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ABSTRACT

This report documents progress made during FY 2007 in studies of converting the High Flux
Isotope Reactor (HFIR) from highly enriched uranium (HEU) fuel to low-enriched uranium (LEU)
fud. Conversion from HEU to LEU will require a change in fuel form from uranium oxide to a
uranium-molybdenum aloy.

With an increase in reactor power to 100 MW, a high volume fraction U-Mo-in-Al fuel could
attain the same neutron flux performance as with the current HEU fuel, but materials considerations
appear to preclude production and irradiation of such afuel. A diffusion barrier would be required if
aluminum isto be retained as the interstitial medium, and the additional volume required for this
barrier would degrade performance. Attaining the high volume fraction (55 wt %) of U-Mo assumed in
the computational study while maintaining the current fuel plate acceptance level at the fuel
manufacturer is unlikely, that is, no increase in the percentage of plates rejected for noncompliance
with the fuel specification. Substitution of a zirconium alloy for aluminum would significantly increase
the weight of the fuel element, the cost of the fudl element, and introduce an as-yet untried
manufacturing process.

A monolithic U-10Mo fail isthe choice of LEU fuel for HFIR. Preliminary calculations indicate
that with a modest increase in reactor power, the flux performance of the reactor can be maintained at
the current level. A linearly graded, radial fuel thickness profileis preferred to the arched profile
currently used in HEU fuel because the LEU fuel medium is ameta aloy foil rather than a powder.
Developments in analysis capability and nuclear data processing techniques are under way with the
goal of verifying the preliminary calculations of LEU flux performance.

A conceptual study of the operational cost of an LEU fuel fabrication facility yielded the
conclusion that the annual fuel cost to the HFIR would increase significantly from the current HEU
fud cycle. Though manufacturing can be accomplished with existing technology, severa engineering
proof-of-principl e tests would be required.

The RERTR program is currently conducting a series of generic fuel qualification tests at the
Advanced Test Reactor. A review of these tests and areview of the safety basis for the current HEU
fud cycleled to the identification of a set of HFIR-specific fuel qualification tests. Much additional
study is required to formulate a HFIR-specific fuel qualification plan from this set. However, one such
test—creating a graded fuel profile across aflat foil—has been initiated with promising resuilts.
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1. INTRODUCTION

Design studies for alow-enriched uranium (LEU) core for the High Flux Isotope Reactor (HFIR)
were conducted according to the plan documented in Refs. 1 and 2. Lists of the studies that had been
planned for fiscal year (FY) 2007—published in Ref. 2—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.
Discussion of tasks not conducted will also be presented in Sect. 4 of thisreport. Section 5 of this
report is devoted to a discussion of tasks planned for FY 2008.

Table1.1. Reactor analysisactivities proposed for FY 2007

Area of study Task ID Subtask description
One-dimensional (1-D) Monoalithic Boron in aluminum end plate
graded fuels Transient analyses of reference design
Determine maximum cycle fluence
Dispersion Increased volume fraction (0.55) for uncoated fuel

and change of fuel type to U-7Mo; include boron
in aluminum end plate if positive benefit

Two-dimensional Monolithic Develop grading profile

(2-D) graded fuels

Economic/engineering
assessment

M ethods/model
development

Conversion to power
>85 MW; both 1-D and
2-D fuels as appropriate

Cross section processing and
deterministic methods
completion

Monte Carlo Neutron
Particle code (MCNP)
model development

Turbulent mixing, nonbond
assumptions in thermal-
hydraulic model

Probabilistic combination of
uncertainties

Transient analyses of reference design
Determine maximum cycle fluence

Similar study as Chap. 4 (Ref. 2) but identifies
cost/schedule for increasing HFIR power so
performance meets/exceeds current value

Develop/examine 2-D SCALE “sab” model
Documentation/archive VENTURE models
Transport methods (ATTILA3)

Develop discrete plate representation model

Revise geometry to generate smaller volume zones
in fuel region

Update/make operational MCNP depl etion model
(MONTEBURNSY)

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

Incorporate into HFIR steady state heat transfer
code; validate

Review/update TASHA code devel oped under
Advanced Neutron Source Program




Table 1.2. Fuelsdevelopment activities proposed for FY 20077

Task name Start date or comment

Graded fuel development program Collaboration with FRM reactor
staff and FRM fuel fabricator

(CRCA/ARIVA) on physical
vapor deposition processes for
fabricating 2-D grading and
monolith diffusion barrier

Diffractometry measurements—as  Sample preparation and 3 months prior to HFIR startup
reguested by RERTR program transportation inside ORNL
(next HFIR cycle expected M easurement preparation, 2 months prior to HFIR startup
December 2006; HFIR staff measurement
d RERTR plan for '
recommen postmeasurement analyses
cycle after startup; March 2007) )
Planning for measurements to November 2006
support revision of safety basis
documents




2. REACTOR ANALYSES

At the start of the fiscal year, insufficient data were available to judge whether a diffusion barrier
would be needed between the uranium/molybdenum alloy fuel (10 wt % Mo, termed U-10Mo) and the
aluminum clad. Studies performed in FY 2006 indicated that fuel composed of uncoated U-Mo
particles dispersed in auminum could possibly achieve the performance goals that had been
established in Ref. 1. Consequently some studies of dispersion fuels were conducted at the start of
FY 2007 and were documented in Ref. 5. A summary of those studies is presented here. During the
latter part of FY 2007, material irradiations performed in the Advanced Test Reactor led members of
the fuel development task to conclude that a diffusion barrier coating would be necessary for the U-Mo
fuels. Consequently, the reference LEU fuel for the HFIR is a monoalithic foil, and studies of that fuel
are also presented in this section. Multidimensional fuel grading studies® indicate that an LEU fuel can
meet the performance parameters identified in Ref. 1, doing so requires a modest increase in reactor
power. Improvements in analysis methods are under way so that the accuracy and precision of
calculated safety margins can be improved from current values and the manufacturing process for LEU
fud (to be developed) can be optimized. Improved accuracy and precision of safety margins will result
in minimization of the capital expense associated with an increase in reactor power.

21 DISPERSION FUEL STUDIES

Several types of dispersion fudl have been analyzed: coated and uncoated (with Nb), and U-10Mo
and U-7Mo (7 wt % Mo in U-Mo dloy) material. Studies presented here were based on uncoated
U-7Mo dispersion fuel. The U-7Mo dispersion fuel consists of minute fuel particles, of approximately
the same diameter as UsOg particlesin the current HEU fud, intermixed with a silicon-stabilized
aluminum powder. It was assumed that a diffusion barrier was not required, so the dispersion particles
in this current study were assumed to be bare, spherical, U-7Mo particles.

Two of the assumptionsin Ref. 1 are modified for these studies. The fuel form is U-7Mo, and the
packing fraction is assumed to be 0.55 (instead of 0.5), as presented in Table 1.1. U-7Mois chosen
because its density is dightly greater than U-10Mo, but irradiation performance is comparable. The
higher density and higher volume fraction result in higher fuel loading per unit thickness and lead to
longer cycle length, and full-power level of the HFIR. Table 2.1 lists the specific assumptions and
characteristics of the U-7Mo dispersion fuel as represented in the models for the scientific code
packages.

Table2.1. Assumptionsfor the dispersion calculations

Dispersion fuel material U-7 wt % Mo dispersed in aluminum
Fuel uranium density 8.7 gu/cm®

U-Mo volume fraction 55%

Aluminum volume fraction 45%

HFIR power level (corelifetime burnup) 85 MW (26 FPd)

2.1.1 Design and Performance Parametersfor a U-7Mo Fud

The monolithic studies showed that the fuel loading required to achieve equivalent cycle length
and burnup as the current HEU cycleis about 17 kg of 2°U. This parameter is generally independent
of fuel form—monolithic or dispersion. However, the reduced uranium density in the dispersion fuels
leads to the thickness of the fuel meat being much greater for dispersion fuels than for monolithic
fuels.



The power-level and core lifetime performance of LEU fuelsin HFIR depends on the density of
%5, the amount of ®U, and the relative amount of molybdenum. In addition, the ultimate distribution
of the fuel material in the fuel plates (and between the inner and outer fuel elements) has a major effect
on the HFIR performance. Combinations of operating power and cycle length, determined in FY 2006,
areshown in Table 2.2.

Table 2.2. Operating conditionsfor FY 2006 U-10M o dispersion fuel simulations

Operating 235 loading Cyclelength
Case power (k) (MWd)
(MW)
Current, HEU 85 9.4 2210
Coated LEU, maximum operating power 88 10.9 935
Coated LEU, maximum cycle length 40 171 2805
Uncoated L EU, maximum operating power 85 13.2 1870
Uncoated LEU, maximum cycle length 77 175 2465

In the U-7Mo dispersion fuel cases, the shape of the **U distribution was assumed to be the same
as the unconstrained minimum-thickness monolithic fuel case (from FY 2006 studies) with the peak
thickness expanded to 688 um (27.1 mils), the same maximum fuel thickness as the current HEU
fueled core. This methodology allowed for maximum U loading under the constraint of the
previoudly identified optimum fuel grading distribution. This methodology is not guaranteed to yield
the maximum operating power (radial peaks could be reduced by shifting fuel toward the center of the
plate) but likely yields an operating power close to the maximum due to axial end peaking likely being
the principal factor in establishing maximum operating power.

The current HFIR HEU core has 27.5% of its “°U in the inner fuel element (IFE). However
37.3% of the HFIR power in the IFE and 62.7% in the outer fuel element (OFE). Using U-7Mo
uncoated dispersion fuel in HFIR increases the *°U content of the fuel plates, as compared to the
graded U-10Mo dispersion fuel cases, because of the higher uranium density of the U-7Mo fuel. The
net fuel grading with the U-7Mo dispersion fuel was sufficient to allow for an operational power level
of 85 MW, while satisfying the power density and coolant enthalpy constraints, and the cycle length
for this uncoated dispersion fuel case meets the target reference 26-d (at full power) cycle (2210
MWd).

To the extent possible, increasing the “°U fractional loading in the | FE has the desirable effect of
increasing the HFIR core cycle length, though the trend tends to level off in the core loading range of
15 to 18 kg **U as the result of the depression of the thermal neutron flux peak occurs in the core with
high fuel loadings. The fuel meat thickness profiles for the uncoated U-7Mo dispersion fuel cases are
shownin Table 2.3.

Computational simulations of reactor performance were performed with the HFIR critical for 26 d
at the 85-MW full-power level; the control absorbers were adjusted in the simulation to be within
~0.2% reactivity of critical. MCNP5’ models of the HFIR core were used to analyze the HEU and
LEU cores; the results compared favorably with the beginning of cycle (BOC), diffusion theory,
BOLD VENTURE? kg determinations for these same cases. The results of the calculations indicate
that the required **U fuel loading increases from 9.4 kg for HEU to about 16 kg for the LEU case.

Figure 2.1 shows a comparison of the uncontrolled ke; curve for the HEU case and the dispersion,
U-7Mo LEU case. These results show the effect of the fissile plutonium generation in the LEU cycle;
that being areduced sopein the k; curve compared to the HEU core. The excess reactivity at 26 d is
similar for the HEU and LEU cases, but not the same. Consequently, the estimate for the *°U loading
of 16 kg islikely dightly low. If further studies were to be conducted, beginning-of-life (BOL)
inventory should be increased to match the end-of-cycle (EOC) reactivity of the HEU core. The



Table 2.3. Uncoated LEU U-7M o dispersion fuel profile and the current HEU fuel profile

Distance Thickness of fuel meat Distance Thickness of fuel meat
along (mils) along (mils)
inner outer
element LEU U-7Mo HEU element LEU U-7Mo HEU
plate Sln alur.nml;me)I UsOs plate él-n alummt:mel) UsOs
(cm) ispersion fu (cm) ispersion fu
0.252 5.0 10.2 0.191 9.1 15.3
0.448 5.6 11.6 0.216 10.1 15.6
1.203 5.9 15.5 0.395 15.6 16.9
2.439 9.8 205 1.134 22.6 23.0
3.811 12.7 24.4 2.256 271 271
5.314 13.3 24.6 3.449 26.0 255
6.969 11.1 215 4,655 19.1 20.7
7.985 8.3 18.6 5.908 12.1 14.7
8.091 8.2 18.3 6.731 10.1 11.5
114
1.12

1.10 4

1.08

1.06

Multiplication Factor (K)

LEU (U-7Mo)
1.04
1.02
1.00 T T T T T
0 5 10 15 20 25

Days of Full Power Operation

Fig. 2.1. Comparison of kg for U-7M o dispersion LEU and current HEU HFIR cores.

reduced molybdenum content of the U-7Mo fuel relative to the U-10Mo fuel does reduce parasitic
neutron absorption and resultsin aBOL core inventory of uranium for the U-7Mo fuel that is dlightly
less than that of the U-10Mo fuel.

The primary performance parameters evaluated include the thermal neutron flux in the central flux
trap and the outer beryllium reflector, as presented in Table 2.4. A comparison of the flux values
shows that there is areduction of the thermal neutron fluxes at the EOC conditions by ~12% in the
outer beryllium reflector.



Table 2.4. Thermal neutron flux results of the U-7M o dispersion fuel core compared
tothe FY 2006 U-10M o monolithic fuel core and the current HEU core

LEU LEU

Par ameter HEU (monolithic U-10Mo)  (dispersion U-7Mo)

Peak thermal neutron flux in
reflector (neutrons/cm? s)
BOC 1.1x 10% 1.1x10% 1.1x 10%
EOC 1.7 x 10® 1.5x 10" 1.5x 10"

Peak thermal neutron flux in
central target (neutrons/cm? s)
BOC 2.6 x 10° 25x 10" 2.6 x 10°
EOC 2.7 x 10" 2.5x 10" 2.5x 10"

The fast and thermal radial neutron flux distributions at BOC and EOC (at midplane) are shown in
Fig. 2.2 for the U-7Mo HFIR core. The thermal neutron flux is defined as up to 0.625 eV, and the fast
flux shown in the figure is defined for neutrons with energy greater than 0.1 MeV.

As part of the U-7Mo HFIR core modeling simulation, the control element positions during the
fuel cycle case were updated and improved. Figure 2.3 shows the progression of the positions of the
control elementsin HFIR during the smulated U-7Mo dispersion fuel core case, compared to the
current HFIR HEU core behavior. (The HEU control element at 21 effective full power days [EFPD]
was found to have been inaccurately set at the position corresponding to 24 EFPD.)

1.E+16
1.E+15
1.E+14 -
@
%t 1E+13 ]
(&}
£
x
5 1E+12
L
c
o
£ 1E+11 -
g —— Thermal (BOC)
1E+10 | — — Thermal (EOC)
—— Fast (BOC)
1.E+09 — —Fast (EOC)
1.E+08 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 80

Radial position (cm)

Fig. 2.2. Radial fast (>0.1-M €V) and thermal (<0.625-eV) neutron flux distributionsin HFIR.
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The HEU core requires the control elements to be inserted more at BOC than in the U-7Mo (LEU)
dispersion fuel core, because of the higher reactivity of the HEU core. The U-7Mo dispersion core
simulation has the absorbers withdrawn in a series of steps (as seen in Fig. 2.3) to keep the core
reactivity as constant as possible during the simulation. Figure 2.4 shows aplot of kg vs time for the
LEU U-7Mo HFIR dispersion fuel core, which is seen to be very close to the criticality during the
simulation. Reactivity deviations from kg = 1 are less than +0.5%Ak/k. The target EOC core reactivity
is currently ke = 1.02 with the control absorbers fully withdrawn.

BOLD VENTURE and MCNP calculations were performed in FY 2007 for arange of U
content with the U-7Mo dispersion fuel, from aslow as 15.1 kg to 17.5 kg (equivalent to the 2°U
loading of the FY 2006 monolithic U-10Mo case). It was seen that as the concentration of 2°U is
increased, the corresponding increase in >2U concentration offsets to a large extent the net reactivity
increase in the core. The natural molybdenum has a small but measurable diminishing effect on the
core reactivity as the molybdenum concentration increases.

The MCNP result for the BOC U-7Mo dispersion fuel case, at T = 300K, is ke = 0.9939 + 0.0005.
The reactivity effect of the natural molybdenum content in the U-7Mo coreis Ak = 0.57 + 0.06% (5.83
kg of total molybdenum). Note that the U-7Mo core has 5.83 kg of molybdenum at BOC, as compared
to0 9.87 kg of molybdenum at BOC in the earlier monolithic U-10Mo case from FY 2006.

The studies of bare, U-7Mo dispersion fuel are now considered to be academic in nature. They are
illustrative of the degree to which dispersion fuels might be able to approach current, HEU-fueled
HFIR performance. Criteria established in Ref. 1 coupled with the irradiation performance of uncoated
(no diffusion barrier) U-10Mo fud during FY 2007 leads to the conclusion that only monoalithic foil
LEU-Mo fuel can meet HFIR performance criteria.
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2.1.2 Commentson Zirconium-based Fuels

Because fuel irradiation tests during FY 2007 yielded the conclusion that some type of diffusion
barrier isrequired to exist between the U-Mo fuel and the aluminum clad and filler material, it is
logical to consider substitute materials for aluminum. Considering the materials that have been used
for reactor applications and under the constraint of minimizing parasitic neutron absorption in the
reactor core (aluminum absorption cross section is quite low), the only choice would be zirconium or
an aloy of zirconium. Known difficulties with substituting zirconium for aluminum are cost and
weight. Zircaloy™ azirconium alloy currently used in power reactor fuels has a density of 6.44 g/cm
vsthe Al-6061 density of 2.70 g/cm®. Because a HFIR core (inner and outer element) is mostly
aluminum, the weight of a core would increase by afactor of 2.4 if Zircaloy were substituted for
aluminum. Thisincrease in weight, accompanied by the increase in uranium weight of an LEU core,
relative to an HEU core (afactor of 8.2 due to reduction in enrichment and increase in critical mass of
#2J) would require that a new structural analysis be performed of the core support grid with the
potential for required strengthening of the reactor support structure. From Ref. 9, zirconium of about
99.6% purity is available at a cost of about $150/kg; a recent purchase of aluminum for HFIR HEU
fuel fabrication was made at a cost of $15/kg. Pressing aflat Zircaloy plate to a HFIR involute shape
has not been performed. The ductility of Zircaloy isless than that of aluminum, but whether this
property would significantly impact the plate production processis not known. It is possible that
zircaloy clad fuel plates could be made thinner than the current aluminum fuel plates. Thinner plates
would result in more plates per unit volume in the core with consequent reduced surface heat flux
under constant power. The thermal conductivity of Zircaloy islower than that of aluminum, but the
low operating temperature of the HFIR coupled with the small thickness of HFIR plates and the higher
melting point of zirconium relative to aluminum would minimize the impact of the difference.
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22 TWO-DIMENSIONAL GRADED MONOLITHIC FUEL

Studies conducted during prior fiscal years have been limited to changes in the region-between-
the-clad (fuel meat region) of the HFIR plates. No changes have been assumed for any of the reactor
operating conditions (inlet, outlet temperatures, and system pressure) or for the geometry of the reactor
core (diameter, materials, and fuel plate dimensions). A conclusion of these studies was that the
current level of reactor performance as defined by parameterslisted in Ref. 1 could not be maintained
with LEU fuel with the reactor operating at 85 MW. From those studies, the hypothesis was devel oped
that if the reactor power could be increased to the original design level of 100 MW—the HFIR was
operated at 100 MW for more than 20 years—the performance parameters could be maintained at their
current levels. One method of obtaining this higher power level consistent with the original assumption
of only considering changes to the fuel meat region was to smooth the power distribution by grading
(or tapering) the fuel thickness in both the axial and radial directions (currently the fuel is graded only
in theradia direction).

From radial-grading studies conducted during FY 2006, new LEU fuel thickness profiles were
developed. Fuel profiles for the inner and outer elements for monolithic (U-10Mo, FY 2006 studies)
and dispersion (U-7Mo, reported here previously) fuels are shown in Fig. 2.5 (inner element) and
Fig. 2.6 (outer element).
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Fig. 2.5. Inner element LEU fuel profiles.
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Monoalithic fuels could be constrained by minimum foil thickness that can be economically
fabricated. Dispersion fuel is constrained by the available meat thicknessin the current HFIR fuel
plate. Figure 2.7 shows the power profile in the HFIR for the “only radialy graded” monalithic fuel
design. The coolant in HFIR flows downward through the core, and the lower axial edge peak isthe
limiting location for avoiding incipient boiling.

Fig. 2.7. BOL power distribution for “only radial graded”
fuel (diffusion theory; profilefor blue highlighted region of core).

221 Design and Performance Parameters

Fuel densities at the upper and lower edges of the fuel elements were reduced, and the operating
power resulting from the thermal-hydraulic margins identified in Ref. 1 was recalculated for a new
power distribution based on Monte-Carlo-normalized diffusion theory. The height of the reduced-
density axial zones was not optimized, but reducing the fuel density by 50% over the top and bottom
2.5 cm of the fueled region resultsin an estimated BOL operating power of 102 MW and an estimated
end-of-life operating power of 97 MW. End-of-life reflector peak thermal flux equals the current HEU
value.

These studies are “ proof-of-principle” only. Much design work remains including optimization of
the length of the axially graded regions and the profile of the fuel shape in those regions. Furthermore,
arecaculation of uranium mass to meet lifetime requirement is needed. The ratio of LEU to HEU
fluxes at the location of the HFIR cold source is shown in Appendix A. This study shows that with the
existing thermal-hydraulic analysis methodology, attaining equivalent performance with LEU fuel asis
currently available with HEU is plausible given a moderate increase in reactor power. While
moderator heat load has been accurately predicted for the current HEU fuel cycle, anincreasein
reactor power to 100 MW might require redesign of the cold source cooling system (modifications to
refrigeration units).

2.2.2 Kineticsand Transient Analyses

A computational model of the reactor core of the HFIR was devel oped to analyze nondestructive
accidents caused by transients during reactor operation. Such model was built based on the available
description parameters Ref. 1 and the latest version of the nuclear analysis software package called
Program for the Analysis of Reactor Transients (PARET).'® Validation cal culations were performed
and compared to published results. Analyses were performed with the model for the current HEU fuel
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and compared to cal culations performed with other methods and documented in the HFIR safety
basis.** Finally, the model was used to analyze the behavior of the reactor under transients with LEU-
10Mo monoalithic fuel. The study showed that the presence of fertile isotopesin LEU fuel that increase
the neutron resonance absorption reduce the impact of transients on the fuel and enhances the negative
reactivity feedback. The current HEU fud performance under transients bounds the LEU performance
for those transients that were studied. These studies are documented in Ref. 12.

23 METHODSDEVELOPMENT

One goa is common to all methods devel opment tasks—simplify the design of an LEU fuel plate
for HFIR. If possible, dimination of the axial grading in each fuel plate—whatever that optimal
grading profile may be—will significantly reduce the cost of fabricating LEU fuel for HFIR given that
more than 5000 fuel plates would have to be produced each year. Two methods development tasks are
devoted to improving the accuracy and precision of neutronics methods; one task is devoted to
improving the accuracy of determining the margin to incipient boiling in an LEU core.

2.3.1 Multidimensional Cross Section Processing

Except for the MCNP studies, the neutronics analyses of HFIR performance with LEU fuel that
have been performed to date used a set of computational tools that has existed since the early 1990s.
This set includes the BOLD-VENTURE code system, a 3-D multigroup diffusion solver with
depletion capabilities. The ability to provide fast solutions, perform depletion calculations, and allow
changes in the geometry during depletion (i.e., changes in the control plates locations) make this
methodology a suitable tool to perform fuel grading scoping studies. Y et comparison to MCNP
calculations and to critical experiment measurements shows that this methodology overestimates the
local power densities along the edges of the reactor core—axial and radial.

The development of a new cross section processing methodology started in FY 2007, with theaim
of ensuring a more appropriate representation of the cross section data for the fuel regions located near
the edges of the fuel element. Fuel regions at the edges of the elements are characterized by larger
neutron leakage and neutron flux spectra much different than the average flux in the fuel element.
Better cross section representation will improve the results of the VENTURE calculation. The new
methodology is based on the TRITON/NEWT sequence newly availablein SCALE™ that allows 2-D
depletion calculations for arbitrary-mesh geometries. It is expected that the 2-D cross section
processing approach will provide a better representation of the spatial dependence of the neutron flux,
especialy important for the fuel regions at the top and bottom of the fuel elements. At the same time,
the use of the TRITON sequence will make available the cross section data as a function of burnup.

2.3.1.1 2-D NEWT model of HFIR

NEWT is atransport theory solver that is called by the SCALE module TRITON. The2-D NEWT
model of HFIR represents an axial cross section of the reactor core that cuts the cylindrical core into
two equal halves. Due to symmetry, only one quarter of the axial cut ismodeled, asillustrated in
Fig. 2.8. Reflective boundary conditions are imposed on the left and bottom of the bounding surfaces,
and white boundary conditions on the other two edges of the configuration. The geometry and material
composition data are consistent to that used in the 3-D MCNP detailed model of HFIR developed by
Xouby and Primm®® and in the VENTURE model of HFIR used for 1-D grading studies. However, no
control plates or targets are included in the NEWT model. The fuel radial grading is modeled in detail.
The reduced density in the axial zones—described in Sect. 2.2.1—can also be included explicitly.
Therefore, the resulting microscopic cross sections should account for the changesin flux at the edges
of the fuel element as compared to the fuel element average flux.
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2.3.1.2 Verification of the2-D NEWT model

Asafirst verification step, the spatial variation across fuel elements of relevant four-group
macroscopic cross sections (fission, capture) and fluxes obtained with the NEWT model was compared
to the corresponding results obtained with asimilar smplified 3-D MCNP transport model. This
simplified MCNP modd, illustrated in Fig. 2.9, was built to be consistent with the NEWT model;

(a) radial view

T II| |

(b) axial view
Fig. 2.9. A 3-D MCNP simplified model of HFIR.
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therefore, it does not include as many details as the detailed MCNP model of HFIR. Continuous
energy cross section data were used for MCNP, whereas NEWT cal culations employed a 238-group
SCALE transport library. Both cross section data were based on ENDF/B-V nuclear datafiles.

The comparison between the two models was performed for the system multiplication factor ke
and for fission and capture macroscopic cross sections for selected regionsin the fuel elements. Good
agreement was observed for the k-effective values. The maximum difference between the two methods
in the case of the macroscopic fission cross section over the thermal energy range for the spatial
elements considered was 3%, asillustrated in Fig. 2.10. The good agreement of the results obtained
with the two models confirmed the adequacy of pursuing the new 2-D methodology. It showed that the
transport solutions obtained with the two models are consistent.
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Fig. 2.10. Comparison of macroscopic thermal fission
cross section from MCNP and NEWT.

As aresult of the verification study, it was found that there were large differences of the
microscopic transport cross sections from the NEWT model as compared to corresponding values
derived from other deterministic methods. These differences were found to be due to adeficiency in
the transport cross section estimate in NEWT. The algorithm to estimate this cross section and its
implementation in the code has been revisited and modified to be consistent with the approach existent
in other modules of the SCALE code system. Assessment of algorithm performance is on-going.

2.3.2 Depletion Monte Carlo Methods

ALEPH isaMonte Carlo-based depletion tool developed at SCK/CEN in Belgium that couples a
Monte Carlo transport code from the MCNP family of codes (e.g., MCNP, MCNPX) and the point
depletion code ORIGEN 2.2. An earlier version of the code was used in the past to perform depletion
calculations for HFIR. This code, developed as a Ph.D. dissertation work, is currently archived at
SCK/CEN.

During FY 2007, effort was spent to install and test the code at ORNL. Thistask proved to be not
trivial because the code documentation is poor and there are pitfalls that are not documented at all in
the manual. ALEPH was tested by its developer on aLINUX platform for alimited number of C++
compilers (code is written in C++) and for coupling of the MCNPX code with a modified version of
ORIGEN2.2. At ORNL, ALEPH was successfully installed on a Linux computer on which the
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recommended C++ compiler, version 3.2 or later, was available, and coupled the already available,
installed and tested, latest version of MCNP (MCNP5) and the modified ORIGEN2.2.

Theinstalled version is currently under testing. One of the two reference test files received from
the code developer, which corresponds to a UO; pin cell burned up 60 GWd/MTU, was run to
completion. A comparison of the output data indicates a difference as compared to the reference data.
It may be due to possible differences between MCNP5 and MCNPX. The differences are currently
under investigation.

A second test case consisted of a HFIR model, which was run by the code developer on a cluster
using aparallel version of MCNPX. At ORNL, the same case, which has 25 burnup steps, was started
and run for about 3 weeks to complete 19 out of the 25 burnup steps. Given the computational effort
required for simulations of large configurations, a parallel version of the MCNP(X) code would need
to be installed and tested to be used with ALEPH.

2.3.3 Multidimensional Steady State Heat Transfer

The steady state thermal-hydraulics analysis methodology for HFIR is unchanged from the original
development that occurred at the time of construction of the reactor (mid-1960s'). Limitations of this
methodology include modeling of heat transport in only one dimension, modeling of only asingle
coolant channel in the inner element and a single coolant channel in the outer element, inability to
accommodate turbulent mixing of coolant flow, and lack of statistical treatment of uncertainties.
Accounting for some or al of these inadequacies would show that the safety margin (margin to
incipient boiling) for an LEU fuel that is graded in only one direction (radia) is adequate.

Research Reactors Division (RRD), ORNL, has adopted the finite-element, multiphysics,
numerical analysis program, COMSOL, for modeling thermal and fluid flow behavior. Consistent with
RRD’s current practice, development of the thermal-hydraulic model for LEU fuel will be based on the
COMSOL software package. COMSOL iswell suited to multiphysics evaluations but is also
demanding of computational power and memory during execution.

Modern computational fluid dynamic (CFD) simulation, in conjunction with conduction modeling
in the fuel and cladding, allows matching of the spatial power distribution in the fuel volume. It also
allows detailed simulation of the impact of fuel manufacturing flaws, fuel cooling channel dimensional
variations, and fuel loading uncertainties such that best estimate evaluations of these parameters can be
available. During FY 2007, work started to create geometric and material models for the fuel structure
and the coolant in a computational format allowing coupled solution of the governing thermal-fluid
multiphysics equations.
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3. FUELSDEVELOPMENT

In the current, HEU fuel cycle, funding for U;Og production, fabrication of fuel elements, and
trangportation of both fresh and spent fuel are provided by the reactor operator. Conseguently, any
expected changes in the cost of these fuel cycle elements must be identified so that sponsors of work
performed at HFIR can plan future budgets. While the Reduced Enrichment for Research and Test
Reactors (RERTR) Program has committed to supply the first LEU core to HFIR—thereby implicitly
agreeing to fund the capital cost of creating a new fuel cycle—the annual operating expense of the fuel
cyclewill remain aresponsibility of the reactor operator. The potential operating cost of an LEU
manufacturing process was studied during FY 2007 and documented in Ref. 16. Consistent with the
commitment to supply the first LEU core to HFIR is a second area of responsibility for the RERTR
program; that being the certification of LEU fuel for usein HFIR. While the RERTR program has
developed a set of experiments to achieve “generic qualification,”*’ the fuel qualification plan
stipulates that “ reactor-specific” qualification tests will follow the generic qualification. ORNL staff
have begun the identification of “HFIR-specific” qualification tests that should follow the completion
of the generic qualification program. One of those qualification tests was initiated in FY 2007.

3.1 CONCEPTUAL FUEL MANUFACTURING PROCESS

The conceptua LEU fud manufacturing process, also known as a reference flow sheet, presented
in Refs. 16 and 18 is based on processes currently being developed by the national program for the
LEU foil fuel when available, processes used historically in the manufacture of other nuclear fuels and
materials, and processes used in other manufacturing industries producing a product configuration
similar to the form required in manufacturing afoil fuel. The processesin the reference flow sheet are
within the bounds of known technology and are adaptable to the high-volume production required to
process ~2.5 to 4 tons of U-Mo and produce ~16,000 flat plates for U.S. reactors annually (~10,000 of
which are needed for HFIR operations). The reference flow sheet is not intended to necessarily
represent the best or the most economical way to manufacture a LEU foil fuel for HFIR but smply
represents a*“ snapshot” in time of technology and is intended to identify the process steps that will
likely be required to manufacture afoil fuel. Changes in some of the process steps selected for the
reference flow sheet are inevitable; however, no one step or series of steps dominates the overall flow
sheet requirements.

A result of conceptualizing a reference flow sheet was the identification of the greater number of
steps required for afoil process when compared to the dispersion, HEU fuel process. Additionaly, in
most of the foil processing steps, bare uranium must be handled, increasing the complexity of these
processing areas relative to current operations. Based on estimates of the process step costs, itis
apparent that line item funding will be necessary for the construction of an LEU fuel fabrication
facility and could take as much as 8 to 10 years to complete. Annual cost to the reactor operator could
be two to four times the current cost for HEU fuel.

3.2 DEVELOPMENT OF A HFIR-SPECIFIC FUEL QUALIFICATION PLAN

While U-10Mo has been chosen as areference LEU fuel, avariety of industrial processes exist for
creating afuel foil for HFIR. Various processes were reviewed, and candidates for reference
production processes were selected. Once selected, a process to identify HFIR-specific fuel
gualification tests was initiated. The first of these tests—forming aradialy graded fuel foil—was
instigated this year.
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3.21 Review of Possible U-M o Foil Production and Cladding Processes

Initial work performed during FY 2007 was centered on identifying and evaluating the feasibility

of methods to produce LEU-Mo foils that were graded in two dimensions (across the width and along
the length). Four candidate methods for 2-D graded foil fabrication were evaluated.

1.

2.

Create the fuel region in the fudl plate using stacked foils of the U-Mo alloy composition
eventually selected asthe LEU fuel (presently assumed to be U-10 wt % Mo). These foilswould
have to be of small thicknesses, approximately 25 to 65 um (0.001 to 0.0025 in.) thick with, at this
point, unknown thickness tolerance. Each foil would have constant isotopic composition. If
necessary the isotopic compasition could vary from one foil to another. The foils would be
“stacked” in the fuel plate to produce the necessary 2-D grading in ?°U content. A major
performance question will be assuring heat transfer between foils and the foil stack to the
aluminum clad, that is, bonding of the foil stack to assure good thermal conductivity. One possible
approach to fabrication would be fusing the stacked foils using one of two very high intensity
infrared (IR) lamps. The heated foils would produce the monalith that would then be trimmed,
placed in the aluminum clad, and the edges welded, possibly with friction stir welding (FS). The
final bond between fuel and clad would be achieved by rolling, FS, or hot isostatic press (HIP).

A second approach would be to produce the fud meat from U-Mo powder. It would be possible to
use two or three powders of varying isotopic composition to create two or three different “wafers.”
The wafers would be the width of the HFIR fuel meat region but would be considerably shorter
than the 20-in. fueled length of the HFIR plate. Radial grading is achieved by depositing powder
ina“mold” to make a preform of the fuel section. This preform could then be fused using IR lamp
technology. Axia grading would be achieved by stacking the wafers of either different thicknesses
or different enrichments (or both) in an aluminum frame. This frame would then be placed into
aluminum clad sections, welded, possibly with FS to achieve total closure as well as bonding of
the aluminum clad and the fuel, or welded with conventional techniques using HIP to achieve
aluminum-fuel bonding, or roll bond.

Still athird approach would be to use a deposition process such as magnetron sputtering, electron
cyclotron resonance (ECR) plasma-driven sputtering, or plasma spraying to form the fuel meat.
Conceptually any of these processes could be used to achieve afuel section with either a2-D
isotopic tailoring (varying the uranium enrichment) or a graded thickness. It may be possible to
deposit the fuel directly onto one-half of the aluminum fuel and then deposit the “ cover plate” aso
using plasma spray, ECR, or a magnetron sputter deposition process. If this could be done,
bonding with the plate would be assured. The second (top) plate might also be bonded to the fuel-
containing bottom plate using FS, roll bond, or HIP. The high-intensity IR lamps may be very
effectivein creating 2-D isotopically graded (varying the uranium enrichment) targets for
magnetron or ECR sputtering, fusing to eliminate voids that are usually present in sprayed coating,
etc.

The fourth approach would be to create a contoured shape on arolled metal foil by machining or
grinding the surface of the foil.

Each of these fabrication scenarios was evaluated, and it was concluded that the fourth method

was most feasible. The stacked foil method was determined infeasible mainly due to concerns about
the ability to fabricate and handle 0.001-in.-thick U-Mo foils. Additionally, the precision and
repeatability with which the foils could be stacked to produce the needed 2-D grading was thought to
be unacceptable. Also, making ~15,000 plates a year by stacking and fusing ten or more thin foils per
plate was thought to be impractical.
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The concept of producing “wafers’ from LEU-Mo powder was thought to be too complicated from
an operational standpoint. First, maintaining control of powders (and wafers) with varied enrichment
was not considered viable. The issues of handling large quantities (2.2 Mg/year) of reactive metal
powders, while not impossible, were thought to be impractical compared to handling foils. And similar
to the stacking foils concept, there were concerns about stacking multiple wafersin each plate in the
production of 15,000 plates ayear.

The third proposed approach initialy held the most promise. Being able to deposit the LEU-Mo
fuel “meat” onto one of the clad halves and produce the grading by controlling the thickness of the
deposit was attractive. This scenario could potentially guarantee the fuel/clad bond, while at the same
time provide areliable way of achieving the fuel grading. Unfortunately, it was believed that the only
way to produce the necessary high-temperature gamma-phase U-Mo using a deposition technique was
by either depositing the U-Mo on a substrate that was held at temperature where the gamma phase was
stable (~580°C), or to do a postdeposition heat treatment to produce the gamma phase. Either method
of producing gamma phase U-Mo is unfeasible if the substrate is the aluminum cladding (melting point
~600°C). The inability to deposit the fuel directly onto the cladding coupled with concerns about the
ability to produce fuel foils by a deposition technique on the production scale lead to the conclusion
that more traditional foil fabrication techniques were a better choice.

As aresult of these studies, option 4 was selected. Selection of the grading process enabled
development of a set of qualification tests needed to certify the fuel. The next sections discuss these
tests.

Some additional fuel development concepts were considered in addition to U-Mo faoil production.
One of the key issues in the fabrication of monolithic fuel is achieving a good bond between U-Mo
fud fail, the aluminum cladding, and any potential interface layers. While investigating the production
of graded fuel foils by sputtering, a sputter cleaning technique was identified that could potentialy
allow clad bonding at both low temperature and pressure. It had been shown experimentally on a
laboratory scale that pure aluminum bonding at low pressure near room temperature could be
accomplished using sputtering to remove the oxide layer from the mating surfaces of the
auminum.**# While the traditional mechanical and chemical auminum cleaning methods are
performing adequately for the FB and the HIP clad bonding process, it would be a small and
worthwhile effort to investigate this sputter cleaning technique.

Using a deposition technique to deposit the cladding was also considered. Clad deposition would
afford similar clad bonding as fuel deposition onto the clad, but there were concerns that
postdeposition annealing (to achieve the desired aluminum microstructure), if needed, could lead to
unwanted U-Al interaction. Also, the feasibility of clad deposition on the production scale was
guestioned. These issues coupled with the success of the FB and HIP processes tabled this concept.
Applying fuel/clad interfacia layers via physical vapor deposition is quite feasible.

3.2.2 Prdiminary Identification of HFIR-specific Fuel Qualification Tasks

After reviewing generic qualification tests as documented in Ref. 17 and having reached
preliminary conclusions on fuel plate geometry (Sect. 2.2) and fuel plate grading process (previous
section) and reviewing the HFIR safety basis,™ fuel qualification issues were identified by ORNL
staff. Fuel qualification entails performing a set of tests on both integral and separate effects that cover
the conditions for Department of Energy (DOE) approval of the safety basis for operation of the
reactor or for Nuclear Regulatory Commission (NRC) licensing. As aresult of these tests, it should be
demonstrated that no fuel failure is expected to occur during normal operation including anticipated
operationa events; that predictable and limited degradation, which might occur during design basis
accidents, will not lead to an uncontrolled release of radioactive materials to the environment; and,
preferably, that predictable failure mechanisms, which might occur during severe accidents beyond the
design basis, are such that source term releases can be quantified for emergency planning. Achieving
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this goal requires well-defined tests of materials reaction kinetics via “ out-of-pile,” heated, water
immersion tests including corrosion tests of fuel meat and clad in water under prototypic conditions
and both fueled and nonfueled irradiation tests at different temperatures and therefore various heating
rates and neutron-fluence levels. Table 3.1 isa summary of tests believed to be needed to qualify an
LEU fud for usein the HFIR. The table was distributed to all members of the U.S. High Performance
Reactor Conversion Group, and comments were solicited. The table will serve as abasis for the
development of a HFIR-specific fud qualification plan.

3.2.3 Graded Monolitic Foil—Preliminary Grinding Results

Initial experimentsin surrogate foil contouring by grinding (corresponding to the first row in
Table 3.1) were begun during FY 2007. Thisinitial work on the surrogate foil grinding was focused on
determining the tolerances and surface finishes that can be attained on flat ground surrogate foil
specimens. Grinding tests were performed in the machining research laboratory in the High
Temperature Materials Laboratory (HTML) using the Chevalier computer numerical control (CNC)
surface grinder, shown in Fig. 3.1. The Chevdier CNC surface grinder is used by the machining
research group for awide range of applications. Many different material combinationg/part types have
been made. One example was the silicon carbide high-temperature tensile test grip, shown in Fig. 3.2,
which required high accuracy and ability to machine hard ceramic materials. The Chevalier was also
used to produce test specimens such as the cordierite fracture toughness specimen presented in
Fig. 3.3. These specimens required very close thickness tolerances (0.0150 in. £ 0.0002 in.) and
smooth surface finishes (similar to LEU fuel foils). Metal test specimens were also machined on the
Chevadlier. The Ti-6-4 fretting specimen shown in Fig. 3.4 was dliced to the length/width required and
then ground to ensure the top and bottom faces were parallel.

For thisfud foil grinding study, stedl shim stock is being used as a surrogate for the U-Mo fuel
foils. The steel shim stock was procured from McMaster Carr and comes in sheet form 0.020 in. thick.
It was chosen primarily for ease of fixturing via the magnetic chuck that is already in place on the
grinder. (However, avacuum chuck is being designed for trias later in the study.) The stedl foil stock
was cut into grinding specimens that were 5 cm by 20cm (2in. x 8in.) and 5cm by 15 cm (2 in. x
6 in.) by electro-discharge machining (EDM). These dimensions were an arbitrary choice made
primarily for convenience and to loosely represent the length-to-width ratio of the actual U-Mo fuel
foil. The as-received thickness of the stedl shim stock was measured using a Mitutoyo digital
micrometer. Approximately six to ten measurements across the foil specimen revealed avariation in
as-received thickness of 30.5 um (0.0012 in.).

Initial grinding experiments have been done on surrogate foil specimens, similar to that shown in
Fig. 3.5. For thefirst grinding experiment, a2 in. x 6 in. AINiCo bar magnet was used to hold a2 in. x
6 in. specimen, but unfortunately the bar magnet was not strong enough to hold the blank in place
during grinding, resulting in poor grinding tolerances. As aresult, subsequent grinding experiments
took place using the magnetic chuck already in place on the Chevalier grinding machine.

Two foil specimens were ground with flat type diamond wheels to determine the tolerances that
could be attained. The first foil specimen was ground with a 320-grit flat diamond grinding wheel and
was ground to a 0.01500-in. nominal thickness. After taking approximately six to ten measurements
across the foil specimen with a Mitutoyo digital micrometer, actual thickness dimensions ranged from
0.01510in. to 0.01520 in. The next foil specimen was ground using a 120-grit flat diamond grinding
wheel and was ground to a 0.01600 in. nominal thickness with actual dimensions ranging from
0.01585 in. t0 0.01600 in.
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CHEVALIEER
SMART-HES!

Fig. 3.1. Chevalier CNC surfacegrinder.

Fig. 3.2. Silicon carbide high-temperaturetensiletest grip.
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Fig. 3.3. Cordierite fracturetoughness specimen.

Fig. 3.4. Ti-6-4 fretting specimen.
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Fig. 3.5. Example of the surrogate foil specimen after grinding.

After the experiments using the flat type grinding wheels were done, two more foil specimens
were ground using a 120-grit diamond wheel having a0.049-in. radius. A radius type grinding wheel
will be necessary when the prafile to be ground requires an angular tool path (contoured fuel fail). As
mentioned previoudy, the grinding wheel used in these initial experiments had aradius of 0.049 in.
(the only wheel available at thetime). This small radiusis not ideal due to the potentially higher
grinding stresses associated with the smaller whedl contact area. This higher grinding stress caused the
foil to bow during grinding and become partially dislodged from the magnetic chuck. This bowing
phenomenon resulted in large thickness variations. Up to a 0.0025-in. difference was measured across
the width of the bowed foil specimen. A larger radius type grinding wheel will be procured and used in
the future to help reduce the bowing problem.

Theradius tool tests were useful to help establish the feed rate necessary to produce a smooth
finish. Two different feed rates were tried on the foil specimens ground with the radius type wheel.
One was ground with a 0.25-in./min cross feed rate and one was ground with a 0.125-in./min cross
feed rate. After grinding was complete on al four foil specimens, surface roughness data were
gathered using a Taylor Hobson profilometer. 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 isthe numerically average height difference between the five highest peaks and five
lowest valleys. A comparison of surface finish between al four foil specimens and the as-received
shim stock materia (presumably and rolled surface) can be seenin Table 3.2.

Table 3.2. Comparison of surface roughness data for
ground and as-received surrogate fuel foil samples

Ra Rz
Whed type (um) (um)
320-grit flat 0.334 2.519
120-grit flat 0.597 4,295
Radius 0.25 in./min 1.617 9.264
Radius 0.125 in./min 1.226 7.653
Shim stock as-received 0.830 4.800
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Results of the surrogate foil grinding study so far have been encouraging. With the flat type
grinding wheel, good tolerances have been achieved, within 0.0002-in. thickness variation across the
entire foil plate. This value can be compared to athickness variation of 0.0012 in. from the as-received
shim stock material. Also, surface roughness was improved from grinding with the flat wheels of both
grit sizes. With the use of an appropriately sized radius type grinding wheel not only should thickness
consistency be improved over the current 0.049-in. radius whesel, but the surface finish is expected to
improve as well. Once satisfactory results are achieved grinding the foil plates flat, work will progress
to grinding the double taper profile required. Also, aternative methods of holding the work piece, such
as avacuum chuck, are being investigated.
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4. OBSERVATIONSFROM STUDIES
4.1 REACTOR ANALYSES

With an increase in reactor power to 100 MW, a high volume fraction U-7Mo-in-Al dispersion
fuel could attain the same neutron flux performance as with the current, HEU fuel but materials
considerations appear to preclude production and irradiation of such afuel. A diffusion barrier would
be required if aluminum isto be retained as the interstitial medium, and the additional volume required
for this barrier would degrade performance. Attaining the high volume fraction (55 wt %) of U-Mo
assumed in the computational study while maintaining the current fuel plate acceptance level at the
fuel manufacturer is unlikely. Substitution of a zirconium aloy for aluminum would significantly
increase the weight of the fuel element, the cost of the fuel element, and introduce an as-yet untried
manufacturing process.

Based on studies conducted to date, a monolithic U-10Mo fail is the choice of LEU fudl for HFIR.
Preliminary calculations indicate that with amodest increase in reactor power, the flux performance of
the reactor can be maintained at the current level. A linearly graded, radial fud thickness profileis
preferred to the arched profile currently used in HEU fuel because the LEU fuel medium is ametal
aloy foil rather than a powder. Developments in analysis capability and nuclear data processing
techniques are under way with the goal of verifying the preliminary calculations of LEU flux
performance.

4.2 FUELSDEVELOPMENT

A conceptual study of the operational cost of an LEU fue fabrication facility yielded the
conclusion that the annual fuel cost to the HFIR would increase significantly from the current HEU
fud cycle. Though manufacturing can be accomplished with existing technology, severa engineering
proof-of-principl e tests would be required.

The RERTR program is currently conducting a series of generic fuel qualification tests at the
Advanced Test Reactor. A review of these tests and areview of the safety basis for the current HEU
fud cycleled to the identification of a set of HFIR-specific fuel qualification tests. Much additional
study is required to formulate a HFIR-specific fuel qualification plan from this set. However, one such
test—creating a graded fuel profile across a flat foil—has been initiated with promising resuilts.

4.3 STUDIESPLANNED BUT NOT PERFORMED

One method of reducing the local power density at the axial edges of the reactor core would be to
place boron in the end plates of the fuel. This concept was discussed with the fuel fabricator, and the
opinion of the staff was that axial grading of the fuel was preferable (likely less expensive) than
fabricating an aluminum clad frame in which there was no boron in the radial edges of the plate or in
the clad over the fuel but boron was present in the end plate region. Such a clad configuration would
require welding or joining different types of aluminum (borated and unborated) together for each of
the 540 plates that compose a HFIR core. Consequently, borated end plate studies were deferred in
favor of pursuing methods development tasks to improve the accuracy of calculated neutronics
parameters at the edges of the two-dimensionally graded core.

A study of the cost of modifications to the HFIR site to allow for handling LEU fuel—briefly
discussed in Ref. 2—was not performed due to uncertainty as to the location of the various
components of the LEU manufacturing process that are described in Ref. 16. A major cost identified in
Ref. 2 was the construction of an LEU storage facility at the HFIR site. Should DOE choose to
construct an LEU fuel manufacturing facility in Oak Ridge, it might be more economical to locate the
HFIR fresh fuel storage facility at the fuel manufacturing site. Currently fresh, HEU HFIR fuel is
stored at the Y -12 facility. Further cost studies for HFIR modifications were deferred pending
additional study of the fuel manufacturing facility.

29






5. RECOMMENDED STUDIES FOR FY 2008

The proposed work in FY 2008 in the HFIR LEU conversion feasibility project will build upon
and extend the results and scope of the studies presented in this document. The goal of the studiesisto
find adesign that resultsin no degradation to the performance parameters for HFIR and to identify the
cost and schedule at the HFIR site of implementing the design.

Thereactor analysis effort is organized into three funded areas, and two areas that should be
pursued if funding can be made available during the fiscal year. These five areas of study are shownin

Table5.1.

ORNL support to fuel development activities are itemized in Table 5.2. As requested from
program management, ORNL can supply support to irradiations being conducted by the RERTR
program in the Advanced Test Reactor (ATR; i.e., diffractometry measurements).

Table5.1. Reactor analysisactivities proposed for FY 2008

Area of study 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
. Use newly developed methodology to identify
Thermal hydraulics safety margin for reference fuel design
Cross section processing and Develop/examine 2-D SCALE “dab” model
deterministic methods completion Transport methods (ATTILA model)
MCNP model development Update/make operational MCNP depletion model
Multidimensional, steady state heat
M ethods/mode! transfer model; turbulent mixing,
devel opment incorporate diffusion barrier and Development of COMSOL based methodology

nonbond assumptionsin thermal -
hydraulic model

Probabilistic combination of
uncertainties (if funding is

Review/update TASHA code developed under
Advanced Neutron Source Program

available)
Report preparation
Program management Travel
Review committees
Prrepjr;t(l);)n rfgvriew (it Research publications for LEU validation;
eguistory revi develop plan for LEU validation studies
funding is available)
Economic/
engineering Similar study as Chap. 4 of Ref. 2 but identifies
assessment Conversion to 100 MW cost/schedule for increasing HFIR power so
if fundingis erformance meets/exceeds current value
(if funding i perf s/exceed a
available)
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Table5.2. Fuelsdevelopment activities proposed for FY 2008

Task name Comment

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

Development of HFIR-specific fuel qualification plan  Issue ORNL/TM by end of fiscal year

Fuels program management Includes support to review committees, meeting
attendance, travel, and report preparation
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Appendix A. RATIO OF THERMAL FLUX, HEU-TO-LEU,
AT HFIR COLD SOURCE LOCATION

Computational methods based on the neutron diffusion theory VENTURE code for HFIR are used
to predict thermal neutron flux values at the location of the HFIR cold source. Results of the
calculations are presented in Table A.1. The thermal neutron flux at end-of-cycle for the LEU fuel
cycleis 1.059(10") neutrons/(cm?*s). The degradation in performance occurs rapidly, after
approximately 2 d of operation. The rapid degradation results from the cold source being located at the
reactor centerline. Partial shielding of the cold source by the tantalum region of the control elements
occurs at the beginning-of-cycle but movement of the elements. These control €lements act to shift
reactor power toward the center of the reactor. Once withdrawn, the power distribution shifts toward
the outside edge of the reactor, and the impact of the denser LEU fuel relative to the HEU fudl is
manifested in the reduced flux at the cold source.

TableA.1. Thermal neutron fluxes
at the HFIR cold sourcefor an
operating power of 85 MW

Time Thermal flux ratio
(d) (HEU/LEU)
0.000 1.057
0.588 1.043
1.780 1.080
7.180 1.090
14.120 1.097
18.820 1112
21.180 1.113
23.530 1121
26.000 1.124
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