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ABSTRACT

This report documents progress made during FY 2008 in studies of converting the High Flux
Isotope Reactor (HFIR) from high enriched uranium (HEU) fuel to low-enriched uranium (LEU) fuel.
Conversion from HEU to LEU will require a change in fuel form from uranium oxide to a uranium-
molybdenum alloy. With axial and radial grading of the fuel foil and an increase in reactor power to
100 MW, calculations indicate that the HFIR can be operated with LEU fuel with no degradation in
reactor performance from the current level. Results of selected benchmark studies imply that
calculations of LEU performance are accurate. Scoping experiments with various manufacturing
methods for forming the LEU alloy profile are presented.






1. INTRODUCTION

Design studies for a low-enriched uranium (LEU) core for the High Flux Isotope Reactor (HFIR) were
conducted according to the plan documented in Ref. 1. Lists of the studies that had been planned for
fiscal year (FY) 2008—published in ref. 1—are shown in Tables 1.1 and 1.2. Those areas in which
progress was made and documentation provided in this report are designated by shading. Progress in
reactor analysis studies and material development are presented in separate sections of this report. The
final section of this report is devoted to a discussion of tasks planned for FY 20009.

Table 1.1. Reactor analysis activities proposed for FY 2008

Task ID

Subtask description

Determine reference, monolithic, 2-D grading

Neutronics profile; steady-state parameters
Reference U-10Mo Transient analyses of reference design
fuel design S
Thermal hydraulics Use newly dgveloped methodology tp identify
safety margin for reference fuel design
Cross section processing and Develop/examine 2-D SCALE model
deterministic methods
completion Transport methods (ATTILA model)
MCNP model development Update/make operational MCNP depletion
model
Multidimensional, steady state
Methods/model

development

heat transfer model; turbulent
mixing, incorporate diffusion
barrier and nonbond
assumptions in thermal-
hydraulic model

Probabilistic combination of
uncertainties (if funding is
available)

Development of COMSOL based
methodology

Review/update TASHA code developed
under Advanced Neutron Source Program

Program
management

Report preparation
Travel
Review committees

Preparation for
regulatory review

Research publications for LEU validation;

(if funding is develop plan for LEU validation studies

available)

i%%r;gglﬁa 9 Sjmilgr_study as Chap. 4 of r_ef. 2 bl_Jt

assesSent Conversion to 100 MW identifies cost/schedule for increasing HFIR
) N power so performance meets/exceeds current

(if funding is value

available)




Table 1.2. Fuels development activities proposed for FY 2008

Task name

Comment

Graded fuel development program

Development of HFIR-specific fuel qualification
plan

Fuels program management

Continue grading profile studies with
grinding/machining methods. As requested by
DOE, collaboration with FRM reactor staff and
FRM fuel fabricator (CERCA/ARIVA) on
processes for fabricating monolithic fuel

Issue ORNL/TM by end of fiscal year
(included here)

Includes support to review committees, meeting
attendance, travel, and report preparation




2. REACTOR ANALYSES

Both steady-state and time dependent analyses were investigated during FY 2008. Topical reports for
some of the analyses have been issued and for those instances, only a limited discussion of the
principal conclusions is included in this report. Where investigations are only partially completed or
where documentation is incomplete, detailed discussions of the analyses are included as appendices in
this report.

Equally important to reactor design are thermal hydraulic methods. During FY08, studies were
initiated with three dimensional, finite element based methods with the goal of replacing the
capabilities available from an existing, one dimensional conduction computer program®. Comparison
of modern and currently-accepted thermal hydraulic methods is complicated by the observation that the
currently-accepted HFIR methods were written to calculate bounding operating parameters, i.e. safety
limits, rather than predicting actual operating conditions or replicating benchmark experiments.

2.1 Steady-State Neutronics Studies

During FY 2008, neutronics analyses evolved from existing, diffusion/depletion based methodology
(the VENTURE* computer code system) to Monte Carlo/depletion methods (the ALEPH® computer
code system). While more computationally intensive (time consuming), the accuracy of Monte Carlo
methods, especially at interfaces between materials, is unmatched by any other technique. This new
Monte Carlo/depletion method has been validated with a measured beginning-of-life power
distribution, a measured, simulated end-of-life power distribution, and the core configuration and cycle
length for a recent HFIR fuel cycle (cycle number 400)°. The methodology was then used to refine the
design of the LEU foil fuel that has been described in previous annual reports™ 2.

2.1.1 Benchmark experiment measurements and calculations

The LEU fuel proposed for HFIR — U-10Mo foils clad in aluminum — has never been used in a reactor
nor have any critical experiments been performed with HFIR-typical LEU fuel plates. All of the
design effort for HFIR LEU fuel is based on computer simulations. Consequently, it is imperative that
methods used to design the LEU fuel be benchmarked with the best available measurements that are
representative of expected HFIR conditions with LEU fuel.

Previous annual reports have included analyses documenting that an LEU fuel cycle in HFIR must
operate at a higher power and therefore higher power density than the current HEU core. An increase
in power of 18% is anticipated. Certifying that the proposed LEU design satisfies existing safety
margins requires that the spatially dependent power profile in the reactor be well-known. The level of
accuracy with which the reactor power distribution can be calculated is discussed in Appendix A. The
conclusion of those studies was that for HFIR HEU fuel, the agreement between calculated and
measured local power densities is within the uncertainty of the experimental measurement.

Maintaining reactor performance subsequent to conversion to LEU fuel requires maintaining the same
operating cycle length as with the current, HEU fuel cycle. Thus the estimate of cycle length with the
new fuel must be shown to be accurate. End-of-life burnup (i.e., cycle length) is reasonably well-
calculated with diffusion/depletion methods (ref. 6 with corrections for file limitations in VENTURE)
though end-of-life power profiles have questionable accuracy for the bottom of the reactor core.
Monte Carlo depletion methodology based on the MCNP models provides the best method for
estimating cycle length and, consequently, required beginning-of-life fuel loading.



The ALEPH/MCNP methodology was benchmarked to a recent HFIR (HEU) operating cycle — cycle
number 400. The results of the study are presented in Appendix B. The conclusion of the studies was
that ALEPH/MCNP “perfectly” predicted the cycle length for HFIR cycle 400.

2.1.2  LEU fuel design

The availability of the ALEPH/MCNP methodology and the confidence inspired in that methodology
through the benchmark studies reported in Appendices A and B led to the adoption of that
methodology as the “reference” method for designing the LEU fuel cycle. Models of an LEU-fuelled
HFIR, developed with the older diffusion/depletion methodology and documented in previous annual
reports, were re-examined with the ALEPH methodology. The ALEPH model development is
documented in Appendix C.

Expected core LEU loading derived from the older diffusion/depletion methodology was determined to
be too low to meet the cycle length reached by the current, HEU fuel cycle. Studies of the relationship
between fissile loading and cycle length are presented in Appendix D. The conclusion of those studies
is that the 2*°U loading for a HFIR LEU core to achieve the same performance as the current HEU core
is 25.3 kg (HEU core U loading is 9.4 kg). The corresponding total uranium loading for an
enrichment level of 19.75% is 128.1 kg (HEU core uranium loading is 10.1 kg).

Previous annual reports have documented the observation that power peaking at the top and bottom of
the reactor core fuelled with LEU is more severe than for the current, HEU cycle. Such peaking, if not
mitigated, would prevent the operation of HFIR with LEU at a power level needed to maintain the
current level of performance for the reactor. One method of alleviating the axial power peak in the
LEU foil design is to reduce the thickness of the fuel on the ends of the foils, termed axial grading.
Scoping calculations had indicated that reducing the foil thickness by 50% over the top and
bottommost 2.5 cm would eliminate the flux/power peak and permit reactor operation at 100 MW with
LEU fuel. During FY08, studies were performed to determine an optimal, axial grading profile.
These studies are still underway but results to date indicate that the length of the axially graded region
need not be any longer than 3 cm. The axial grading studies performed in FY08 are presented in
Appendix E.

2.1.3 Maintaining independent computational methodology — multidimensional cross section
processing

The success with the Monte Carlo/depletion methodology might lead one to conclude that there is no
longer a use for currently-accepted, deterministic methods. Three observations justify the maintenance
and continued development of deterministic methods. For quality assurance, especially for costly and
time consuming projects, a second, independent computational method should be used to verify
conclusions drawn from the primary method of analysis. By their nature, deterministic methods may
be preferable for calculating small perturbations in physics parameters. Finally, deterministic methods
may be preferable for those investigations where an understanding of the spatial and/or energy
dependence of parameters are to be inexpensively determined from a single execution of a program.
For these reasons development of improved nuclear data processing methods was conducted during
FY 2008. The work is described in Appendix F. An assessment of the improvement in the accuracy
of ORNL’s currently-accepted method, VENTURE, is provided in Appendix G.



The new data-processing technique improves the accuracy of local power density calculations — with
the MCNP Monte Carlo calculation taken as the standard per results reported in Section 2.1.1.
However the differences between bottom-of-core local power densities between VENTURE and
MCNP remain sufficiently large such that ALEPH will continue to be used as the principal design
computer program.

2.2 Analyses of Reactor Transients

Studies instigated in 2007 were continued this year. Two transients, a reduction in primary coolant
flow and a control element ejection accident, were modeled for both the current HEU fuel cycle and
for a prototypic LEU fuel design. Both the primary pump failure transient and the control element
ejection transient, each with LEU fuel, were found to have consequences that were comparable to the
current HEU fuel cycle.

2.3 Multiphysics Methods Development in Support of Simplier LEU Fuel Designs

Tapering the HFIR LEU foil thickness in the axial direction — top and bottom of the plate — adds a
manufacturing process not present in the current, HEU fabrication line. Since axial tapering has never
been performed with plate-type fuel and since a goal of the RERTR program is to minimize any
change in fabrication cost, eliminating the axial grading step in the fabrication process is an
appropriate area for study.

Currently-utilized thermal hydraulic analysis methods for HFIR only account for thermal conduction
through the plate surface to the water coolant. Heat conduction along the fuel plate, both axially and
along the width of the plate, is not included in the computational models. Turbulent mixing of the
water coolant is also not included in the model. Given that the needed improvement in thermal margin
is small — the reactor currently operates at 85 MW with HEU and an operating power of 100 MW is
proposed for LEU — inclusion of these physical phenomena in the computational methods will provide
a more accurate estimate of the safety margin for reactor operation and certainly the newly-estimated
margin will be larger than the value that has already been judged acceptable. Hence improvement in
computational methods may mitigate the need for axial grading.

Based on prior experience of the HFIR staff, the commercial finite element solver package, COMSOL,
was selected as the basis for advancing thermal hydraulics methodology. A series of studies was
conducted and are documented in Ref. 18. While studies will continue in FY 2009, it was determined
that COMSOL was able to produce accurate results for the one-dimensional conduction (through the
plate) and two-dimensional conduction simulations (through the plate and axially along the plate).
However, for most simulation application modes employed to model fuel plate conduction in
conjunction with fluid flow, COMSOL returned cladding surface temperatures well below those
expected based on legacy models. While the apparent heat transfer was in excess of expected values,
COMSOL was able to return credible turbulent conductivity values for the fluid. One possible
conclusion is that the legacy HFIR method is overly conservative in estimating heat transfer. The more
likely conclusion however, is that the COMSOL solution is sensitive to mesh density and other model
details that are in a preliminary stage at this point in the research.
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3. FUEL DEVELOPMENT

HFIR fuel plates possess unique characteristics that add complexity to the fuel fabrication process.
The fuel concentration is varied in both the radial and axial directions (graded fuel). A boron carbide
burnable poison is distributed with a graded concentration within the fuel plate. Furthermore, the fuel
plates are formed radially to an involute profile. The varied concentration of fuel and burnable poison
coupled with the involute shaped fuel plates introduces several challenges to the fabrication and
inspection processes used in the production of HFIR fuel. Issues that are of considerable importance
to HFIR fuel fabrication will be identified and these will form the basis of quality assurance
requirements that will be part of a fuel specification for a manufacturer. Some machining tests have
been conducted with foil surrogates, again, to aid in the development of an appropriate fuel
specification for a manufacturer.

The studies reported here were conducted during the first quarter of FY08. Subsequent to that time,
work at ORNL was suspended. Contour foil development at the Idaho National Laboratory proceeded
during the remainder of FY08 but was based on an entirely different process than the studies presented
here. (INL staff constructed a shaped ingot of U-10Mo, enclosed it in a steel casing, rolled the
combined package to achieve HFIR fuel plate dimensions, and then separated and disposed of the steel
casing.)

3.1 HFIR-Specific LEU Fuel Qualification Issues

To accommodate the graded fuel requirement, the monolithic LEU fuel design utilizes a fuel foil with
varied thickness. One proposed thickness variation design is shown schematically in Fig. 3.1. There
are number of potential issues that could arise during the development of fabrication and inspection
methods and these are listed subsequently. This list, shown schematically in Fig. 3.2, is not intended
to be all inclusive but only to illustrate issues that are being, or will likely need to be addressed as the
LEU fuel development effort moves forward.

1. Clad thickness, tolerances, acceptance limits, and the measurement thereof.

2. Interlayer fracture or tearing that may occur during plate fabrication, plate forming, or in
service. The example shown in the figure envisions interlayer tearing due to the stress
concentration at a transition in foil thickness. This issue is likely intensified during plate
forming.

3. Interlayer/diffusion barrier thickness, tolerances, acceptance limits, and the measurement
thereof. The example, illustrated in Fig. 3.2, assumes interlayer thickness variations that arise
during the co-rolling of the zirconium layer with the contoured fuel foil due to the different
rolling behaviors of the U-Mo and Zr materials.

4. Void formation during plate fabrication and forming. A void formed at the edge of the fuel
foil during the co-rolling of the fuel foil and interlayer is presented in the figure.

5. Foil, interlayer, and clad bonding. The definition and characterization of adequate bonding at
the U-Mo/Zr/Al interfaces may be difficult to quantify.

6. Foil thickness tolerances, acceptance limits, and the measurement thereof.

7. The characteristics of the transitions in fuel foil thickness (corners). The minimum/maximum
radius at transitions in foil thickness needs to be established to ensure adequate bonding and to
mitigate stress concentrations.

8. Edge conditions of the fuel foil. The example presented in the figure assumes that the foil and
interlayer are a co-rolled composite assembly that will need to be trimmed (blanked) to final
size prior to clad bonding. This scenario leaves the U-Mo in contact with the Al cladding at
the edge(s) of the fuel foil.



In addition to the above mentioned items, issues related to the presence of burnable poisons in HFIR
fuel plates need investigation. The requirements of burnable poison concentration and form (elemental
boron verses boron carbide or the use of alternative neutron absorbers) need to be studied so that
methods for burnable poison inclusion in fuel plates can be better addressed. The impact of burnable
poison inclusion on the overall fuel plate production process will also need to be evaluated.
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Fig. 3.1. A proposed HFIR fuel meat grading design.
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Fig. 3.2. Schematic representation of a radial cross section of a HFIR fuel plate with a
contoured fuel foil illustrating several potential fabrication and inspection issues.

The generic fuel qualification plan under development at Idaho National Laboratory is not intended to
and therefore does not address the issues of graded fuel foils, curved fuel plates, and the use of
burnable poisons. These are key characteristics of HFIR fuel therefore; additional fuel development
and reactor analysis will be needed to define the critical issues and to establish tolerances and
acceptance limits for these issues.

3.2 Surrogate Fuel Foil Machining Study

As described in a previous study", experiments with flat (not contoured) steel foil samples 0.015 to
0.020 inch thick (representative of monolithic U-Mo fuel foils) were conducted with encouraging
results. The steel foil samples in those experiments were held in place using a magnetic chuck and
thickness variations on the order of 0.0002 inch were demonstrated.

In FY 2008, contour grinding experiments were continued. Steel shim stock 0.020 inch thick was
again employed as a surrogate for U-Mo. Samples two inches wide by eight inches long were cut from
the procured steel shim stock by shearing and by electrical discharge machining (EDM). (EDM is a
machining method that uses a continuous series of electrical discharges, or arcs, from an electrode to
erode the work piece as the electrode passes through the material along a pre-programmed path.) A
wire electrode EDM was used to cut foil grinding samples from the shim stock sheets. A comparison
of the cut edge of sheared and EDM samples is shown in Fig. 3.3. The shearing process left a roll-over
protrusion on the edge of the steel samples that had to be removed by filing prior use in contour
grinding experiments. Due to the fact that EDM places no mechanical load on the work piece as it is
cut, the edge of the EDM samples were square and did not require additional work prior to use as
contour grinding samples. Note that the ramifications of the rolled edge from shearing on clad
bonding or heat loads in service are unknown but merit consideration.



Rolled edge

1.0 mm

Sheared edge Electro-discharge
machined (EDM) edge

0.020 thick 1010 mild steel samples
Fig. 3.3. The characteristics of sheared and EDM foil edges.
3.2.1 Contour grinding with the vacuum chuck

For the initial contour grinding experiments, a custom designed vacuum chuck was fabricated to hold
the steel foil samples during the grinding. A picture of the vacuum chuck showing the vacuum
connection fitting and suction grooves is presented in Fig. 3.4. The Chevalier CNC surface grinder
(shown in Fig. 3.5) was programmed to produce the 2-D contour shown schematically in Fig. 3.6. The
initial grinding experiment using the mild steel shim stock held by the vacuum chuck was
unsuccessful. Part way through the grinding sequence the work piece was dislodged from the vacuum
chuck and ejected from the grinding table.

Inspection of the sample revealed bowing which caused the foil sample to “lift off” and break the seal
with the vacuum chuck. It was initially believed that the sample bowing was due to residual stress in
the shim stock blank from the production rolling process. Annealing the samples was considered but
not performed. Likely a vacuum chuck could be designed that would provide better retention of the
work piece (less leakage).

3.2.2  Contour grinding with the magnetic chuck

Additional grinding experiments were conducted using a magnetic chuck to determine if increased
holding force could overcome the bowing tendency. Experiments using the magnetic chuck showed
improvement, but were also unsuccessful. The samples tended to stay on the magnetic chuck longer,
but they eventually became dislodged and were ejected. Further inspection revealed increasing
amounts of bowing with increased grinding, and it was noticed that the edge of the foil samples was
being plastically deformed and rolled over the edge of the magnetic chuck. A picture of a partially
ground mild steel sample is shown in Fig. 3.7. An enlargement of the plastically deformed edge is also
shown in the figure. The appearance of the rolled edge demonstrated that the bowing problem was not
due to residual stresses as initially believed, but was instead due to plastic deformation imparted to the
sample by the grinding process.
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Fig. 3.4. The custom fabricated vacuum chuck used to hold 2 inch x 8 inch surrogate
fuel foils for evaluation of contour grinding techniques.

Programming and
control interface

Fig. 3.5. The Chevalier CNC surface grinder used in the foil contour grinding study.
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Fig. 3.6. Profile attempted in initial contour grinding experiments.
3.2.3 Plastic deformation analysis

An analysis of the potential for plastic deformation during grinding was conducted. The basis for the
deformation analysis is shown schematically in Fig. 3.8. As the grinding wheel contacts the work
piece, it applies a compressive load. The grinding wheel is rotating while the compressive load is
applied thus causing material to be abrasively removed from the work piece.

The compressive load also causes a deflection of the work piece material, therefore as the grinding
wheel traverses across the surface of the material, some material is removed (Aremoved) While some is
deformed (Ageformed) OF PUshed away by the grinding wheel. The deflection induced by the grinding
wheel can be elastic (non-permanent or spring like) or a combination of elastic and plastic (permanent
deformation left in the material). To prevent plastic deformation during grinding, the minimum down
feed of the grinder (Agown feeq) N€EAS to be less than the deflection that causes yielding in the sample

(Adown feed < Ayield)-

The amount of plastic deformation induced in the work piece is controlled by the compressive load
applied by the grinding wheel. The magnitude of the compressive force is controlled by the down feed
of the grinding wheel and the properties of the work piece. The potential for causing plastic
deformation in the steel samples by grinding was estimated by comparing the minimum down feed of
the grinding wheel to the deflection when the material reaches its yield point (Ayiis). The deflection at
the yield point was calculated based on the Hooke’s law and the modulus (E), yield strength (Gyjeiq),
and thickness of the material.

The results of the analysis are shown in Table 3.1. The deflection at the yield point for the mild steel
sample was 0.02 x 10° inch while the minimum down feed of the grinder was 0.10 x 10 inch, a factor
of five greater. The same calculation was done for U-10Mo, and those results (also shown in Table
3.1) demonstrate that grinding may be a viable method for U-10Mo since the deflection at yield for U-
10Mo is greater than the minimum down feed of the grinding machine.

3.2.4  Contour grinding of tempered steel surrogates
The yielding analysis was also used to find a more representative surrogate to use in continued

grinding studies. Blue tempered steel shim stock was readily available, inexpensive and, while not the
best match for U-Mo in terms of grinding properties, was much better than mild steel.

12
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Fig. 7. Mild steel sample with partial contour ground surface.
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Fig. 3.8. A schematic explanation of the mechanism responsible for the plastic deformation
induced in the surrogate fuel foil samples during contour grinding.

Contoured grinding experiments with blue tempered steel using the magnetic chuck were conducted
with much improved results. Bowing and edge roll over were still present, but to a lesser extent.
Pictures of the contour ground tempered steel sample are shown in Fig. 3.9, and Fig. 3.10 shows a
comparison of the grinding induced edge roll-over of mild steel and tempered steel.

3.25

Table 3.1. Material properties and deflection limits necessary
to avoid plastic deformation for surrogate and U-10Mo materials

Ovield E Avield
(ksi) (Msi) (10%in.)
(Assuming t = 0.015in.)
1010 steel 30 30 0.02
Blue tempered steel 100 30 0.05
U-10Mo 130 12 0.16
Minimum grinding down feed 0.10

Contour production using EDM

The problems with plastic deformation encountered during grinding experiments indicated that wire-
EDM, a cutting process that does not apply loads to the work piece, might be a feasible alternative.
Two EDM contouring experiments were carried out. The first, shown in Fig. 3.11, was a combined
grinding and EDM effort, and the second, shown in Fig. 3.12 was an all-EDM experiment. The
combined grinding and EDM experiment involved grinding the contour of the fuel foil on a relatively
thick piece of stock, and then cutting the foil thickness using EDM.

14



Contour ground
surfaces
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Fig. 3.9. Blue tempered steel contour ground sample.
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Plastic deformation induced by grinding caused the
foils to cup, bow, and roll over the edge of both the
vacuum and magnetic chuck

1010 mild steel Blue tempered steel

Fig. 3.10. The appearance of the rolled edge of the contour ground surrogate fuel foils.

The photograph in Fig. 3.11 shows the mild steel foil sample (a thick tempered sample was not
procured) that was produced by the combined grinding EDM experiment. The uneven edge in the
sample was caused by bowing of the foil as it was cut from the thick stock. The bowing was again due
to grinding induced plastic deformation. Also shown in Fig. 3.11 is a schematic representation of the
EDM wire (ride line) making the thickness cut (wire EDM cutting direction is indicated by the red
arrows).

An all-EDM contouring experiment was also conducted using a mild steel bar stock. This experiment
worked well. A picture of the foil sample produced completely by EDM is shown in Fig. 3.12 along
with a schematic view of the EDM cutting process with the solid red line representing the EDM wire
and the dashed red line representing the EDM cutting path.

The accuracy of the EDM contour cutting and the resulting surface finish was evaluated using a Taylor
Hobson surface profilometer. The results are shown in Fig. 3.13 and Table 3.2. Figure 3.13 isa
profile trace at one axial location on the contoured foil sample. The trace shows that the contour was
accurately produced, but since it is a tracing of only one axial location, the variation along the length of
the sample is not known and was not measured. The surface roughness data in Table 3.2 demonstrates
that the EDM surface roughness is up to ten times larger than that produced by grinding. (The two
roughness parameters measured were Ra, which is the arithmetic mean of the absolute departures of
the roughness profile from the mean line, and Rz, which is the numerically average height difference
between the five highest peaks and five lowest valleys.) It is possible that optimization of the EDM
parameters could change the surface roughness, but that was not explored in this study. Also, the
effect of surface roughness on interlayer and clad bonding has not been demonstrated, therefore it is
not known whether increased surface roughness is either a positive or a negative.

16
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Fig. 3.11. Photographic and schematic views of the combined grinding and EDM
surrogate fuel foil contouring experiment.
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Fig. 3.12. Photographic and schematic views of the EDM surrogate fuel
foil contouring experiment.
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Fig. 3.13. Surface profile measurement of the EDM produced surrogate contoured fuel foil.

Note that both of the two EDM experiments used a relatively short (6 inches verses the 24 inch length
of HFIR fuel plates) piece of stock material, and that the EDM cuts were made with the EDM wire
parallel to the length direction of the fuel foil. Cutting in this geometry with full length fuel samples is
not feasible, but these experiments were done this way because they required no special fixtures to
hold the stock material in the proper orientation for cutting the contours.

Table 3.2. Surface finish measurements from the
various contour grinding and EDM experiments

Ra Rz
Wheel type (um) (um)
320grit flat 0.334 2.519
120grit flat 0.597 4.295

radius .25in/min 1.617 9.264
radius .125in/min 1.226 7.653

EDM 3.281 20.666
shim stock as
recvd 0.830 4.800

3.2.6 Potential EDM method for contoured foil production

EDM appears to be a feasible method for producing contoured foils. The accuracy and repeatability
need to be demonstrated along with the effect of surface finish on the interlayer and clad bonding
processes. A method of recycling or safely disposing of the U-Mo particles present in the cutting fluid
needs to be developed.
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An EDM sequence that could produce the contoured foils is shown schematically in Fig. 3.14. The
sketches in the figure show the EDM wire traversing through the U-Mo bar. The solid red line
represents the EDM wire and the red arrows indicate the direction the wire is traversing as it makes a
cut. The scenario for foil production is to make the contour cuts first (radial and axial) holding the U-
Mo bar in the proper orientation with respect to the wire cut path, and then to cut the contoured foil
from the bar in the last cutting step.

This scenario assumes that, the width and length of the U-Mo bar correspond to the width and the
length of the fuel foil and that the thickness of each bar is sufficient to produce several foils and to
provide a means for holding the bar in place during cutting. Recycle of the scrap is also assumed.

One potential disadvantage of EDM is the lack of speed. It is estimated that it would take on the order
of a few hours for each cut to be made. In order for EDM to be production worthy, several machines
would need to be running in parallel. This issue merits further investigation, but on first
approximation it does not preclude EDM as a potential foil production method.

20
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Fig. 3.14. Proposed EDM sequence for producing contoured fuel foils.
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4. STUDIES PLANNED FOR FY 2009

The proposed work in FY 2009 in the HFIR LEU conversion feasibility project will build upon and
extend the results and scope of the studies presented in this document. The goals of the FY09 studies
are to document a design currently believed to result in no degradation to the performance parameters
for HFIR, translate this design to a manufacturing specification, continue to work to find a simplified
and less costly LEU fuel design, and begin the transition from HEU to LEU by implementing a
modified HEU, U3;Og/Al fuel cycle. The reactor analysis effort is organized into six areas shown in

Table 4.1.

ORNL support to fuel development activities is itemized in Table 4.2. As requested from program
management, ORNL can supply support to irradiations being conducted by the RERTR program in the

Advanced Test Reactor.

Table 4.1. ORNL reactor analysis activities proposed for FY 2009

Task area

Subtask

Title

Description

Reference U-10Mo fuel design
(axial grading of foil)

Neutronics/thermal hydraulics
design

Document neutronics and thermal
hydraulics studies of reference
LEU-10Mo design

Process development

Develop and document engineering
drawings and fuel specification for
reference LEU fuel

Computation model
verification/validation

Compare ALEPH/MCNP to post-
irradiation HEU measurements

Transition cycles

(modify current HEU fuel to
achieve LEU design burnup)

Neutronics

Determine U-235 loading and
grading profile

Process development

Determine changes to existing
process to create higher-loaded
HEU fuel plates

Improved U-10Mo
fuel design (no axial grading)

Development of COMSOL based
methodology

Multidimensional, steady state heat
transfer model; turbulent mixing,
incorporate diffusion barrier and
nonbond assumptions in thermal-

hydraulic model

Thermal hydraulic committee

Preparation for regulatory
review

Research publications for LEU
validation; develop plan for LEU
validation studies

Methods/model development

Cross section processing

Document 2-D SCALE model

Deterministic methods
implementation

Transport methods (ATTILA
model); REBUS model

Upgrade Monte Carlo Depletion
methods

Migrate from ALEPH software to
VESTA software

Probabilistic combination of
uncertainties (if funding is
available)

Review/update TASHA code
developed under Advanced
Neutron Source Program

Program management

Report preparation

Travel

Meeting attendance
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Table 4.2. ORNL fuels development activities proposed for FY 2009

Task name Comment

Perform tasks as identified by Idaho National

Graded fuel development program Laboratory

Includes support to review committees, meeting

Fuels program management attendance, travel, and report preparation
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APPENDIX A
POWER DISTRIBUTION MEASUREMENTS FOR HFIR HEU FUEL

Benchmarking studies of diffusion/depletion methods for HEU HFIR fuel are documented in ref. 6.
Corresponding studies with Monte Carlo methods (MCNP code’) had not been successfully performed
until now due to the effort required to input spatially dependent tallies into the HFIR MCNP model® °,
the effort to modify the model to represent the reactor configuration at the time the measurements were
conducted, and the inability to track a sufficient number of fission products (or, equivalently, the need
to create a properly defined lumped fission product) for those Monte Carlo depletion methods
previously available™. All three limitations are addressed (solved) by studies documented in ref. 11.
A brief summary of results is presented subsequently.

A current 3-D MCNP model was modified to replicate the HFIR Critical Experiment 3 (HFIRCE-3)
core of 1965. In this experiment, the power profile was determined by counting the gamma activity at
selected locations in the core. “Foils” (chunks of fuel meat and clad) were punched out of the fuel
elements in HFIRCE-3 following irradiation and experimental relative power densities were obtained
by measuring the activity of these foils and comparing each foil’s activity to the activity of a
normalizing foil.

This analysis consisted of calculating corresponding activities by inserting volume tallies into the
modified MCNP model to represent the punchings. The average fission density was calculated for
each foil location and then normalized to the fission density of the reference foil. Power distributions
were obtained for a clean core and a fully poisoned-moderator conditions. The observed deviations
between the experimental and calculated values for both conditions were within the reported
experimental uncertainties except for some of the foils located on the top and bottom edges of the fuel
plates.

In order to validate MCNP via power density comparisons, a set of experimentally measured results
are utilized. Tables A.1 and A.2 in Ref. 12 provide two data sets of relative power densities that were
obtained during the HFIRCE-3 experiments. The core conditions corresponding to each of the two
experiments are different and therefore provide two unique scenarios to model. The data in Table A.1
of Ref. 12 were obtained on September 9, 1965 for clean core conditions in which no boron was
present in the moderator and the control rods were at a symmetrical position of 17.534 inches
withdrawn from shutdown position. The set of data obtained on October 5, 1965, and listed in Table
A.2 of Ref. 12, were measured under fully poisoned core conditions in which 1.35 grams of boron per
liter of moderator was present and the control rods were fully withdrawn. Selected experimental data
points from Ref. 12 tables are plotted in the following figures in this section along with the currently
calculated values of local power densities.

The calculated eigenvalue (kes) under clean core conditions was 0.99561 + 0.00013. Figure A.1
shows the radial relative power profile at the horizontal midplane. The impact of the axial water
reflectors (water above and below the core) can be seen in Figs. A.2-A.3 (IFE = inner fuel element;
OFE = outer fuel element). Accurate modeling of these power peaks is crucial to verify that LEU fuel
is designed so that HFIR performance is not degraded by conversion of fuels.

The calculated eigenvalue (kesf) under fully poisoned conditions (simulating end-of-life conditions) was

1.00593 + 0.00013. Fig. A.4 shows the radial relative power profile at the horizontal midplane. The
impact of the axial water reflector on the local power density is seen again in Figs. A.5-A.6.
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