration phases. Appropriate operating conditions will be determined
during the safety-related key phenomena studies.



KEY STEADY-STATE PHENOMENA

The spot-check, key steady-state irradiations will provide information on
critical behavioral phenomena. This data, in correlation with that on urania
performance, will then form an information base for the ultimate Ticensing of
alternative fuels for commercial reactor utilization. The selected critical
phenomena are:

1) fission gas (product) release,
2) stored energy and fuel temperature distributions, and
3) propensity for failure.

Fission gas release during normal operation is an important behavioral
phenomenon because it affects: 1) the internal fuel rod pressure and resultant
stresses in the fuel rod cladding, 2) the fill gas conductivity, gap
conductance, and thus, fué] operation temperatures and stored energy, and
3) the availability or transport of deleterious fission products for cladding
corrosion and/or stress-corrosion cracking. Fission gas release will be
measured on prototypic rods after operation at a minimum of at least two
power levels as a function of burnup, i.e., values typical of the peak and
core-average conditions.

Knowledge of stored energy and fuel temperature distributions during
normal operation is important in defining the starting point for areas of
concern during abnormal operation, e.g., the margin of operating temperature
up to the point at which the fuel wiil melt during a transient overpower (TOP).
Fuel temperature also affects such characteristics as fuel stability,
restructuring, swelling and thermal expansion. Fuel temperature measurements
will be conducted on prototypic rods at a minimum of two power levels as a
function of burnup.

Propensity for rod failure during normal operation is of concern because
it affects both total-reactor and local-assembly power maneuvering schemes.
A high degree of stress, strain, or probability for rod failure can seriously
restrict power shifts and assembly shuffling. Power-ramp testing on irradiated
rods will be used to study the propensity for failure of the alternative fuels.



The results from the spot-check, key steady-state irradiations will be
incorporated with property data generated from out-of-reactor measurements to
modify or normalize steady-state behavioral models for urania that predict
operating characteristics of fuel rods.



KEY SAFETY-RELATED PHENOMENA

The spot-check, key safety-related irradiations will also provide informa-
tion on critical behavioral phenomena. This information, when correlated with
data on urania performance, can provide a base of information for the licensing
of alternative fuels. The key phenomena fall into four categories of fuel rod
operation:

1) reactivity insertion accidents (RIAs),

2) departure from nucleate boiling (DNB), of which the power-cooling mismatch
is a subcategory,

3) transient overpower, e.g., the anticipated transient without scram (ATWS),
and

4) the loss-of-coolant accident (LOCA).

The phenomena are listed in the approximate order of their importance in the
substitution of an alternative fuel for urania.

The differences in thermal conductivity and melting temperature between
urania and alternative fuels are of concern during RIAs, e.q., higher stored
energy and higher fuel temperatures before melting can be expected in thoria-
urania fuel. At least three energy deposition ranges should be covered in
order to correlate the behavior of urania and alternate fuels. Fresh,
unirradiated fuel rods can be used for these tests.

During DNB, cladding temperatures increase above normal levels. Any
significant differences in the rate of internal oxidation of the cladding
between urania and alternate fuels are of concern, particularly if fuel rods
are to be requalified for continued operation. Fission gas release during
temperature transients also must be investigated. One or two tests at power/
cooling mismatch conditions should be sufficient to provide a correlation
with the urania performance data base. Both fresh and irradiated rods will
be tested. For appropriate comparisons, the tests should be similar to previous
tests on urania fuel.

During a mild ATWS, safety-related concerns would be minimal unless the
number of failed alternative fuel rods was significantly larger than failed



urania fuel rods. Rods experiencing mild overpower transients could be
requalified for continued operation. Therefore transient fission gas release
must also be measured and correlated with urania data. Anticipated transient
without SCRAM testing will be combined with the propensity-for-failure power-

It must be demonstrated that internal and external cladding oxidation will
be at an acceptable level during a LOCA. Unless the cladding oxidation behavior
for alternative fuels is deleterious, single tests on unirradiated and irradiated
rods should be sufficient to correlate alternative fuels and urania data bases.
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FUEL DESIGNS

The proliferation-resistant fuel system/forms under study for LWR
utilization include combinations of thoria, and/or urania and/or plutonia in
pelletized and sphere-pac forms. Table 1 illustrates some of the possible
fuel system/forms, including variations reflecting fabrication scheme-
(mechanically mixed or coprecipitated feed), utilization schemes (denatured
uranium for general use or highly enriched uranium or plutonium for use in
a protected facility), and physical characteristics of the fuel (density,
grain size, porosity distribution, chemical contaminants, etc.). It is not
practical, and probably not possible, to test and/or demonstrate all the
variations of the fuel system/forms listed in Table 1. Because fuel cycle
studies and methods of obtaining proliferation-resistant systems are currently
being studied, it is not possible at this time to prioritize the system/forms
under consideration. The selection process must, of necessity, be somewhat
arbitrary. However, as a first cut at selection, the tests should probably
include at least one of each of the generic types listed. The following
discussion attempts to provide a basis for the selection of the specific
types to be included in the irradiations, at least initially.

Fuel forms under development consideration are the standard pelletized
fuel, sphere-pac fuel, and a hybrid fuel consisting of pellets that are
prepared from gel-derived, partially calcined spheres or from spheres produced
by freeze drying. An advantage of using the standard pelletized form is many
years of satisfactory industrial experience with this kind of fuel. Disadvan-
tages, from a remote fabrication standpoint, are that it is a semi-batch,
rather than a continuous, process and several stages of its manufacturing
process produce a fine dust; in a remote fabrication operation, this would
cause severe accountability and maintenance problems. On the other hand, the
sphere-pac or freeze dry process could be automated to an essentially dust-
free, basically continuous process. The major disadvantage in using these
processes is a lack of industrial experience. The hybrid fuel concept
combines the advantages of both: the proven technology of pelletized fuel
and the essentially dustless processing of sphere technology. A1l three of
the fuel form concepts will be tested.
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TABLE 1.

Generic Fuel Type

Alternative Fuel System/Forms

Fuel Cycle

(a)

Possible Variables

1.

(Th,U)0, Pellet
(denatured from
powder feed)

DUTH, HEUTH

Mechanical mixing
Coprecipation
U-content

Physical characteristics
Dissolution additives

2. (U,Pu)0s Pellet uP-U Mechanically mixed
sp1ked§ Coprecipation
Pu content
Physical characteristics
Spikant content
3. (Th, Pu)O2 Pellet PUTH Mechanically mixed
(spiked) Coprecipation
Pu content

Physical characteristics
Spikant content

4. Sphere-Pac Fuel Any (Th,U)02
(U,Pu)05 (spiked)
Th Pu) 8 (spiked)

Re?

Phys1ca1 character1st1cs

5. Hybrid Fuel Any (Th,U)0 %
(pellets) (U, Pu) (spiked)
(Th,Pu)B, (spiked)
Phys1ca1 characteristics
6. Reference UO LEU, DU Spikant in DU
(pellets)
(a) DUTH = denatured uranium-thorium cycle (20-30% U in Th, less than
20% 235U in U).
HEUTH = highly enriched uranium-thorium cycle (2-4% 233U in Th).
PU-U = urania-plutonia cycle (2-6% Pu in 238U).
PUTH = thoria-plutonia cycle (2-6% Pu in 238y).
LEU = Tow enrichment urania cycle (standard 2-4% 235y in u).
DU = denatured urania cycle (2-6% 233U in 238y).
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Secondary variables for the pelletized designs include the material flow
during fabrication, i.e., coprecipitated or mechanically mixed feed material,
and the addition of agents to aid dissolution of thoria-urania during reprocessing.
A fabrication flowsheet based upon coprecipitation fuel materials would require
handling of significant quantities of materials of Tow radioactivity, e.g.,
Th02, throughout the remote fabrication facility. Thus, costs and facility size
would be increased. The disadvantages of coprecipitation could be offset if
the low radioactivity portion of the material feed could be added and mechanically
mixed with the highly radioactive portion just prior to pelletizing. A
performance data base does not exist for comparing the behavior of mechanically
mixed and coprecipitated alternate fuels. Therefore, both types of fuels should
be included in the testing program. This variable does not warrant full
coverage and will be investigated only in the thoria-urania system.

Studies to date on dissolution aids for thoria-urania fuel have not
identified a beneficial additive. Irradiations of such a material composition
could be included in the program when, and if, a dissolution aid is identified.

For the thoria-urania fuel, two fuel compositions are currently included
in system studies. Because the uranium content of the two types of fuels is
drastically different, 20-30% in denatured cycle and 2-4% in highly enriched
cycle, both types should be included in the testing.

Even though a considerable amount of data exists for urania-plutonia
fuels, none of the previous irradiations have included a spikant. Therefore,
some urania-plutonia with a spikant should be tested and demonstrated.

Presumably the sphere-pac and hybrid fuel types can be made with any of

the fuel compositions. Of the alternative fuel types listed, initial émphasis
for fabrication is being placed upon denatured urania-thoria. Initial
irradiations should use urania-thoria, sphere-pac fuel.

The following system/form(s) have resulted from the above logic, and will
be initially tested and demonstrated (all compositions are approximate):
1) pelletized (Th0 a0% 20)02, derived from mechanically mixed feed material;

2) pelletized (Th0.97U0.03)02, derived from mechanically mixed feed material;

13



3) pelletized (ThO.BOUO.ZO)OZ’ derived from coprecipitated feed material;

4) pelletized (U0_97Pu0-03)02, derived from mechanically mixed feed material,
spiked;

5) pelletized (Th0.97Pu0.03)02, derived from mechanically mixed feed material,
spiked;

6) sphere-pac (ThO.BOUO.ZO)OZ’ derived from sol-gel feed material;

7) pelletized hybrid (Th0 0% 20)02, derived from partially calcined,
gel-derived or freeze-dried feed material; and

8) pelletized UO2 reference fuel that is derived from powder feed material.

For the proposed testing and demonstrations, 235

233

U will be substituted for the
U that would be required during a normal fuel cycle. The spiked plutonia
systems will utj1ize, along with 235U, prototypic plutonia concentrations with
an adjusted fissile content, as required for testing purposes. For fuel cycle
schemes that entrain some radioactive fission products or add a spikant to
increase proliferation resistance, surrogate, non-radioactive spikants will

be added to obtain the anticipated compositions.

An adequate number of segmented rods of each type will be included in the
lead-rod demonstrations for the power-ramp propensity-for-failure tests.

The results of two Department of Energy sponsored programs designed to
alleviate the effects of fuel-cladding interaction in current fuel rod designs
should be available for partial inclusion in this program in the early 19805.(2’3)
Fuels included in the second generation key steady-state phenomena and lead-rod
demonstration irradiations will reflect the results of the DOE studies, where
applicable, or include some of the combinations that were deleted in the
above discussion. Results from these programs will also be taken into consideration
when determining the final makeup of the initial experimental loadings for the

initial, critical steady-state tests in this program.

The safety-related key phenomena experiments will concentrate on generic
results. Final combinations of the fuel system/forms for testing will depend
in part upon initial results from the key steady-state phenomena tests. A
representative 1ist might include:

14



1) pelletized fuel (Th0 80U0 20)02 that is derived from mechanically mixed
feed material;

2) sphere-pac (ThO.BOUO.ZO)OZ’ and
3) pelletized "reference" UOZ'

Fuel rods for key steady-state phenomena tests and lead-rod demonstrations,
including segmented rods for propensity-for-failure and safety-related testing,
will be manufactured by appropriate program participants. Preferably, fuel
rods for the lead-assembly demonstrations will be fabricated by selected PWR
and BWR fuel vendors who have the current reload contract for the selected
demonstration reactors. Technology required for the fabrication of the lead-
assembly demonstration rods by the appropriate vendor(s) would be provided by
the program.
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IRRADIATION CONDITIONS

As alternative fuel system/forms are developed, the test rods should be
irradiated under conditions that are as prototypic as possible. This is one
of the reasons for irradiating most of the demonstration rods in actual PWR
and BWR commercial reactors. Irradiating rods in test reactors necessarily
requires some compromises in operating conditions, either because of rod
instrumentation or reactor characteristics. Experimental rods for test
reactor phases of the program will be designed to make the test results as
generic and prototypic as possible.

For the direct substitution of an alternate fuel system into existing
LWRs, testing should compare the new fuel system's behavior to that of UO2 at
equivalent power output per assembly. If the same fuel rod diameters are to
be used for new fuel, the comparison should be made at equivalent Tinear heat
ratings, because the plant will be expected to produce the same amount of
electrical power no matter what fuel is used. Therefore, comparisons between
fuel systems that use parameters other than heat ratings are of little value.
Some minor adjustments in the equivalent power criteria may be required due
to differences in in-reactor conversion of new fissile isotopes, but, as a
first approximation, the comparisons should be made at equivalent linear
heat ratings. This criterion is most easily obtained for the demonstration
irradiations. Some compromises can be expected in the test reactor experiments.

Fuel rod behavior at peak operating conditions often imposes performance
limits upon fuel systems and is, therefore, an important condition for
conducting development irradiations. Of equal importance are the conditions
at which most of the core operates. Average rod linear heat ratings are on
the order of half of the peak ratings. Testing and demonstrations will be
accomplished at both conditions.

Achieving high burnup is important due to the recent interest in resource
utilization. Because test reactor experimentation is costly, the majority of
the steady-state phenomena tests will be conducted to intermediate burnup
levels, e.g., 1700 GJ/kg (20,000 MWd/MTM) with a 1imited number to burnups of
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about 3000 GJ/kg (35,000 MWd/MTM). The lead-rod and lead-assembly demonstration
rods will be designed to achieve burnup levels of 4300 GJ/kg (50,000 MwWd/MTM)
with some rods being removed for examination at lower levels.

The inclusion of rod instrumentation, e.g., thermocouples, pressure
transducers and elongation sensors, may have an effect upon the measured test
results in the key steady-state phenomena tests. "Control" rods with no
instrumentation will be included, where possible, in these tests to differ-
entiate any effects of the instrumentation.

Tables 2 and 3 Tist the nominal operating conditions for which the steady-
state testing and demonstration irradiations will be designed. Because many of
the safety-related tests for urania are currently being conducted, design
conditions for safety-related alternative fuel tests cannot be provided now. The
section on key safety-related phenomena suggests some general requirements.
Actual test conditions will be determined based upon anticipated incident
conditions and the urania test experience.

TABLE 2. Operating Conditions for Instrumented
Key Steady-State Behavior Tests

Parameter Value

Linear Heat Rating, kW/m (kW/ft)

Peak Conditions 42-48 (13-14.5)

Average Conditions 23-30 (7-9)
Burnup, GJ/kg (MWd/MTM)

Majority of Tests 1700 (20,000)

Peak Burnup Tests 3000 (35,000)
Coolant Temperature, °C(a) 240-310

(a) Depending upon the testing facility, coolant temperatures may differ
from prototypic BWR or PWR conditions. Adjustments in average power
output may be required to produce fuel temperatures more prototypic of
a commercial reactor.
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TABLE 3. Operating Conditions for Demonstration Irradiations

Value
Parameter BWR PWR
Linear Heat Rating, kW/m (kW/ft).
Peak Condition 44 (13.5) 49 (15)
Average Condition 15-25 (4.5-17.5) 15-30 (4.5-9)
Burnup, GJ/kg (MWd/MTM)
Design Peak Condition 4300 (50,000) 4300 (50,000)
Intermediate Examination 2200 (25,000) 2200 (25,000)
Condition
Coolant Temperature, °C 260-290 300-330
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IRRADJATION TEST MATRICES AND SCHEDULE

Based upon the foregoing discussion, the irradiation testing and demonstration
phases (tasks) fall into seven categories. The categories are cross-referenced
to the work breakdown structures described in Work Breakdown Structure section.
The seven categories (tasks) are:

) overall coordination and management (W.B.S. 882.1),

) key steady-state behavior (W.B.S. 882.2),

) propensity-for-failure testing (W.B.S. 882.3),

) lead-rod demonstration (W.B.S. 882.4),

) lead-assembly demonstration (W.B.S. 882.5),

) key safety-related behavior testing (W.B.S. 882.6), and
) overall evaluation and program results (W.B.S. 882.7).

NOY O BNy

The activities in the coordination task, Item 1, and overall evaluations
task, Item 7, are fairly obvious. Preliminary planning for the key safety-
related tests, Item 6, and the lead-assembly tests, Item 5, is premature, except,
generally, 1) the safety-related tests will be similar to those that will have
been completed for urania and, 2) it is planned to irradiate four lead PWR
assemblies and eight lead BWR assemblies. The selected fuel for the lead
assembly irradiations will be determined from the previous testing and demon-
strations, proliferation resistance studies, and nuclear systems studies.
Operating conditions will probably include one fourth of the assemblies, each
at a high and a Tow power level, and half of the assemblies at an intermediate
power level.

Preliminary test matrices for the earlier phases, i.e., the critical
steady-state irradiations, Item 2, and the lead-rod demonstration irradiations,
Item 4 (including segmented rods for the propensity-for-failure testing,

Item 3), can possibly be recommended at this time. Because a test reactor

has not been selected for the key steady-state tests, two possible matrices

have been illustrated. The listed test reactors are the Halden Boiling Water
Reactor (HBWR) at Halden, Norway and the R-2 at Studsvik, Sweden. Reference

to these two reactors does not imply that they are the only possible facilities,
but is only meant to illustrate the types of matrices that could be tested at
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each of the facilities. Tables 4 and 5 illustrate the preliminary HBWR and R-2
matrices for the key steady-state tests. In both cases the matrices have common
features:

1) all seven alternative fuel system/forms are tested,

2) a reference pellet fuel is tested,

3) all rods have pressure transducers and several rods have centerline

thermocouples, and

4) both high and low powers and high and intermediate burnups are included.

In the case of the HBWR tests, an intermediate power level that can be easily
accommodated is included.

Removal of a portion of the rods at an intermediate burnup level is
planned for either matrix. Replacement rods would probably include advanced
designs which would utilize features from the improved concept programs currently
being sponsored by DOE or other combinations of alternative fuel system/forms.

Table 6 gives a preliminary demonstration matrix for the PWR and BWR lead-
rod irradiations.(Item 4). The alternative fuel system/forms and the reference
fuel are included in the initial series. Operating conditions would be as
listed in Table 3. Adequate segmented rods are provided for ramp testing and
safety-related tests. The segmented rods will probably be composed of four or
five rodlets of approximately equal length. A second series of demonstrations
with advanced designs is included in the planning. This series is optional,
depending upon previous results and program requirements determined at that
time. Vendor/power company participation will be required for both the PWR
and BWR lead-rod irradiations.

A preliminary schedule for the developmental irradiations is shown in
Table 7. Rodiets for propensity-for-failure tests, 32-48 tests, and the
safety-related tests will be irradiated, before testing, in the lead-rod
demonstrations.

Postirradiation examination will be completed on the key steady-state
and safety-related test rods and lead-rod demonstration rods. Not all will
be thoroughly examined, however; rods selected for such examination will be
made on the basis of the data previously generated for that rod or rod type.
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TABLE 4. Possible Test Matrix, HBWR Key Steady-State
Phenomena (W.B.S. 882.2)

31

FUEL FUEL RODS WITH BURNUP, POWER(Z)
SYSTEM FORM AND INSTRUMENTATION SHOWN
INITIAL LOADING TEST P-1 NUMBER RODS

(Tho.aeUo. 200, MM

(Mo.97%.03)% ™M

BEDDE

1 2 1 2

(26
&
¢2)

~
o

&3
S
S15

{Thg.soUo.20)0; COPPT

—
—

{Tho.soUo. 2002 HYBRID

—

&
D
Vo,

—
—

(Tho.goUu. 200, SPHERE-PAC

D
)

~

6D
£2)6%)
CDEE

3
G2
&2

—

02
5
)

~
—

(Vo.rPup.03)0 MM

—
* o
~
—
~N

(Tho.g77Yp.03)0 MM

uo REF

2 3

TOTAL 36 RODS

(B8
&3

~
—

D
3

SECOND LOADING TEST P-2

ADVANCED DESIGN NO. 1
ADVANCED DESIGN NO. 2
ADVANCED DESIGN NO. 3

UQ, REF

2 3

TOTAL 12 RODS

RAND TOTAL 48 RODS
: R BURNUP; HIGH - 3000-3500 GJXKG GRAND TOTAL
A MODERATE - 2000-2500 GJ/KG

DD

DD
DD

Low = 1500-1800 G1/KG
LINEAR HEAT RATING; HIGH = 42-48 KW/M

MODERATE = 35-40 KWM

LOW = 20-30 KWM

INSTRUMENTATION; T - FUEL CENTERLINE THERMOCOUPLE
P = PRESSURE TRANSDUCER

*ROD REMOVED AFTER {NITIAL OPERATION AND REPLACED
WITH APPROPRIATE ROD IN SECOND LOADING

(1} MM = MECHANICALLY MIXED, COPPT - COPRECIPITATED
{2) SUBSCRIPT IS R1G NUMBER
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TABLE 5. Possible Test Matrix, R-2

Phenomena (W.B.S. 882.2)

Fuel !
FORM

FUEL
SYSTEM

Key Steady-State

RODS WITH BURNUP, POWER ,
AND INSTRUMENTATION SHOWN'

INITIAL LOADING, TEST P-1

NUMBER RODS

- QEDES,
R A T
(™ol 0 cOPPT 7 ’
(Mo, %)% HvBRID 5 7 g
(Momtozs)0,  sPresepac :36 “
ot = QDD
o QEIRE,
S o R

SECOND LOADING, TEST P-2

ADVANCED DESIGN NO. 1

ADVANCED DESIGN NO. 2

ADVANCED DESIGN NO. 3

DEHEIED

R BURNUP; HIGH = 3000-3500 GJ/XXG

n MODERATE - 2000-2500 GJ/XG
LINEAR HEAT RATING; HIGH = 42-48KWM
MODERATE = 25-35 KW/M

1

TOTAL;l; RODS
GRAND TOTAL 32 RODS

INSTRUMENTATION; T = FUEL CENTERLINE THERMOCOUPLE

P= PRESSURE TRANSDUCER

*ROD REMOVED AFTER INITIAL OPERATION AND REPLACED WITH APPROPRIATE ROD IN SECOND LOADING

(n
2

MM = MECHANTCALLY MIXED, COPPT = COPRECIPITATED
SUBSCRIPT IS CAPSULE NUMBER
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TABLE 6. Preliminary Demonstration Matrix Lead-Rod
Irradiations (W.B.S. 882.4)
PWR Rods BWR Rods
(W.B.S. 882.4a) (W.B.S. 882.4b)
No. Segmented No. Segmented
No. Full-  (W.B.S. 882.4 No. Full- (W.B.S. 882.4
Fuel Fuel Length and 882.6) Length and 882.6
System Form Demonstration LRP-1 Demonstration LRB-1
(Th 0. 80U0 20)02 m.m. 15 5 15 5
(Th O 97 O 03)02 m.m. 10 5 10 5
(Th 0.380%. 20)O2 coppt. 10 5 10 5
(Th0 30Y%. 20)02 hybrid 10 5 10 5
(Th0 30Y0. 20)O2 sphere-pac 15 5 15 5
(U 97PuO 03)02 m.m. 15 5 15 5
(T 0. 97PuO 03)02 m.m. 15 5 15 5
vo, ref. 10 5 10 5
Totals 100 40 100 40

Advanced Design 1
Advanced Design 2
Advanced Design 2

U02 Ref
Totals

Demonstration LRP-2

Demonstration LRB-2

15
15
15

-]
50

5
5
5

]

20

15
15
15

5
50

5
5
5

5

2

o
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TABLE 7.

Preliminary Irradiation Schedule (W.B.S. 882)

Year from Implementation

TEST OR DEMONSTRATION 1 2 3 4 5 6 7 8 9 10
P-1
KEY STEADY-STATE PHENOMENA
TESTS (WBS 882.2) P-2
_—]—— - — T3 — 4 — — It —_
PF-1
PROPENSITY FOR FAILURE TESTS [ PF-2
(WBS 882.3) &
5? %)
3 N R
— — I — I 5a - @

LEAD ROD DEMONSTRATIONS
(WBS 882.4)

LEAD-ASSEMBLY DEMONSTRATIONS
(WBS 882.5)

KEY SAFETY-RELATED TESTS
(WBS 882.6)

LRP-1 (WBS 882.4a)

LRB-1 (WBS 882.4b) |

—

LRP-2 (WBS 882.4a)

LRP-3 (WBS 882.4b)

_‘,_.__..____J—_..._.—_.

LAP (WBS 882,5a)

LAB (WBS 882.5b)

LOCA-1
*

DNB-2 ri
TOP-1

LOCA-2
*

|




SCREENING TESTS

The prior sections described the coordinated testing plan, including a
generalized schedule. Because the date the plan will be implemented is
uncertain, an adjunct series of screening irradiations was also planned. These
tests, to be performed jointly with the Savannah River Laboratories (SRL), will
provide comparative results relatively quickly for the different fuel system/
forms. They will also provide irradiated material for dissolution studies at
SRL. The tests will be conddcted in an SRL production reactor for a period
of approximately eight months. Peak linear heat ratings of 59 kW/m (18 kW/ft)
were selected to partially offset the low coolant temperature in the SRL
reactor, yet produce fuel temperatures approximating peak LWR fuel temperatures.
Peak burnups in excess of 1700 GJ/kg (20,000 MWd/MTM) are expected. Both
comparative general behavioral information and fission gas release data will
be obtained from the tests. Using the general line of logic described
previously, the following fuel types were selected for testing: (1) pelletized
reference U02; (2) pelletized (Th0_8U0.2)02; (3) sphere-pac (Th0.8U0.2)02;

(4) hybrid pelletized (Th0.8U0.2)02 produced from calcined or freeze-dried
microspheres; (5) pelletized (Th0_8u0_2)02 produced with a dissolution aid,
e.g., Mg0; (6) pelletized (Th0.98Pu0.02)02; and (7) pelletized ThO,.
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WORK BREAKDOWN STRUCTURE

The overall work breakdown structure for the testing and demonstration
irradiation program is shown in Figure 2. Detailed work breakdown structures
for each of the testing and demonstration tasks are shown in Figures 3 through
9. The earlier tasks are shown in the most detail. The charts will be updated
as planning for the later phases becomes more detailed.

29



r—-BBI————

STATE OF TECHNOLOGY
AND DETERMINATION
OF TESTING NEEDS

IRRADIATION TESTING
AND EXAMINATION

e ]

882

IRRADIATION TESTING
AND DEMONSTRATION

38L1

PELLETI ZED
(Th, U0,

881X
— SPHERE-PAC

282.1

TESTING AND
DEMONSTRATION
COORDINATION

882.2

88LY

[ PECLETIZED

KEY STEADY-
STATE PHENOMENA
TESTS

(U, Pu)0y

882.3

FIGURE 2.

PROPENSITY FOR
FATLURE TESTS

882.4

LEAD-ROD
DEMONSTRATIONS

882.5

LEAD-ASSEMBLY
DEMONSTRATIONS

882.6

KEY SAFETY-RELATED
TESTING

882.7

OVERALL EVALUATION
OF PROGRAM RESULTS

30

881.Z

COORDINATED TESTING
AND DEMONSTRATION
PLAN

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9

Overall FRAD Irradiation Testing and
Demonstration Irradiation Plan



882.1

TESTING AND
DEMONSTRATION
COORDINATION

882.1.1

PLAN TESTING AND
DEMONSTRATION
IRRADJATIONS

882.1.2

COORDINATE PHASES
OF TESTING AND
DEMONSTRATION

882.1.3
ARRANGE TEST
REACTOR AGREEMENTS

882.1.4
ARRANGE VENDOR/
POWER REACTOR
AGREEMENTS

882.1.5

PROVIDE COST CONTROL
FOR 1RRADIATIONS

882.1.6 882.1.6.1

COORDINATE PROGRESS
REPORTS CLERICAL

882.1.7 882,1.6.2
UPDATE COORDINATED TECHNI CAL
DEMONSTRATION PLAN

882.1.8 882.1.6.3

- TRAVEL —— REPRODUCTION

FIGURE 3. Work Breakdown Structure for FRAD
Testing and Demonstration Coordination

31



43

882.2

KEY STEADY-STATE
PHENOMENA TESTING

FIGURE 4.

PEPARATION

Phenomena Testing Activity

Work Breakdown Structure for FRAD Key Steady-State

[ 822 1 8223 882.2.4 ] 8225 882.2.6
EXPERIMENT ‘ POSTIRRADIATION EVALUATION
[ DESIGN FABRICATION {RRADJATION EXAMlNA”mS ] L OF RESULTS MANAGEMENT
882.2.2.1 2211 382.2.3.1 882.2.4.1 882.2.5.1, 882.2.6.1
EQUIPHENT | oo ety ust cuARc;{__] SELECT IN-REACTOR SETUP HANDLING COORDINATION
MODIFICATION 1 U0, | SN2 HOT CELL(S} OATA AND MODIFY CODES OF TASKS
AND PROCEDURE 882.2.2.1.2 £
3 882.2,1.2.1 PREPARATION SERVICES ] 82.2.4.2 882.2.5.1. 882.2.6.2
DESIGN CONCEPTUAL SPHERE PAC RN PERFORM EVALUATE STEADY-STATE PROGRESS
EXPERIMENT DESIGN e ’]‘3“ 2.2 882.2.2.1.3 s 2, EXAMINATIONS DATA | | Pmﬁgﬂm
ATERIAL P9 0; PELLET NTERIM AND TRANSMIT
882.2.1.3 2122 PROCUREMENT PGy EXAMINATIONS RESWLTS 82251 82.2.6.3
FABRICATION TEST VEHICLE 802223 882.2.2.3.1 NXA EVALUATE TRANSIENT cost
SUPPORT DESIGN — INSTRUMENTED DAT
2 882.2,1.2.3 COMPONENT COMPONENTS COORDINATE CONTROL
882.2,1.4 212, FABRICATI ON ik EXAMINATIONS 882.2.5.1.4 882.2,6.4
RE?)TJ'];::AN["S“S ROD SPECIFICATIONS 82,224 882.2.2.3.2 82244 L-{ SPECIAL PROJECTS IRAVEL ‘
AND
AND CONTAINER ~ COMPONENT o SHEPPING 882.2.5.2 #2252 882,65
DESIGN 882.2.1,2.4 DISPERSAL _@_ SETUP DATA -
82215 TBR.2.25 ___ 8R.2.2.5.1 — HANDLING COMPUTING
Asosuw,;—*[ pon F‘—|nn. U) 0, AND REFERENCE R(JDSI #2521 CHARGES
== URAN 82,2525 || rasrication 882.2.2.5.2 _:
REQUIREMENTS DATA ACQUISITION AND SPUCHE PAC RODS EVALUATE RESUTS
__8w.2.1.6 || DLSIGNAND CHARACTERIZATION w2253 2.2.5.2.3
AS-BUILT PROC UREMENT 82.2,2.6 4200, PREPARE REPORTS
' REPORT #2126 T —_w.pwozrans | 882.2,5.3
REQUIREMENTS PERFORMANCE INSPECTION 882.2.2.5.4 DETERMING
| { erebICTIONS {Th, Pulg, RODS INTEREM
AND CODE 802.2,2 1
MODIFICATIONS 882.2.2.1.1 AND PIE
QuaLlTY SURVEILL ANCE [ ExAMINATIONS
82.2.1,2,7 ASSURANCE ST AND DATA
2.2.0.2 TRANSMITTAL
1 sarerv anacvsis | 42.2.2.8 REQUIREMENTS
882.2.1,2.8 SHIPPING 82354
CHARACTERI ZATI ON 1 CONTAINR —r2ll —
REQUIRENMENTS PROC UREMENT {Th, U} 7 AND REFERENCE RODS CORRELATE
—  §R.229 882.2.2.10.2 ";?EEISLI:;
. suiers ] SPHERE PAC BASES
882.2.2.10 882.2.2.10.3
As-BUILT (U PuOzRODS |
REPORY 882.2.2.10.4
— Th,Pi0, RODS
882.2.2.10.5

882.2.0.2.1
CLERICAL
82.2.6.2.2

TECHNICAL
EDITING

882,2.6.2.3

GRAPHICS AND
PHOTOGRAPHY




£

EX

882.3

PROPENS{TY FOR
FAILURE TESTS

882.3.1 [ 832 [ 8233 T .34 [ .35 8236
PERIMENT POSTIRRADIATION EVALUATEON
DESION FABRICATION l IRRADIATION e iyt MANAGEMENT
882.3.1.1 882.3.2.1 882.3.3.1 882.3.4.1 832.3,5.1 82 35,01 882.3.6.1
SELECT TEST RODS COMPLETED MONITOR IRRADEATION SELECT IN-REACTOR SET 0P HAD —— COORDINATION
REACTOR [ AS PART OF LEAD- [ AS PART OF LEAD-RCD HOT CELL(S) RAMP DATA NDLING OF TASKS
o I ROD DEMONSTRATION DEMONSTRATI ON w2 882.3.5.1.2 w2362
| CONCEPTUAL 882.3.2.2 882.3.3.2 PERFORM EVALUATE TRANSIENT PROGRESS 882.3.6.2.1
COORDINATE DESIGN g;;”c[:rlfol: INTER1M EXAMINATION o O w2352 . g::r?:;m CLERICAL
— MERCI A 3.5, R N
DELSEIA%"{:(;;H 882.3.1.2.2 AND CALIBRATION, DUng!();E(R:,(‘].\IAl(;\‘RCI L RESULTS 882.3.5.2.1 3622
DEMONSTRATI ONS PERFORMANCE FWR 882.3.4.3 PIE DATA SETUP DATA TECHNICAL
882.3.3.3 HANDLING EDITING
PREDICTLONS 882,3.2.3 USE CRARGE COORDINATE — —— .
882.3.1.3 882.3.1.2.3 TEST VEHICLE || PRE-RAMP EXAMINATIONS 882.3.5.2.2 882.3.6,3 882.3.6.2.3
FABRICATI ON EVALUATE RESULTS cosT GRAPHICS AND
FABRICATION CHARACTERIZATION CONDITIONING 882.3.4.4 I
SUPPORT L ™ RequiRements AND CALISRATION, §82.3.5.2.3 CONTRUL PHOTOGRAPHY
WR 882.3.3.4 SHIPPING ey p
882.3,1 882.3.1.4.1 USE CHARGE PRCPARE REPORTS . 882.3.6.4
EXPERIMENT TEST VEHICLES RAMPING 882,3.5.3 TRAVEL
DESIGN, BOTH DESIGN DETERMINE
BWR AND PWR _1 882,3.3.5 I 882.3.6.5
CONDITIONS 882.3.1.4.2 SERVICES AND PIE COMPUTING
INSTRUMENTATION || EXAMINATIONS CHARGES
DES)GN AND AND DATA
ACQUISITION TRANSMITTAL
DESIGN REQUIREMENTS
832.3.1.4.3 #82.3.5.4
—-{ RAMP CONDITI ONS I CORRELATE
882.3.1.4.4 RESULTS
| ToDesioN
—-‘ SAFETY ANALYSIS BASES
FIGURE 5. Work Breakdown Structure for FRAD

Propensity for Failure Testing Activity



ve

882.4%

LEAD-ROD
DEMONSTRATIONS
PWR AND BWR
882.4.1 T w243 [ 8.4 T 88245 ] s82.4.6 ] s82.4.7
DEMONSTRATION ROD ASSEMBLY POSTIRRADIATION EVALUATION
DESIGN l FABRICATION FABRICATION I IRRADIATION EXAMINATION OF RESILTS MANAGEMENT
882.4.1.1 882,41 1.1 882.4.2.1 882.4.3.1 882.4.4.1 8R.4.5.1 882.4.6.1 8.4.7.1
SPECIFICATIONS MATERIAL ASSEMBLY POOLSIDE POOLSIDE DETERMINE COORDINATE
PROCUREMENT 882.4.3.2 EXAMINATI ONS EXAMINATION INTERIM AND TASKS
43,
 smal2 PIE EXAMS
- DRAWINGS 8.4.2.2 INSPECTION 882.4.4.2 882.4.5.2 463 PR008R8§SAST 2 882.4.7.2.1
ROD T XARR] COMPONENT 882.4.3.3 IRRADIATION PARTIAL EVALUATE REPORT CLERICAL
DESIGN 411 FABRICATION P HISTORY DISASSEMBLY i)
CHARACTERI ZATION SHIPPING ETES PIE DATA PREPARATION w4122
REQUIREMENTS 882.4.0.3 ETrremip 82.4.6.3 A3 TECHNICAL
COMPONENT 882.4.2.4.1 | CORRELATE cost EDITING
882.4.1.2 82,4121 DISPERSAL SELECTED RODS contRar
.12 (Th, U1 0 RODS TOHOT CELL | | RS 82.4.7.2.3
AEZI;I:A&Y ——‘| DRAWINGS X 8802.4.2.4.2 82454 IRRADIATION 882,4,7.4 GRAPHICS AND
#4122 —{_sPHERe PAC RODS radoiny HISTORY R | | PHOTOGRAPHY
. #82.4.1.5
_ﬂua{:mmﬁl Rab FABRICATION w243 EXAMINATI Ot mash Lo
—- AND U, Puo, RODS 882.4.5.5 PREPARE I]
FABRICATION 882.4.1.2,3 CHARACTERIZATION —{ wrug, REPORTS
SUPPORT _{—————-] 882.4.2.4.4 COORDINATE
SAFETY ANALYSIS Th. PUIG, RODS EXAMINATIONS 882.4.6.5
882.4.1.4 a2 L2 $2.45.6 CORRELATE
AS-BUILT ——=nt 882.4.2.8.1 raamsro o] [ | resars
1 REPORT ROD [:ﬂ‘h‘p-_u)o R():]Ds SE&‘;‘;‘;ED“ TO DESIGN
R M INSPECTION BASES
EQUIKEMENTS w4282 it
82.4.2.6 HOT CELL
———FER22 0 T, 110 AND REFERENCE RODS 0 TEST
Ammurv 6242383 REACTOR
SSURANCE
—i SPHERE PAC RODS |
82.4.2.1
82.4.2,84
SHIPPING :(u purog Roos. |
882.4.2.8 Y

AS-BULLY
REPORY

* WORK BREAKDOWN |TEM WILL HAVE SUFFICES "a" FOR PWR AND
"b" FOR BWR ON SCHEDULES

FIGUR

882.4.2.8.5

PREPARATION

E 6.

Work Breakdown Structure for FRAD

Lead-Rod Demornistration Irradiation Activity



13

882.5

LEAD-ASSEMBLY
DEMONSTRATIONS

*WORK BREAKDOWN ITEM WILL HAVE SUFFICES "a"

FOR PWR AND “b* FOR BWR ON SCHEDULES

FIGURE 7.

—1 AS-BUILT REPORT

Work Breakdown Structure for FRAD Lead-Assembly
Demonstration Irradiation Activity

| 882.5.1 | s82.5.2 | 882.5.3 | s82.5.4 [ ss2.5.5 | s82.5.6
DEMONSTRATION POSTIRRADIATION EVALUATION
DESIGN FABRICATION IRRADIATION AN A TION o RESULTS MANAGEMENT
882.5.1.1 882.5. L L1 882.5.2.1 882.5.3. 1 882.5.4.1 882.5.5.1 882.5.6.1
- ROD || MATERIAL IRRADIATION | | POOLSIDE DETERMINE COORDINATE
DESIGN [:5PEC‘F'CAT'°N5 PROCUREMENT HISTORY EXAMINATI ON ] POOLSIDE AND 1 7 Tasks
882.5.1.1.2 PIE EXAMS
SAAINGS 882,5.2.2 882.5.3.2 882.5.4.2 525 5.2 882,562
ING | COMPONENT POOLSIDE PARTIAL VA UATE‘DH | | PROGRESS
882.5.1.2 882.5.1.2.1 FABRICATION EXAMINATION DISASSEMBLY LUATE DATA REPORT
|| ASSEMBLY | 382.5.5.3 PREPARATION
882,5.4,3
DESIGN DRAWINGS 882,5.2,3 5.4, 552563
825122 | | RODFABRICATION TRANSPORT 2253355 cos; -
AND CHARACTERIZATION ] SELECTED RODS —
SAFETY ANALYSIS TO HOT CELL 5255 CONTROL
882.5.1.3 882.5.2.4 882.5.4.4 CORRELATE 882.5.6.4
AS-BUILT ASSEMBLY sl
L | RePORT —  FABRICATION AND | | woTcew || Resuts TRAVEL
REQUIREMENTS CHARACTERIZATI ON EXAMINATIONS BASES 882565
882.5.2.5 882.5.4.5 COMPUTER
y—i QUALITY ASSURANCE I L_| COORDINATE
EXAMINATIONS
882.5.2.6
—| SHIPPING
882.5.2.7




9¢

882.6

Irradiation Testing Activity

KEY SAFETY-RELATED
TESTING
| ss2.6.1 | 882.6.2 | 882.6.3 ] 264 [ s82.6.5 | s2.6.6
EXPERIMENT FABRICATION POSTIRRADIATION EVALUATION
DESIGN IRRADIATION EXAMINATIONS OF RESULTS MANA GEMENT
882.6.1.1 882.6.2.1 882.6.3.1 882.6.4.1 882.6.5.1 882.6.6.1
SELECT TEST FABRICATE OR - DETERMINE EVAL
USE CHARGE - UATE | _| CORRELATE
REACTORS RENT TEST EXAMINATIONS [ IN-REACTOR EXPERIMENTS
VEHICLES 882.6.3.2 DATA
882,6,1,2 882 6.1 2.1 5 622 SERVICES i 882.6.4.2 I 882.6.6.2
DESIGN { I EPTPT— SELECT PREPARE
EXPERIMENTS RIA I ALl by HOT CELLS EY?LDLLATLE — PROGRESS
882.6.1.2.2 FRESH RODS 52 6.4.3 REPORTS
882.6.1.2.3 OBTAIN EXAMINATIONS - 2’;2‘;’;’;‘; — ng;;a
L] ey 882.6.4.4 :
882.6.1.3 -]  882.6.1.2.4 LEAD -ROD SHIPPING 882.6.5.4 882.6.6.4
DESIGN Top DEMONSTRATION CORRELATE TRAVEL
TEST VEHICLES, RESULTS 8626
[F REQUIRED — Wi 882.6.6.5
DESIGN COMPUTER
BASES
FIGURE 8. Work Breakdown Structure for FRAD Key Safety-Related



882.7

OVERALL EVALUATION
OF PROGRAM RESULTS

882.7.1

SUMMARY REPORT
IRRADIATION CONDITIONS
AND RAW DATA

382.7.2

SUMMARY REPORT
OVERALL EVALUATION

882.7.3

SUMMARY REPORT
CORRELATION TO
DESIGN BASES

882.7.4

SERVICES, TECHNICAL
EDITING, COMPUTER
GRAPHICS, REPRODUCTION

FIGURE 9. Work Breakdown Structure for FRAD
Irradiations Evaluation Activity

37






1.

REFERENCES

C. M. Heeb, et al., Analysis of Alternative Light Water Reactor Fuel Cycles,
PNL-2792, Pacific Northwest Laboratory, Richland, WA 99352, November 1978.

Fuel Performance Improvement Program, Quarterly/Annual Progress Report,

October 1977 - September 1978, C00-4066-8, Pacific Northwest Laboratory,

Richland, WA 99352, October 1978.

Demonstration of Fuel Resistant to Pellet-Cladding Interaction, Second

Semiannual Report, January - June 1978, GEAP-23773-1, Nuclear Energy

Engineering Division, General Electric Company, San Jose, CA 95125,
September 1978.

39






ACKNOWLEDGMENTS

This report summarizes a study conducted by Pacific Northwest Laboratories
(PNL), operated by Battelle Memorial Institute, for the U.S. Department of Energy
under Contract No. EY-76-C-06-1830. The author acknowledges the contribution of
E. L. Courtright to the safety-related test planning. P. E. Hart's review of
the document is also appreciated.

41






DISTRIBUTION LIST

DOE Laboratories

Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Attn: Martin J. Steindler
Oak Ridge National Laboratory

P.0. Box X
Oak Ridge, TN 37830

Attn: A. L. Lotts
Savannah River Laboratory

E. I. duPont deNemours & Company
Aiken, South Carolina 29801

Attn: J. D. Spencer
Hanford Engineering Development Laboratory

P.0. Box 1970
Richland, WA 99352

Attn: T. T. Claudson
Hanford Engineering Development Laboratory
Technology Management Center

P.0. Box 1970
Richland, WA 99352

Attn: E. A. Evans
Sandia Laboratory
Albuquerque, NM 87185
Attn: A. Camp
Bettis Atomic Power Laboratory
Westinghouse Electric Corporation

P.0. Box 79
West Mifflin, PA 15122

Attn: W. A. Weinreich
Los Alamos Scientific Laboratory

P.0. Box 1663
Los Alamos, NM 37545

Attn: G. R. Keepin

Distr-1



Battelle-Pacific Northwest Laboratories

P.0. Box 999
Richland, WA 99352

Attn: S. Goldsmith
Knolls Atomic Power Laboratory

P.0. Box 1072
Schenectady, NY 12301

Attn: D. J. Groetch

Commercial Organizations

Babcock & Wilcox
P.0. Box 1260
Lynchburg, VA 24505

Attn: C. Youell

General Electric Company
175 Curtner Avenue
San Jose, CA 95125

Attn: P. Miller

Westinghouse NFD

Westinghouse Electric Company
P.0. Box 355

Pittsburgh, PA 15230

Attn: C. Palmer
Exxon Nuclear Company, Inc.

2101 Horn Rapids Road
Richland, WA 99352

Attn: 0. Kruger
Electric Power Research Instijtute
3412 Hillview Avenue

P.0. Box 10412
Palo Alto, CA 94304

Attn: E. Zebroski
General Atomic Company

P.0. Box 81608
San Diego, CA 92138

Attn: W. V. Goeddel

Distr-2



Fluor Engineers & Constructors, Inc.

3333 Michelson Drive
Irvine, CA 92730

Attn: E. W. Neben

DOE

U.S. Department of Energy
Washington, D.C. 20545

Attn: W. W. Ballard

HQ/FCD

U.S. Department of Energy
Washington, D.C. 20545

Attn: S. McDowell

HQ/0SS

U.S. Department of Energy
Washington, D.C. 20545

Attn: P. R. Clark
R. H. Steele

HQ/DNR

U.S. Department of Energy
Washington, D.C. 20545

Attn: D. E. Bailey

HQ/RRT

U.S. Department of Energy
Savannah River Operations O0ffice
P.0. Box A

Aiken, South Carolina 29801

Attn: T. Hindman

U.S. Department of Energy
Oak Ridge Operations Office
P.0. Box E

O0ak Ridge, TN 37830

Attn: S. W. Ahrends

U.S. Department of Energy
Richland Operations Office
P.0. Box 550

Richland, WA 99352

Attn: P. A. Craig
H. E. Ransom

Distr-3



U.S. Department of Energy
Chicago Operations Office
9800 South Cass Avenue
Chicago, IL 60439

Attn: A. Mravca

U.S. Department of Energy
FFTFPO

P.0. Box 550

Richland, WA 99352

Attn: J. J. Keating

U.S. Department of Energy
Technical Information Center
Washington, D.C. 20545

Gas Cooled Reactor Associates
3344 N. Torrey Pines Ct.
Suite 300

La Jolla, CA 92037

Attn: K. L. Highfill
U.S. Department of Energy
Patent Division

9800 South Cass Avenue
Argonne, IL 60439

Attn: A. A. Churm

PACIFIC NORTHWEST LABORATORY

. Brite

. Carrell

. Chikalla
. Fleischman
. Hagen

. Hart

. Kemper

. Lambert

. Lijkala

. McSweeney
. Nesbitt

. Newman

. Schreiber
. Sharp

. Marshall

. Hann

. Barner

CLCOXVOTVVOCCHOD T W UOD1GCO
OX VMMV~ OOZONMIZI=ZTO0E

(27)

Distr-4



PACIFIC NORTHWEST LABORATORY (cont)

R. B. Mathews

G. D. White

N. C. Davis

Publishing Coordination (2)
Tech. Information Files (5)
Goo

Distr-5






