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Foreword

This report contains an overview of the materials properties important for analysis of the low-
enriched uranium (LEU) 10 weight percent molybdenum (U-10Mo) monolithic fuel proposed to
convert the U.S High Performance Research Reactors (USHPRR) currently operating with highly
enriched uranium (HEU) and which cannot be converted with currently qualified LEU fuel forms. Fuel
performance correlations are also included, and in order to demonstrate the degree to which
behavior of the LEU fuel is similar to HEU, some key HEU fuel performance data are also included as
a point of comparison. For all LEU parameters covered, comparison of the data reported in literature
for the parameters useful for reactor conversion safety analyses is included in order to identify
consistency and differences among the available sources. Additionally, comparisons to the
recommendations given in Revision 1 of the Preliminary Report on U-Mo Monolithic Fuel for Research
Reactors (referred to as the Preliminary UMo Report) are included.

A compilation of available data also allows an assessment of the reasonableness of the documented
data inputs and property assumptions used in the conversion analysis of each of the USHPRR that
have been performed to date. The five reactors classified as USHPRR are ATR (Idaho National
Laboratory), HFIR (Oak Ridge National Laboratory), MITR (Massachusetts Institute of Technology),
MURR (University of Missouri - Columbia), and NBSR (National Institute of Standards). It is noted
that HFIR is expected to convert to LEU with a uranium-silicide dispersion fuel; the data inputs and
property assumptions noted for HFIR in this report are from prior conversion analysis with U-10Mo
monolithic fuel. It is further recognized that reactor-specific application of available data is expected
due to the different operating regimes such as burnup, and also that the specific safety basis
requirements vary with regards to assumptions required that will depend on the fuel. However, even
with a range of interpretations leading to various input data parameters, this report presents a
significantly consistent, and what is acknowledged as conservative, use of the available data among
the USHPRR.

[t is particularly important to note that all LEU data presented herein requires confirmation with the
prototypic fuel fabrication process that has now been selected and that is scheduled to begin
qualification irradiations. There remain several important areas where additional data should be
gathered on fuel plates prototypic of the fabrication process that is currently being used to qualify
the fuel. Key areas of additional experimental measurements necessary for qualification include:
fresh fuel density, thermal conductivity of the fresh and irradiated U-10Mo fuel across a range of
burnups (including the maximum expected for the USHPRR reactors), and additional measurements
of the blister anneal temperature on a statistically significant number of plates prototypic of each
USHPRR fuel element design.
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Terms and Definitions

Cladding: The aluminum-based alloy bonded to the fuel foil providing a barrier between the fuel foil
and the coolant.

Creep: Plastic deformation (mass relocation) of the fuel or cladding induced by stresses.

Fuel: Uranium-based alloy or compound used as the source of neutrons in nuclear research and test
reactors.

Fuel Core: The uranium-bearing region of each fuel plate containing fissionable material. In the case
of dispersion fuels, this is also called the fuel meat.

Fuel Foil: A monolithic foil of fuel (i.e., U-10Mo) and zirconium interlayer.
Fuel Kernel: A fuel particle formed by comminution (grinding) or atomization.

Fuel Meat: The mixture of fuel kernels and matrix material that forms the fueled zone in dispersion
fuel plates.

Fuel Plate: The fuel foil or fuel meat, complete with cladding.

Fuel Temperature Safety Limit: The maximum allowed fuel temperature that maintains fuel
integrity.

HEU: Highly enriched uranium, defined as uranium with enrichment greater than or equal to 20
weight % U-235.

Interlayer: A thin zirconium layer applied to the surface of the monolithic fuel core.

LEU: Low-enriched uranium, defined as uranium enriched to less than 20 weight % U-235.

RTR: Research and test reactors.

Swelling: Volumetric change of the fuel induced during irradiation by solid and gaseous fission
products, or other material transformations. Fuel swelling changes the overall volume of the fuel,

whereas creep relocates fuel.

Target Test Value: The goal value of a design parameter to be achieved during testing, such as during
an irradiation experiment.

U-Mo: A binary alloy comprised of uranium and molybdenum.

U-10Mo: A binary alloy comprised of uranium and 10 weight % molybdenum.
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1 Introduction

This report provides the technical basis for properties and fuel performance data used in conversion
analysis for U.S. High Performance Research Reactors (USHPRR) that will convert from highly
enriched uranium (HEU) to low-enriched uranium (LEU) using a new U-10Mo monolithic alloy fuel
that is being qualified. The conditions that the fuel experiences changes between an HEU and LEU
fuel element design due to many causes, including the density of the fuel, the presence of U-238
resonant absorber, changes to the plate and coolant channel dimensions, and changes in fuel
management due to reactivity or optimization. These types of changes have been documented in
operational and safety analyses conducted for conversions over decades for over 70 reactors. These
conversions have all, or almost all, required recalculation of safety-related values as well as
establishing operational characteristics of the core, including power distribution, reactor core power
level, and cycle length between required fuel management. An overall objective of conversion is to
change the reactor core design as little as possible while maintaining the reactors’ scientific, isotope
production, medical, and engineering missions.

Historically, licensing of research and test reactors to operate with HEU fuel has involved a number
of calculations in order to confirm that requirements specified by the regulator are satisfied. These
calculations are dependent upon thermophysical properties and performance for the fuel system. As
found in Revision 1 of the Preliminary Report on U-Mo Monolithic Fuel for Research Reactors [1] several
fuel phenomena have been documented that are of interest to the reactor conversion safety bases.
These properties and performance parameters are needed in order to predict quantities such as:

minimum critical heat flux ratio for steady-state operations [fuel swelling]

margins to onset of nucleate boiling and flow instability [fuel swelling]

fuel centerline/maximum temperatures [thermal conductivity, fuel swelling]

margins to the fuel temperature safety limit [blister threshold temperature, thermal
conductivity]

The properties and fuel performance parameters in brackets in the above list are those which
principally affect the calculated result.

From experience gained to acquire approval from regulators to convert from HEU to LEU fuel, it is
apparent that for research and test reactors there is a range of conditions the fuel is required to
survive, and also that this range differs substantially between reactors. Furthermore, these conditions
are not directly related to the total reactor core power, but instead are directly related to the power
density, arising from both the compactness of the core and the fuel assembly and plate design. The
fuel assembly and fuel plate design often change, especially for conversions requiring higher-density
fuel. While the compactness of the core may sometimes be changed to provide the necessary
performance in a new LEU core configuration, common changes from HEU are LEU fuel management,
including the sequence of positions, or path, through a reactor, residence time, and core power
level. One important change is that due to the U-238 resonant absorber, or presence of other
neutronic absorbers like molybdenum, LEU conversion often requires a 15-20% power increase in
the core to match the scientific, materials testing, medical and other isotope production performance
of the HEU reactor. Unless fuel assembly lifetime is decreased, which would consume more
assemblies annually, this increases the required assembly burnup, or cumulative energy in ‘MW-days’
at end of life. Thus, considering all of these factors, there are many ways in which the LEU fuel
assembly’s performance requirements are more stringent than HEU, and require both evaluation of
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changes and in many cases design optimization for successful conversion to LEU fuel. Therefore, it
should be noted that any parameter (e.g. operating parameter, design limit, licensing limit, etc.) based
on HEU calculations requires a new analysis in order to establish the appropriate values for a reactor
fueled with LEU.

Ongoing efforts to convert research and test reactors (RTR) to operate with LEU rather than HEU fuel
requires analysis for each reactor to be converted. This analysis is needed to confirm both the safety
of the reactor and to ensure that the operation remains acceptable after conversion. Specifically,
analysis of the reactor physics, steady-state fluid mechanics/thermal hydraulics, and transient
analysis of the reactors fueled with proposed LEU fuel must be completed.

This report presents the technical basis for material properties utilized in the LEU analyses, as well
as a discussion of fuel performance parameters (swelling and blister temperature). This report is
focused on the components of the fuel plate. As such, structural components and other elements that
are not modified from the original HEU reactor design and not otherwise analyzed are not included
in this report. An initial evaluation of these properties was conducted at the time of drafting the
original Preliminary UMo Report [1]. This report updates the initial evaluation and compares the
results to recommendations in Revision 1 of the Preliminary UMo Report. Assumptions used in
USHPRR safety analyses are discussed following the presentation of literature data. Where applicable,
the Preliminary UMo Report is used as a point of comparison for the assumptions used in the USHPRR
analyses that have been completed to date.

Conversion safety bases presented to regulators commonly compare the HEU and LEU results. In
addition, to ensure satisfactory performance will be achieved, the LEU design must refer to the
current requirements or performance of the HEU-fueled core. For this reason, in some instances data
for HEU fuel are sometimes presented. These data are needed because new analyses of the HEU fuel
are sometimes needed to ensure that the mission performance goals and other constraints placed on
the LEU fuel can be directly compared to the HEU fuel.

Section 2 summarizes the primary properties of interest related to U-10Mo. In Section 3 the material
properties of interest related to the cladding material, oxide, and zirconium interlayer are presented.
The fuel performance parameters of fuel swelling and the blister anneal temperature (fuel
temperature safety limit) are discussed in detail in Section 4. Section 5 provides a summary of this
report and, where they exist, gaps in data that are needed for completing safety analyses for the
USHPRR that will convert with U-10Mo monolithic fuel.
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2 Materials Properties of U-10Mo Monolithic Fuel

This section discuss the materials properties of U-10Mo monolithic fuel critical for conversion
analysis. The primary properties of interest related to U-10Mo are melting temperature, density (and
how it changes with temperature and irradiation), heat capacity, thermal conductivity (and how it
changes with temperature and irradiation), elastic modulus, and Poisson’s ratio.

2.1 Melting Temperature of U-10Mo Monolithic Fuel

The solidus for U-10Mo fuel was extracted from [2] and found to be 1165°C. This is in agreement with
the Preliminary UMo Report [1]. No specific melting temperature was discussed in reports on
analyses done for HFIR [3], MURR [4], or NBSR [5]. Analyses for MITR [6] utilized a melting
temperature of 1135°C, closer to the melting point of pure uranium (1132°C). Analyses for ATR [7]
cited a solidus for the fuel of 828.15 K (555°C), which is closer to the alpha-gamma phase transition
line than the solidus in the binary phase diagram.

The assumptions for MITR and ATR are conservative in comparison to the melting temperature
recommended by the Preliminary UMo Report, so no re-analysis is needed.

2.2 Density of U-10Mo Monolithic Fuel

The density of uranium-molybdenum alloys has been investigated through several experiments
[8,9,10,11,12,13,14,15] and has been found to vary with alloy composition, temperature, and
enrichment. Density values can be determined from direct measurements [8,9,10] or calculated from
lattice parameters derived from x-ray diffraction measurements [11,16]. The work done by Bridge, et
al. [17] is often cited as a source for U-Mo lattice parameters, but that report discusses a-U only and
should not be used. In this report, only gamma-phase U-Mo alloy data will be discussed, as that is the
predominant phase required for fabrication of fuel plates for the UHSPRR.

X-ray diffraction measurements determine the ideal density of a material, without the inclusion of
defects and pores that may be present in the non-ideal bulk system. However, since the values
presented in this report will serve as the technical basis for modeling and simulation of fabricated
fuel plates, density measurements that include the influence of as-fabricated defects are preferred.
Consequently, for this technical basis, only those values determined from direct measurements of
bulk U-10Mo are considered. Additionally, there is literature data available for atomized U-Mo alloy
powder [18]. However, atomized powders have inherently lower densities than monolithic foils due
to the nature of the fabrication process, which results in the formation of significant pores within the
particles. Because of this porosity, density measurements from U-Mo alloy powders are not used as a
technical basis in this report.
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2.2.1 Dependence of U-Mo Alloy Fuel Density on Molybdenum Content

A selection of data from the literature on the density of U-Mo alloys as a function of Mo content is
shown in Figure 2.1, along with a linear fit of these selected data [8,9,12].
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Figure 2.1. U-Mo alloy density as a function of Mo content.

A linear fit of the literature data is:
Pu—mo = —0.110X,,, + 18.16 (2.1)
where Xw, is the weight percent Mo in the U-Mo alloy and the density is in g/cm3.

The Preliminary UMo Report [1] does not address the change in density due to a variation in Mo
content. From Appendix C of the Preliminary UMo Report (Recommended Material Property Data
Relevant to U-10Mo Fuel Plate Design), the room temperature density for U-10Mo is listed as 17.13
g/cm3, which is slightly higher than the value at 10 wt% Mo from the linear fit presented here,
although still within the variation expected for the expected specifications of Mo content [19]. Both
values are reasonable assumptions for the density of U-10Mo at room temperature.
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2.2.1.1 Comparison to Density Values Utilized in Analyses for the USHPRR

Although 17.14 g/cm3 is listed as the assumed density in reference [3] for HFIR, 17.02 is more
commonly used [20,21]. Analyses for the ATR [7] use 17.0 g/cm3, while those for NBSR [5] selected a
density of 17.2 g/cm3, and MURR [4] and MITR [6] both use 17.02 g/cm3 for the room temperature
density of unirradiated U-10Mo. All of these values are within 1.2% of the value proposed in the
Preliminary UMo report, an acceptable variation.

The assumptions for density used by the five USHPRRs to be converted (ATR, HFIR, MITR, MURR, and
NBSR) are compared to the linear fit given by equation 2.1 and the recommended value from the
Preliminary UMo Report [1] (17.13 g/cm3 from Appendix C) in Figure 2.2. The density used for MITR
[6] and MURR [4] ascribes approximately 1% porosity to the fuel analysis, which allows for the
uncertainty given the lack of density data on prototypic foils. Confirmation of the density during
prototypic fuel fabrication is required since there is a degree of uncertainty in the “fully-dense” or
ideal density, and there may be some measureable level of porosity despite the nearly fully dense U-
10Mo fuel foil that is expected after rolling the cast material. This is required at a macroscopic level
to understand fuel loading in the plates, rather than at the lattice level, so techniques such as
immersion density of bare rolled fuel cores may be the ideal starting point for the next data
measurements.
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Figure 2.2. Comparison of density data of unirradiated U-10Mo fuel as used in USHPRR
analyses.

PNNL has reported [22] on density measurements of U-10Mo at room temperature collected at both
PNNL and LANL, which was fabricated using the prototypic processes. The average of all of the
density values measured in the report (on both 8.5 mil and 25 mil thick samples) is 17.14 *+ 0.05
g/cm3, as shown in Figure 2.2. The room temperature density for U-10Mo is listed in the Preliminary
UMo Report as 17.13 g/cm3, in reasonable agreement with the PNNL report that evaluated U-10Mo
fabricated with the prototypic processes. Re-evaluation of analyses that have already been completed
is not required, but it is recommended to use 17.13 g/cm3 for room temperature density for future
calculations.
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2.2.2 Temperature Dependence of U-Mo Density

There are limited studies examining the temperature dependence of the density of U-10Mo. One study
was published in 1957 by Del Grosso [13] and another was conducted more recently by Burkes, et al.
[10,14]. Klein [23] also listed density versus temperature data for U-10Mo, citing a personal
communication with Atomic Power Development Associates (APDA). However, this data is likely
based on the data reported by Del Grosso, as it falls precisely along the faired average line provided
in the Del Grosso report, as can be seen in Figure 2.3, and whom worked for APDA. Therefore, this
reference cannot be considered as an independent determination of the effect of temperature on the
density of U-10Mo.
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Figure 2.3. U-10Mo density as a function of temperature.

The average line of the data from Del Grosso [13], shown in equation 2.2 excludes data outliers
(marked by an open symbol), as determined by a running average calculation in [13].

Pu—1omo = 17.15 — 8.766 x 10~*(T) (2.2)

A significant observation that can be made from Figure 2.3 is that the Burkes data [14] is substantially
lower than the Del Grosso data [13]. From a discussion in the Burkes paper, this is likely due to
extensive porosity in the samples (up to 3.8%) analyzed in that work. Although the density values are
significantly different, the rate of change in the density with temperature between the two data sets
is comparable. The agreement in slope between Del Grosso and Burkes indicates that the density
change in the UMo alloy itself is not affected by the presence of porosity. In Burkes [10], this relation
was used to develop an equation for the dependence of the density of U-10Mo on temperature,
extrapolated from the rule-of-mixtures density at room temperature, shown in equation 2.3.

Pu-10Mo = PRT,u-10M0 — (8.63 X 107* £ 2.76 X 107°)T (2.3)

As a note, this equation should be modified by replacing (T) with (T-20) for the correct fit, as the
equation should evaluate to 17.15 at T=20 based on the development discussed in the report.
Additionally, in reference [10], the units for density are listed as kg m-3, but they should be g cm-3 for
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the numerical values to agree (or the slope should be a factor of 1000 higher), as was shown in Figure
6 of reference [10]. Equation 2.3 was formulated by taking the average of three data sets, two of
which were not independent, and the error in this equation is from the standard deviation of the
average, and is not a reflection of the variance in the experimental measurement.

2.2.2.1 Comparison of the Temperature Dependence of Density to Preliminary UMo
Report

The Preliminary UMo Report [1] does not include a specific correlation recommendation for the
density variation with temperature, although tabulated values are included in the recommendations
of Appendix C. These tabulated values are in good agreement with the Del Grosso [13] correlation
recommended in this report (equation 2.2), as shown in Figure 2.4.

17.1 Preliminary UMo Report

17 Del Grosso Average Line
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Figure 2.4. Comparison of the values recommended in Appendix C of the Preliminary UMo
Report [1] and the Del Grosso [13] average line.

2.2.2.2 Comparison of the Temperature Dependence of the Density of U-10Mo Fuel
to the Correlations Used for Analyses of the USHPRR

As discussed previously, it is recommended to use the Del Grosso average line, equation 2.2, to
determine the temperature dependence of U-10Mo density. HFIR [3] uses equation 2.4, which is in
close agreement with the recommended fit.

PuioMo = 17.14 — 868x10_4(T) (2 4)
where T is the temperature in °C.

It has been proposed for ATR to use equation 2.5 which includes approximately 1% porosity, but a
comparable slope to the Del Grosso faired average line.

T — 32 0.00220462 \Ibm
puromo = | 17.0 — 8.63x107* x (—) ~20.0 | x (2.54%) | x : (2.5)
1.8 tswell +1 ln3
t

0
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where T is the temperature in °F, and tswen is the fuel thickness after irradiation, set to zero for this
comparison. The density values were also converted to units of g/cm3 for comparison.

In Figure 2.5, the correlations used for analyses of HFIR and ATR, including the uncertainty of +0.08
g/cm3 utilized in the HFIR analyses (indicated by the dashed lines) and the standard deviation of
+1.037 g/cm3 utilized in the analyses for ATR (indicated by the dotted lines), are compared to the
recommended tabulated values from Appendix C of the Preliminary UMo Report. The correlations
and tabulated values discussed here are in reasonable agreement (taking into account that the ATR
correlation includes additional as-fabricated porosity). However, because these fits are all based on a
single set of measurements, it is strongly recommended, and considered imperative, to collect a set
of density values on samples with comparable porosity to prototypic as-fabricated foils to establish
the accurate values.

185 HFIR (Popov, Interim BFA 2017)
—— ATR (MPR Calc Note)
18 | e ® Preliminary UMo Report
175
£
= e ®
*E 17 ® ° .
> ® A ®
F 16.5 ®
=
@
[
16
155
15
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 2.5. Comparison of correlations used for HFIR [3] and ATR [7] to the tabulated values
in Appendix C of the Preliminary UMo Report [1].

Lastly, NBSR [24], MURR [4], and MITR [25] do not explicitly address the temperature-dependence of
density in their safety analyses because they neglect the thermal expansion of the fuel. Therefore, to
conserve mass, temperature dependence of the density is also neglected in the analyses.

2.2.3 Enrichment Dependence of the Density of U-Mo Fuel

The density of U-10Mo is also dependent upon the enrichment of the uranium. The rule of mixtures,
shown in equation 2.6, can be used to calculate the room temperature theoretical density of a U-10Mo
alloy. This equation should be used with caution, however, as it does not account for volume
contraction that may occur during alloying, or porosity present in the sample. It is used here to
illustrate the magnitude of the effect of enrichment on density. It is recommended, instead, to utilize
available experimental data or a correlation based on experimental data for the density of the U-Mo
alloy.

Pumo = XmoPmo + (1 — Xyo)pu (2.6)
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where Xumo is the mole fraction of molybdenum in the alloy and pumo, pmo, and pu are the densities
(g/cm3) of the alloy, elemental molybdenum, and elemental uranium, respectively.

For natural uranium, assuming pmo = 10.22 g/cm3 [26] and py= 18.89 g/cm3 [11] (gamma uranium),
equation 2.6 evaluates to pumo=17.02 g/cm3. Enriched uranium has substantially more U-235,
resulting in a lower molecular weight than natural uranium. Assuming that the U-234 content
remains the same, the alloy is enriched to 19.75% U-235, and the number of uranium atoms/unit
volume remains the same between natural and enriched uranium, the LEU-10Mo density is calculated
to be 16.98. The dependence of density on the enrichment of the U-10Mo fuel was examined in
reference [15]. U-10Mo alloys with two different enrichments (11.54% U-235 and 19.35%U-235)
were examined, and the densities were found to be 17.15+0.050 g/cm3 and 16.95+0.088 g/cm3,
respectively. The measured densities were lower than those calculated from the rule of mixtures.
This is potentially due to as-fabricated porosity in the fuel, unaccounted for in the rule of mixtures
calculation. Additionally, volume contraction due to alloying is not taken into account, which is why
the rule of mixtures is not recommended for use. This exercise does show that the variation in density
due to enrichment is minor, so data collected from natural or depleted uranium alloy samples can be
utilized for enriched applications.

2.2.4 Irradiation Dependence of the Density of U-Mo Fuel

In addition to composition, temperature, and enrichment, irradiation also influences the fuel density.
Fuel density decreases with burnup primarily due to fuel swelling by fission product accumulation.
A model developed by Kim et al. [27] to assess fuel swelling of U-10Mo as a function of fission density
(or burnup) is available as follows:

AV ,, fissions
EZO.OSfd, fOdeS3X1O CTI‘L—3
% ) ,1 fissions
Vo= 0.15+ 0.063(f; — 3) + 0.0033 (f; — 3)~, for f; >3 %10 o (2.7)
1.0

where (AV/VfO) is fuel swelling given in volume fraction, AV is the change in fuel volume due to

irradiation, Vi is the pre-irradiation U-Mo volume, and fj is fission density in 1021 f/cm3.
The irradiation-induced change in the density of U-Mo is expressed by [27]:
Pr = RirrPro (2.8)

where pgo is the density of unirradiated U-10Mo and Ry is a reduction factor for degradation in
density by irradiation defined by [27]:

(2.9)

Although there may appear to be a scarcity of measurement data available in the literature for density
reduction during irradiation, this is attributable mainly to the effect of irradiation typically being
correlated to the change in dimension or volume. Burkes and co-authors have reported a few data
points for density reduction versus fission density [28,29]. They performed measurements on
Review of the Technical Basis for Properties and Fuel Performance Data
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samples from a plate originally produced at INL. Using the recommended unirradiated density value
from the Preliminary UMo Report (17.13 g/cm3), the density data of the irradiated samples from
reports by Burkes were used to determine the reduction factor.

It can be observed from Figure 2.6 that the density reduction calculated by applying equation 2.9 and
utilizing the fuel swelling correlations given in equation 2.7 is generally higher than the measured
data points, although it should be noted that if the data are plotted using revised fission density values
calculated by Robinson [30] then there is closer agreement between the correlation and the
measured data. The correlation results are slightly higher than the measured data because the model
prediction does not consider additional volume expansion from pore formation at the interface of the
U-Mo foil and the AA6061 cladding, which is part of the measured data.
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Figure 2.6. Reduction in density of U-10Mo during irradiation. The data were evaluated from
the density data reported in Burkes [28] and Burkes [29] collected at room temperature.

2.2.4.1 Comparison of the Irradiation Dependence of Density to the Preliminary
UMo Report

The Preliminary UMo Report [1] does not recommend a specific correlation for the reduction of
density of U-Mo fuel with irradiation. Recommended density values from reference [31] are included
in Section 5.2.3 of the Preliminary UMo Report, while Appendix C of the same report recommends
tabulated values of density estimated based on total swelling, without a reference to the swelling
correlation that was used. Fuel Swelling will be discussed in section 4.1 of this report. A comparison
of the tabulated density values from Section 5.2.3 of the Preliminary UMo Report and the fit described
in section 2.2.4 (equations 2.7 to 2.9) is shown in Figure 2.7. The correlation is based on the
unirradiated density value of 17.13 g/cm3, as listed in Appendix C of the Preliminary UMo Report. It
can be seen that the correlation yields moderately higher density values than the tabulated data.
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Figure 2.7. Comparison of the proposed correlation for the reduction in density of U-10Mo
fuel at room temperature with irradiation and the values tabulated in Appendix C of the
Preliminary UMo Report [1].

Like the Preliminary UMo Report, this report does not recommend a correlation for the reduction in
density. It is almost always fuel swelling (Section 4.1) that is directly used for USHPRR safety basis
analyses.

2.2.4.2 Comparison to the Correlations Used in Analyses for the USHPRR for the
Impact of Irradiation on the Density of U-10Mo Fuel

MITR, MURR, and NBSR do not directly address the reduction in density of the U-10Mo with
irradiation. Since irradiation does not change the mass of the fuel, the fuel core dimensions and fuel
density are typically modeled as constant throughout the fuel lifetime. It should be noted, however,
that MITR [6], MURR [4], and NBSR [5] incorporate assumptions for the change of the thickness of
the coolant channel gap as a function of burnup in the analyses models. The coolant channel gap
reduction is assumed to include the effect of fuel swelling as well as fuel creep and oxide formation
on the surface of the fuel plate.

The Interim BFA (Basis for Analysis) for HFIR [3] discusses the change in density due to irradiation,
but addresses this change through the swelling correlation, rather than through a direct
measurement or calculation of the reduced fuel density. Calculations done for ATR [7] incorporate
fuel swelling into the overall density equation, which also includes the effect of temperature, which
are shown in equations 2.5 and 2.10. In these equations, tswen is the thickness of the irradiated fuel, to
is the unirradiated thickness, and T is the temperature in °F. As a note, the “x102!” following Fq4 in
equation 2.10 should be discarded, as the fission density (Fq) is in fissions/cm3. Additionally, to should
be in the numerator of equation 2.10. A comparison of the ATR correlation [7] and the tabulated
values from the body of the Preliminary UMo Report [1] at room temperature (20°C / 68°F) are
shown in Figure 2.8.
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Figure 2.8. The correlation utilized for analyses for the ATR [7], and the values tabulated in
Appendix C of the Preliminary UMo Report [1].

2.3 Heat Capacity of U-10Mo Monolithic Fuel

Burkes et al. [14] recommended a correlation for the heat capacity of U-10Mo based on their own
data and data available in the literature [32,33]. This correlation is shown in equation 2.11,

cp = (0137 £331x1073) + (512 x 107> £ 1.41 X 107>)T +
(1.99 x 1078 + 1.29 x 10~8)T? (2.11)

where c; is the heat capacity in ] /(g K) and T is the temperature in °C from 100 to 1000 °C. The data
presented by Fackelmann [33] is a reproduction of the data collected by Farkas [32], so utilizing both
sets of data in a fit is not recommended. Instead, a linear fit of the Burkes [14] and Farkas [32] data
is proposed, as shown in equation 2.12, where cp is in J/(g °C) and T is in °C.

c, = 0. + 6.99 X 10~ .
p 0.133 4+ 6.99 x 107°T (2.12)

Measurements of the specific heat capacity, density, and thermal diffusivity of composite samples
were used as the basis for calculating the U-10Mo thermal conductivity. As a result of this
methodology, the uncertainty in the specific heat capacity measurements are included in the
uncertainty of the thermal conductivity. Therefore, no additional sampling from a distribution is
recommended for specific heat capacity.
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2.3.1 Comparison to the Correlation for the Heat Capacity of UMo Fuel
in the Preliminary UMo Report

The Preliminary UMo Report recommends a correlation for the specific heat capacity, which is
reproduced in equation 2.13,

¢, (U —10Mo) = (0.113 x 10> £+ 4.28) + (7.05x107% £ 520 x 1073) x T (2.13)
where T is in K and ¢, is in ] /kg-K.

Equations 2.12 and 2.13 are compared in Figure 2.9. The results of equation 2.12 are labeled as “Fit
of Current Best Data.” It should be noted that the units for c, from equation 2.13 were converted to
]/g-K for comparison to the correlation given in equation 2.12. Although the exact formulation of the
correlations differ, the values are in agreement to three significant figures in the valid temperature
ranges of the correlations. For future calculations requiring the heat capacity of U-10Mo fuel,
equation 2.13 is recommended.

0.22
Preliminary UMo Report
0.21 (Equation 11)
02 ® Preliminary UMo Report ®
(Appendix C) o
T 019 Fit of Current Best Data .
]
= 018 o
5 0.17 ¢
I - >
(=]
£ 0.16 L
g o
& 015 .
0.14 pe
[
0.13
0.12
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Temperature (°C)
Figure 2.9. Comparison of the correlations for the specific heat of U-10Mo from the
Preliminary UMo Report [1] and the Fit of Current Best Data (equation 2.12), where the
dotted lines indicate the upper and lower bounds for the correlation in the Preliminary UMo
Report.

2.3.2 Comparison to Correlations for the Heat Capacity of U-10Mo Fuel
Utilized in Analyses of the USHPRR

The MURR report [4] formulates the volumetric heat capacity of U-10Mo as shown in equation 2.14,
where the specific heat capacity and density are treated as a single variable. The combined parameter
pcp is typically utilized in safety analysis models, rather than addressing density and heat capacity
separately, so this form is more convenient for modeling.

pc, = 1.923 x 10° 4 1199.9(T + 273.15) (2.14)

where pcp is given in J/(m3°C) and T in °C.
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Assuming the density of unirradiated U-10Mo is 17.02 g/cm3, as given in the report for MURR [4],
equation 2.14 was modified to determine c,, as shown in equation 2.15. This derived equation is
identical to that given in reference [10].

¢, = 0.113 + 7.05 x 1075(T + 273.15) (2.15)

where ¢, is given in J/(g K) and T in °C. The heat capacity data used in the MURR analysis [4] were
taken from [10] (which is the same as equation 2.13) because those values were lower (and, hence,
more conservative) than those found by equation 2.11.

For properties not explicitly discussed in Reference [6], MITR refers to MURR [4], and therefore uses
the same formulation for heat capacity.

The HFIR report [3] adopted a slightly different correlation, which was based on that given in [34],
and is shown in equation 2.16 below.

¢, = 0.114 + 7.23 X 1075T (2.16)

where heat capacity is in ] /(g K) and T is in K. The valid temperature range for this correlation is 298
- 1073 K. The same constant term, but a slightly different temperature coefficient, was used when
compared to the correlation given in [34]. It is not clear if this difference is by intention or due to a
typographical error. Nonetheless, the differing coefficients yield a maximum difference for the
specific heat capacity of 1.2% at room temperature.

Analyses for ATR utilized equation 2.17 below, which is in agreement with the correlation
recommended in the Preliminary UMo Report when the values are converted to metric units.

(113 - (T hl 459'67) 0 0705) 5.266 1077 BTU (2.17)
Come = ——— ) x0. X 5.266 X :
Cu-10Mo 1.8 0.00220462 Ibm°F
NBSR [24] uses equation 2.18 for the specific heat capacity.

c;l;]MO =29.84—-89x%x1073T +4.32 x 107°T2 — 2.06 x 107873 (2.18)

However, a discrepancy exists when comparing the tabulated values for specific heat capacity in the
LOCA [35] and non-LOCA [5] calculation notebooks for NBSR. Although it is stated that the same
equation (equation 2.18) was utilized to produce both tables, it appears an incorrect conversion from
J/mol-K to k]J/m3K was used in the LOCA calculation notebook. This resulted in incorrect values for
the specific heat capacity that are ~2.5 times larger than those used in the non-LOCA analysis. It is
recommended that the NBSR LOCA analysis be reviewed to assess the impact of using the incorrect
specific heat capacity.

As shown in Figure 2.10, the correlations utilized in analyses for the USHPRR, with the exception of
NBSR, are in close agreement with the Preliminary UMo Report, as all fall within the reported
uncertainty band for the Preliminary UMo Report correlation. It is noted that the NBSR non-LOCA
calculation notebook utilized higher values for specific heat capacity, although these values remain
within 11% of the values proposed by the Preliminary UMo Report. The NBSR LOCA calculation
notebook values have been excluded from this comparison, as they are considered erroneous, as

Review of the Technical Basis for Properties and Fuel Performance Data
Used in HEU to LEU Conversion Analysis for U-10Mo Monolithic Alloy Fuel 14



ANL/RTR/TM-17/19 Rev. 1

discussed above. For future calculations requiring the heat capacity of U-10Mo fuel, equation 2.13 is
recommended.
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®
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MURR (ANL/GTRI/TM-14/5 rev1) [ J .-
0.2 ()
® NBSR (non-LOCA calc notebook) PY

Specific Heat Capacity (J/gK)
© ©
= =
[e)] [o¢]

©
=
=

©
=
¥

0.1
0 200 400 600 800 1000

Temperature (°C)
Figure 2.10. Comparison of the specific heat capacity correlations and values used for
analyses of the USHPRR to the Preliminary UMo Report [1]. The dotted blue lines are the high
and low confidence intervals for the Preliminary UMo Report equation.

2.4 Thermal Diffusivity of U-10Mo Monolithic Fuel

The Preliminary UMo Report [1] includes a correlation and tabulated values for the thermal
diffusivity of U-10Mo fuel, based on a single data set [10]. The thermal diffusivity is measured and
incorporated, along with measurements of density and heat capacity, into the calculation of thermal
conductivity. The HFIR Preliminary BFA [3] includes the same correlation, but none of the other
USHPRRSs explicitly utilize the thermal diffusivity.

2.5 Thermal Conductivity of U-10Mo Monolithic Fuel

Thermal conductivity of U-Mo alloys has been studied since the early fuel development era dating
back to the 1940s. The data utilized in this discussion is limited to gamma-phase U-Mo alloys, with
thermal conductivity data in the applicable temperature range (~100-400C).

2.5.1 Unirradiated Thermal Conductivity of U-Mo alloys

Data for unirradiated U-Mo alloys are available for U-5Mo [36], U-8Mo [37,38], U-9Mo [39,40], U-
10Mo [12,14,23,41,42], and U-12Mo [37], all of which are shown in Figure 2.11below. The tabulated
data values can be found in Appendix B: The UMo handbook [43] had done an analysis and fit of this
data, but errors were found in the data set used to develop the fit, so re-analysis was needed.
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Figure 2.11. Thermal conductivity dependence on temperature for selected data sets
[12,14,23,29,36,37,38,39,40,41,42,43].

As an additional note, an error was found in Touloukian [44] in the data for the U-5Mo from BMI [36],
listed as curves 3-5 in Touloukian. Touloukian [44] listed curves 3 (thermal conductivity values 0.16-
0.220 W/cm-°C) and 5 (thermal conductivity values 0.205-0.250 W/cm-°C) as gamma phase.
However, when comparing the tabulated data (data table number 228 in [44]) to the data plotted in
BMI Figure 152 (the cited work [36]), it is apparent that curves 3 and 4 are gamma-phase (as received
and water quenched from 700°C), and curve 5 is alpha phase (annealed at 520°C for 40 hours). Figure
2.12 shows the figure from BMI [36] with the curve numbers as identified in Touloukian. Although
the work by Touloukian [44] is a review and not an independent data set, it is included for discussion
here because it is frequently referenced in literature.
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Figure 2.12. Comparison of a) Data table reproduced from Touloukian [44] and b) Plot from
BMI CT-2632 [36].

The UMo Handbook [43] developed an equation for the thermal conductivity of U-Mo fuel using a
modified mixture rule that takes into account the alloying effect, shown in equation 2.19. This method
is based off with a modified mixture rule developed for UZr alloys [45] and is assumed to be
applicable to U-Mo alloys due to the similarities of Zr and Mo.

k?l—Mo = (1 W 1- xMo)kMo + V 1- xMo{(l - xMo)kU + xMokc,Mo} (2- 19)

Where k$_,,, is the U-Mo alloy thermal conductivity, xw, is the Mo content in weight fraction, ky is
the thermal conductivity of uranium, ku, is the thermal conductivity of molybdenum, and kcwmo, is the
alloying effect term. ky is defined in equation 2.20 [45,46], kuo is defined in equation 2.21, and kewmo is
defined in equation 2.22. The thermal conductivities are in W/(m °C), and T is in °C. The k¢mo term is
valid for Mo content between 5 and 12 weight percent, and temperatures from 25 to 600°C (equation
2.22isin K).

ky = 21.73 + 1.591 x 1072(T + 273.15) + 5.907 x 10~¢(T + 273.15)? (2.20)
kyo = 150.0 — 4.0 X 1072(T + 273.15) (2.21)

kepo = —274.4 + 985.2xy0 — 1.941 X 103xp,% + 3.640 X 1072T +
7.365 X 1075T2 + 5.793 x 10 2x,,, T (2.22)

This same method was utilized to develop a correlation for the data displayed in Figure 2.11,
excluding Konobeevsky [39] and the two highest temperature data points from Burkes [14] as
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outliers. Additionally, the Lee [12] data was adjusted to correct for the higher than typical porosity in
the sample. Furthermore, the km, equation was modified to match that given by Touloukian [44], given
in equation 2.23. The new correlation is shown in equation 2.24.

Ko = 152.2 — 4.92 X 10~2(T + 237.15) + 8.76 X 10~6(T + 273.15)? (2.23)

Kemo = —313.13 + 1382.9xy,, — 1993.3xy,,% + 0.31203T —
3.5455 x 1075T2 — 1.2068x,, T (2.24)

This correlation (recommended in the initial evaluation) combines the effect of both temperature and
Mo content on the thermal conductivity of U-Mo alloys, and is primarily based on thermal
conductivity values based on electrical conductivity measurements and converted using the
Wiederman-Franz law.

Because a data set measured by Burkes [14] using the current best technique on close to prototypic
U-10Mo is available, it is instead suggested to utilize a linear fit of the current best data. The
recommended correlation for fresh fuel is shown in equation 2.25, and is based on tabulated data
[14] and an additional data point that is presented at 50°C in Figure 11 of reference [31], digitized as
13.35 W/m K. A combined correlation for the dependence of thermal conductivity on temperature
and fission density is recommended in the following section.

ky—_10mo = 0.0335 X T + 13.29 (2.25)
where ky.10mo is the thermal conductivity in W/(m °C) and T is the temperature in °C from 50 to 800°C.

2.5.1.1 Comparison to the Preliminary UMo Report of the Correlation for the
Dependence of Thermal Conductivity of U-10Mo Fuel on Temperature

Figure 2.13 compares the correlations recommended by the Preliminary UMo Report [1], the initial
evaluation recommendation, and the fit of current best data (equation 2.25). The correlations from
both the Preliminary UMo Report and initial evaluations include data collected using the older
technique, which excludes the phonon contribution to thermal conductivity. As a result, the thermal
conductivity determined from these two correlations is lower than from the fit of the current best
data for some (initial evaluations) or all (Preliminary UMo Report) temperatures in the range of
interest. Additionally, the correlation recommended in the initial evaluation incorporates data
available for other U-Mo alloys, resulting in a substantially different slope. It is recommended to use
the combined correlation in the following section that includes the impact of both temperature and
irradiation on thermal conductivity of U-10Mo.
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Figure 2.13. Comparison of correlations recommended by the Preliminary UMo Report [1],
the recommendation from the initial evaluation, and the fit of current best data (equation
2.25).

2.5.1.2 Comparison to the Correlations Utilized in Analyses for the USHPRR for the
Temperature Dependence of the Thermal Conductivity of Unirradiated U-
10Mo Fuel

Analyses for MURR [4] utilize a linear fit of the data from Burkes [14] to describe the thermal
conductivity of unirradiated U-10Mo as a function of temperature, shown in equation 2.26.

k = 14.821 + 0.0309 X T (2.26)

A report for HFIR [3] predicts the thermal conductivity with a linear fit of data from Matsui [40] and
Burkes [14,18], described in equation 2.27.

k =13.07 + 0.033 x T (2.27)

A report for NBSR [24] cites two sources for the thermal conductivity as a function of temperature,
the UMo Handbook [43] and Burkes [14]. From the calculation notebooks [5,35], the UMo Handbook
formulation was utilized (equations 2.19 to 2.22). Analyses for ATR [7] and MITR [6] use correlations
that include the effects of both temperature and irradiation on the thermal conductivity of the U-
10Mo fuel, as shown in equations 2.28 and 2.29, respectively.

T + 459.67
1—8> +0.6718 X F; — 0.0046 x (

0.57779 BTU
X
12 x (60 X 60) s — in — °F

T +459.67
—55 <)

Ky 1080 = (0.8087 + 0.03487 x ( *

(2.28)

k = 12.57 + 0.04T — F,; x (1.322 + 0.00278T) — T2(2.351 x 1075 + 4.996 x 107°F,;)  (2.29)
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The temperature for all of the above equations is in °C, the thermal conductivity is in W/(m K), and
the fission density (where applicable) is in fissions/cm3 x 102L. Analyses for ATR [7] are conducted in
imperial units, so the temperature is in °F and the thermal conductivity is in BTU/(s in °F), which
were converted to metric units for comparison to the rest of the USHPRR.

The correlations for the thermal conductivity of U-10Mo as a function of temperature for the analyses
of the USHPRR are compared in Figure 2.14, alongside the correlation recommended by the
Preliminary UMo Report [1] and the fit of current best data. With the exception of those for MURR
[4], all correlations are conservative when compared to the fit of current best data. For MURR, the
deviation is less than 10% at 50°C, and is less than 5% at temperatures relevant for MURR safety
analysis. The MURR correlation is well within the assumed 95% confidence interval (CI) of 20%
(indicated by thin grey lines in the plot).
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Figure 2.14. Comparison of the correlations used for analyses of the USHPRR, the correlation
recommended by the Preliminary UMo Report, and the fit of current best data at 200°C.

Additional data for the thermal conductivity of prototypic U-10Mo is necessary to determine the
proper formulation. In practice for reactor analysis, a single combined correlation for thermal
conductivity that encompasses a range of fission densities from fresh fuel through end of life is
ordinarily used. See Section 2.5.2 for a discussion of the currently best available data for fresh and
irradiated U-10Mo. See Section 2.6.1 for recommendations regarding data gaps and expected future
data requirements.

2.5.2 Irradiated Thermal Conductivity of U-10Mo Fuel

During irradiation, the thermal conductivity of the U-Mo fuel alloy decreases, primarily as an effect of
porosity formation due to fission gas accumulation. Two models, one developed by Bruggeman [47]
and the other by Peddicord [48], have traditionally been utilized to predict the effect of porosity on
thermal conductivity. However, as shown in Figure 2.15, these models substantially overestimate the
thermal conductivity when compared to the limited experimental data that are available [13,28,49].
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This is an indication that the models do not fully capture the physics leading to changes in thermal
conductivity with irradiation in this fuel system. Additionally, the Bruggeman [47] and Peddicord [48]
correlations likely only account for porosity visible by optical microscopy and scanning electron
microscopy, missing the substantial amount of fission gasses trapped in nanobubbles, as has been
observed via TEM [50], or in solution with the alloy. The under prediction of the reduction in thermal
conductivity with irradiation could also be caused by the influence of solid fission products
incorporated into the fuel system, as well as the formation of large pores aligned along the interface
(rather than the assumed homogeneous distribution).
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Figure 2.15. Thermal Conductivity as a Function of Fission Density at 150°C. Del Grosso data
tabulated by [32].

Recently provided data values for thermal conductivity of irradiated U-10Mo from the AFIP-2, -3, and
-6 experiments [31,51] are under evaluation. A fit of this data as a function of temperature and fission
density was developed following the same process used to develop equation 2.29, excluding the AFIP-
6 data, which demonstrated a substantial amount of scatter. The AFIP-6MKI plate blistered during the
test and is considered unsuitable for use. Likewise, AFIP6MKII had a sizeable proportion of a
secondary phase (likely a-phase uranium) and these data are also considered unsuitable for U-10Mo
fuel used in the program which is specified to be greater than 90 wt% y-phase uranium [19]. This
indicates that the AFIP-6 data are not based on prototypic behavior or fuel. A new correlation, which
is based on the AFIP-2 and AFIP-3 data measurements provided in [51], is shown in equation 2.30,
where T is the temperature from 50 to 350 C and fq is the fission density in x1021f/cm3 from 0 to 4.5.

k =9.807 + T X 0.06021 — f; x (0.7382 + 0.004734 x T) —
T2 x (7.700 x 1075 + 3.452 X 1077 X f;;) (2.30)

The root-mean-square (RMS) discrepancy of evaluations of equation 2.30 relative to the dataset
provided in [51] is 8.3%. This represents a modest improvement compared to the RMS discrepancy
of 9.2% for evaluations of equation 2.29 relative to the same dataset. Because of the second-order
dependence with temperature in equations 2.29 and 2.30, extrapolation to temperatures exceeding
350 Cis not recommended as there are no measured data available to assess the correlation results.
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Equation 2.30 (recommended in the initial evaluation) has recently been re-evaluated with a linear
dependence on T and to incorporate data for unirradiated U-10Mo in the fit [14,31,51]. The resulting
fit of current best data is shown in equation 2.31, the recommended correlation, valid for
temperatures of 50-350°C and fission densities up to 5 (x1021) fissions/cm3. The RMS discrepancy of
evaluations of equation 2.31 relative to the dataset provided in in [51] is 5.2%.

k=1133+T x0.04175 — F; x (0.7908 + 0.00611 X T) (2.31)

2.5.2.1 Comparison to the Values Recommended for the Degradation of Thermal
Conductivity with Irradiation in the Preliminary UMo Report

The Preliminary UMo Report [1] does not recommend a specific correlation, and instead suggests
using tabulated data. A comparison of the data recommended in the Preliminary UMo Report, the
correlation recommended during initial evaluations, and the fit of current best data at 200 °C is
shown in Figure 2.16. The fit of current best data and the tabulated data from the Preliminary UMo
Report are in good agreement, but as will be discussed in detail in section 2.5.3, significant data gaps
exist.
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Figure 2.16. Comparison of the data recommended by the Preliminary UMo Report [1],

recommendation in the initial evaluation, and the fit of current best data at 200°C for the
reduction in thermal conductivity of U-10Mo fuel with irradiation
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2.5.2.2 Comparison of the Values and Correlations Utilized in Analyses of the
USHPRR for the Degradation of U-10Mo Thermal Conductivity with
Irradiation

A comparison of the correlations or values used for analyses of the USHPRR compared to the values
recommended by the Preliminary UMo Report [1] are shown in Figure 2.17.
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Figure 2.17. Comparison of the values or correlations used for analyses of the USHPRR [6]
and the values recommended by the Preliminary UMo Report [1] at 200°C.

Analyses for MURR [4] used the correlation of the unirradiated U-10Mo thermal conductivity shown
in equation 2.26 coupled with a fit for irradiated U-10Mo derived from data presented by Burkes [28],
which is dependent upon temperature and fission density, as shown in equation 2.32,

k = 12.57 + 0.04T — f;(1.322 + 0.00278T) — T2(2.351 X 1075 + 4.996 X 107¢f;)  (2.32)

where T is the temperature in °C from 50-300 °C and fq is the fission density in x102! f/cm3 from 0-
4.1x1021 f/cm3. For a given fission density, equation 2.32 is evaluated at several temperatures over
the range of 50-300 °C and then compared with the thermal conductivity from equation 2.26 at the
same temperature values. The minimum ratio of the irradiated/unirradiated thermal conductivity
over this temperature range is then used as a conservative multiplier on equation 2.26 to derive the
thermal conductivity for safety analyses, as shown in Table 2.2 of reference [4].

MITR [6] uses this same methodology for Reactivity Insertion Analysis (RIA), which is illustrated in
Table 2.1 at 200 °C and fission densities relevant for the safety analysis performed for MITR.

Table 2.1. Values used in analyses for MITR [6] at 200 °C.

Fission Density Ratio of Irradiated to Unirradiated Thermal Conductivity
(x102! fissions/cm3) Thermal Conductivity (W/m°Q)
5.00 0.434 9.11
4.40 0.487 10.23
3.60 0.559 11.74
0.00 1 21.00
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It should be noted that this methodology, and equation 2.32 in particular, should not be used beyond
the recommended ranges of the temperature or fission density, as the quadratic dependence on
temperature can lead to erroneous predictions for the thermal conductivity and the resulting fuel
temperature for both steady-state and accident analyses.

A report for HFIR [3] defines the thermal conductivity for irradiated U-10Mo, as a function of
temperature for two different fission densities, shown in equations 2.33 and 2.34, and suggests
interpolating for intermediate fission densities.

f

k =8.83+0.022T, for fd = 2.9 X 1021W (2.33)

f

k =802+ 0.0127T, for fd = 411X 10! ——

(2.34)

Analyses for NBSR [24,35] do not consider the reduction in thermal conductivity with irradiation in
safety analysis because of the negligible impact on the results for the limiting LOCA. Instead, NBSR
utilizes the fresh fuel thermal conductivity, regardless of the fuel burnup.

Analyses for ATR [7] utilized the correlation in equation 2.28, which has been converted to W/(m °C)
for comparison. All suggested correlations are within the range of the experimental data available,
and are thus considered reasonable. However, these equations are based on limited experimental
data, and additional measurements would substantially improve the accuracy of the correlations

2.6 Thermal Expansion of U-10Mo Fuel

A correlation for thermal expansion of U-10Mo is included in the Preliminary UMo Report [1], and a
different correlation is included in the Interim BFA for HFIR [3], but is not explicitly included in the
reports for the other USHPRR. As such, a detailed discussion of this material property is not included
in this report.

2.6.1 Data Gaps and Expected Future Data Needs

The data for the thermal conductivity of irradiated U-10Mo presented in reference [28] and used to
prepare the correlation used by MURR [4] and MITR [6], equation 2.32, covered a measured burnup
range between 2.9x102! and 4.1x102! f/cm3, and a temperature range from 50 to 300 °C. The more
recent data provided in references [29] and [51] for some of the same samples from the AFIP-2
experiment, plus an additional sample from AFIP-3, cover a calculated burnup range from 3.3x1021
to 4.5x1021 f/cm3, and a temperature range from 50 to 350 °C. It is noted that the calculated burnups
of the samples are 10% to 14% higher than the measured burnup values. Clarification of the source
of this discrepancy is needed. The thermal conductivity of a sample from the AFIP-6MKI experiment
with a calculated burnup of 2.45x102! f/cm3 was also measured and reported, but the results for that
sample are not considered reliable because the experiment blistered in-pile during irradiation, as
discussed in Section 2.5.2. Additionally, thermal conductivity measurements for unirradiated U-
10Mo for temperatures ranging from room temperature to more than 600 °C have been collected,
although the measurements conducted by Burkes and used to prepare equation 2.26 were for
material that is not prototypic.
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Figure 2.18 shows the range of available thermal conductivity data (blue boxes in the figure)
alongside the results of the calculated peak U-10Mo fuel temperature from accident analyses for
MITR [52], MURR [4], and NBSR [24]. It can be seen that, for a significant number of cases for these
reactors, the peak fuel temperature occurs at fuel burnups that are outside the range of data which
have been collected to date for U-10Mo. Additionally, a recent characterization of available thermal
conductivity data conducted in reference [53] concluded that the limiting cases for ATR-LEU safety
analyses will likely be for U-10Mo fuel in two burnup regions of interest: from 2.0x1021 to 2.5x1021
f/cm3 (for a so-called high-power case) and > 5.0x102! f/cm3 (for a so-called low-power case). These
burnup ranges also fall outside of the range of currently available data for thermal conductivity of U-
10Mo. It is noted that the analysis performed in reference [53] utilized a correlation for thermal
conductivity that is based on the data in reference [51], but the correlation itself is not included in
reference [53].
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Figure 2.18. Range of Data Measurements for U-10Mo Thermal Conductivity Displayed with
Results of Accident Analyses for MITR, MURR, and NBSR.

Consequently, data measurements of the thermal conductivity for fresh prototypic material, and
prototypic material at intermediate burnups (1.4x102! to 3.3x102! f/cm3) and higher burnups
(4.5x1021 to 7.2x1021 f/cm3) are needed. The intermediate burnup data will be particularly useful for
evaluating the safety of all end-of-life fuel in MURR and middle-of-life fuel in all reactors. The higher
burnup data are needed for evaluating end-of-life ATR and NBSR elements. It is imperative that these
new thermal conductivity measurements be taken from prototypic material. Furthermore,
measurements for fresh and irradiated material made with the same measurement techniques and
equipment would be extremely valuable in developing a single combined correlation for thermal
conductivity that encompasses a range of fission densities from fresh fuel through end of life. Lastly,
improved consistency between the calculated and measured fission densities of irradiated samples,
or clarification of any differences between the calculated and measured fission density, is needed.
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2.7 Yield Strength of U-10Mo Fuel

A correlation for yield strength is given in the Preliminary UMo Report [1] for both fresh and
irradiated fuel, but of all the USHPRR, only HFIR [3] mentions yield strength, and only a value for a
single temperature for fresh fuel is given. Therefore, a discussion of this material property is not
included in this report.

2.8 Elastic Modulus of U-10Mo Monolithic Fuel

Two groups of data for elastic modulus of U-10Mo exist in the literature. The early group before 1974
[54,55,56], and a more recent group [57,58]. Factors affecting the elastic modulus include the
specimen preparation process, heat treatment, test temperature, carbon content, and strain rate. At
room temperature, elastic modulus for U-10Mo found in the literature ranges from 70 - 91 GPa. The
lowest value is by Burkes (70 GPa), which is the latest measurement and using specimens
representative of the real fuel of interest.

2.8.1 Temperature Dependence of U-10Mo Elastic Modulus

The temperature dependence of elastic modulus is recorded by Schulthess [58], as shown in Table
2.2,

Table 2.2. Temperature dependence of elastic modulus of U-10Mo.

Temperature Modulus (GPa) + Standard

(°Q) Deviation
(GPa)
20 88.421 1.3150
200-250 41.763 1.6810
350 42.225 1.4750
400-450 32.043 1.7880
550 19.929 2.4410

Using these data, but excluding the data set at 200-250°C as an outlier and using 425°C as a
temperature for the 400-450°C data set, a data fit was obtained as follows:

where E is in GPa and T is in °C. This equation is recommended for use with caution, as it is based on
a single set of data.

The elastic modulus of U-10Mo has been dealt with only in the HFIR report [3], where a single data
point is used at operating temperature.

The Preliminary UMo Report bases a recommended correlation, shown in equation 2.36, on the same
set of data as was used to develop equation 2.35.

E=91.2—-0.140 x T, T = 21 — 550°C (2.36)
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However, due to uncertainties in how the data should be interpreted, there is a difference in the linear
fit recommended in the Preliminary UMo Report compared to equation 2.35. As shown in Table 2.2,
one of the data points used for the fits was listed as a range of temperatures, rather than being
collected at a single temperature value. In Figure 2.19, the recommended correlation from the
Preliminary UMo Report is plotted with the original data set, equation 2.35, and the value used in
HFIR analyses (the only USHPRR to explicitly discuss the Young’s Modulus of the fuel) for an operation
temperature of 140°C.
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Figure 2.19. Comparison of the Preliminary UMo Report [1], fit of current best data (equation
2.35), the current best data set [58], and the value utilized for HFIR analyses [3] for U-10Mo
Young’s Modulus.

2.8.2 Irradiation Dependence of U-10Mo Elastic Modulus

Irradiation causes the elastic modulus to decrease, as has been reported in literature [59,60] and
tabulated in Appendix C. Both of the literature references report data from the same set of samples,
with [59] reporting slightly higher values. As [60] is available in the open literature, the data reported
there were used to develop a linear fit, as follows.

EUlOMO = 898 - 52fd (2 37)

where E is in GPa and fy is fission density in x102! f/cm3. The exact temperature of the irradiated bend
test samples is difficult to quantify, as discussed in [59]. They are at least 30°C (the ambient
temperature of the hot cell), and are likely 10-40°C higher than that due to gamma heating. This
equation should be used with caution, as it is based on a single set of data. It is recommended to
collect additional data on the mechanical behavior of U-10Mo fuel, in particular the yield strength
and Young’s modulus, on both as-fabricated and irradiated prototypic fuel.
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The Preliminary UMo Report recommends a set of equations (equation 2.38), where the irradiation
dependence of the Young’'s Modulus at elevated temperatures are approximated from the
unirradiated trend. Data on the Young’s Modulus of irradiated U-10Mo has only been collected at
ambient temperature.

(78469 —4.076 X f;  at21°C
56.108 —2.914 X f;  at 200°C
49.897 —2.592 X f;  at 250°C
E={37474—1947xf;  at350°C } (2.38)
31263 —1.624X f;  at 400°C

25.052—1301X f;  at450°C

(12.629 — 0.656 X f;  at 550°C J

HFIR is the only USHPRR to directly discuss the degradation of the Modulus of U-10Mo fuel with
irradiation. It is recommended in the Interim BFA [3] to reduce the Modulus by 5.4 GPa per 1021
fissions/cm3, starting from a fresh fuel Modulus of 67.75 GPa. This assumption is compared to
equations 2.37 and 2.38, as well as the recommended fresh fuel values from Table C11 of the
Preliminary UMo report, in Figure 2.20. Although not explicitly stated, the correlation is not plotted
lower than 0.5 x1021 f/cm3 in the Preliminary UMo Report, so it is assumed that the correlation is not
to be extended to lower fission densities. The correlation for HFIR is reasonably consistent with the
correlation from the Preliminary UMo Report in the applicable temperature range (21°C - 200°C).
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Figure 2.20. Comparison of the degradation of Elastic Modulus with irradiation
recommended by HFIR, the Preliminary UMo Report, and the fit of current best data
(equation 2.37). The temperatures at which the unirradiated moduli were determined are
marked along the y-axis.
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The values for the irradiated correlations (equations 2.38 and 2.39) have discontinuities between the
irradiated correlation and the calculated unirradiated value at the same temperature, although that
discontinuity is larger for equation 2.39. A combined correlation unifying the irradiated and
unirradiated correlations is currently being developed by the US Fuel Qualification Pillar. Additionally,
because the data on which the correlations in this section were based were collected on material from
a single experiment, it is recommended to collect an additional set of confirmatory data.

2.8.3 Discussion of the Assumptions of the U-10Mo Modulus for the
USHPRR

As the MURR LEU fuel element design contains the thinnest and widest plates amongst the USHPRR,
it serves as an important case for assessing mechanical stability under flow conditions. In work on
plate deformation for the MURR fuel element, an aluminum system was studied through experiments
and modeling [61]. In this study, the AA6061 modulus was used to simulate the experiments, and
likewise for assessing whether a MURR LEU fuel plate would significantly deform under flow
conditions as described in Section 3.1.4 (the AA6061 modulus was used for the fuel as well). Noting
that the effect of irradiation on mechanical properties is to degrade the U-10Mo modulus, for MURR,
where fission densities peak at 3.4 x 102! f/cm3, equation 2.37 evaluates to 72.2 GPa. This is
substantially higher than the aluminum modulus used in the MURR modeling, discussed in Section
3.1.4, and so it would remain conservative and reasonable to assume AA6061 properties in lieu of
fresh or irradiated U-10Mo properties. Even if the modulus of the fuel were to degrade substantially,
the impact on the fuel plate is expected to remain small. A simulation carried out using the
methodology employed for the MURR model showed a small plate deflection of about 10%. Thus, a
0.5 pm increase vs. the 5 pm original deflection was found when the modulus was artificially lowered
by a factor of 100. The quite small impact is expected since the moment of inertia of the plate is
dominated by the AA6061 cladding, and the fuel inside the plate is not as consequential. This is
similar to the structural benefits of an [-beam.

2.9 Poisson’s Ratio of U-10Mo Fuel

A Poisson’s ratio for U-10Mo of 0.35 was utilized by Ozaltun [62], based on data from Waldron [56].
The Preliminary UMo Report [1] recommends a Poisson’s ratio of 0.41 based on a report by Reese
[63]. A Poisson’s ratio of 0.3 has been used in mechanical modeling of the fuel [59], so it is
recommended to continue to use 0.35 for analyses, as was done for HFIR [3] (the only USHPRR to
explicitly discuss the Poisson’s Ratio of the fuel).
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3 Material Properties of the AA6061, Oxide Layer, and
Zr Interlayer

This section discusses the material properties of the cladding, aluminum-oxide layer, and zirconium
interlayer. The material properties of interest related to the AA6061 cladding material are: density,
thermal expansion, heat capacity, thermal conductivity, Young’s modulus, and Poisson’s ratio. The
properties of interest related to the oxide are: density, heat capacity, and thermal conductivity. The
zirconium interlayer properties of interest are: density, thermal expansion, heat capacity, and thermal
conductivity. The Preliminary UMo Report is used as a reference point for the assumptions used in
the USHPRR analyses, where applicable.

3.1 AA6061 Cladding

The cladding material selected for U-10Mo monolithic fuel plates is AA6061, for which the nominal
composition is: Si (0.4 - 0.8 wt%), Fe (0.7 wt% max.), Cu (0.15 - 0.4 wt%), Mn (0.15 wt% max), Mg
(0.8 - 1.2 wt%), Cr (0.04 - 0.35 wt%), Zn (0.25 wt% max.), Ti (0.15 wt% max.), unspecified other
elements (0.05 wt% max. each and 0.15 wt% total max.), with Al as the remainder [64].

The as-received cladding for the fabrication of the U-10Mo fuel plates is AA6061-T6, but the hot
isostatic press (HIP) fabrication step results in properties closer to the AA6061-0O temper [65].
Neutron irradiation causes radiation hardening of the cladding, which may be non-uniform due to the
neutron flux profile. AA6061-T6 properties will be utilized in this report, where the temper is
specified. There is ongoing work to evaluate the effect of the variation in physical, thermal, and
mechanical properties of the AA6061 cladding on the thermo-mechanical behavior of U-10Mo
monolithic fuel plates via numerical simulations.

3.1.1 Density and Thermal Expansion of AA6061

The density of AA6061 alloy at 20°C is po=2.70 g/cm3 [66]. The density at temperatures other than
room temperature is estimated by applying the thermal expansion data as shown in equation 3.1 [67].

1

T (1 +AT@)3 " (-1

p
where AT = T-To where 0 stands for room temperature, @, is the mean linear thermal expansion
coefficient, as defined in equation 3.1, po is the density of Al at room temperature, and T is in K.

1 T

0 = dT 3.2
a T_TO-LOal (3.2)

Using equation 3.2 and the data obtained from MIL-HDBK-5H [70], the mean coefficient of linear
thermal expansion (CTE) of AA6061 at several temperatures were obtained and provided in Table
3.1, where the instantaneous coefficient of linear thermal expansion for pure Al is also listed for
reference.
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Table 3.1. Instantaneous and mean linear thermal expansion coefficient of AA6061 based on
data from [70].

T (°C) o (XL0CRT) for | o 10eky | @ (x10-6K1)
pure Al [44]
25 23.1 22.7 22.7
127 25.1 23.7 23.2
227 26.4 24.7 23.7
327 28.4 25.7 24.2
427 30.9 26.6 24.7
527 34 27.6 25.2
627 37.4 28.6 25.7

For convenience, a linear fit of the data for instantaneous coefficient of thermal expansion obtained
from MIL-HDBK-5H [70], as developed in [67] is as follows:

CTEq16061 = 1.99 X 1075 4+ 9.6 x 107°T (3.3)
where temperature (T) is in °C.

For the entire temperature range in Table 3.1 (298 - 900K), the variation in density is only 4.5%.
Hence, the reduction of density at elevated temperatures may not need to be considered.

3.1.1.1 Comparison of the AA6061 CTE to the Preliminary UMo Report

The Preliminary UMo Report [1] utilizes the density of pure aluminum (2.702 g/cm3), as it is
essentially the same as the density of AA6061. The Preliminary UMo Report also states to use the
coefficient of thermal expansion (CTE) to calculate the density at temperatures greater than room
temperature, and although several correlations and data sets of AA6061 CTE were introduced in the
body of the report, there was no specific recommendation given. A set of tabulated data is
recommended in Appendix C, which, from a comparison to the references in the body of the report,
is from [69]. A comparison of the values recommended in Appendix C of the Preliminary UMo Report
and the correlation recommended here (equation 3.3) is shown in Figure 3.1. Although different
references are cited, there is excellent agreement.
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Figure 3.1. Comparison of the coefficient of thermal expansion (CTE) of AA6061
recommended by the Preliminary UMo Report [1] and the fit of current best data (equation
3.3).
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3.1.1.2 Comparison of AA6061 Densities Used for Analyses for the USHPRR

Reports for MURR [4], MITR [6], and NBSR [35] use po=2.7 g/cm3 for the density of AA6061 for all
temperatures. Analyses for ATR also do not take the thermal expansion effects into account, and used
an aluminum density of 2.647 g/cm3, which is conservative relative to the recommended density of
2.7 g/cm3. Because of the minimal change in density over the temperature range examined,
disregarding the impact of temperature on density is reasonable. The report for HFIR [3] does
consider the temperature effect, and uses thermal expansion to estimate density at temperatures
other than room temperature using equation 3.1. The average thermal expansion coefficient of
24.2x10-6 K-1is used for this calculation, which is the average of the instantaneous coefficient of linear
thermal expansion of pure Al between 293 and 400K. This is a higher value than recommended by
the Preliminary UMo Report [1] or determined by the fit of current best data, as shown in Figure 3.2.
However, this difference in CTE has a minimal impact on the calculated density, so it is considered to
be a reasonable assumption.
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Figure 3.2. Comparison of the CTE assumed by analyses for HFIR [3], the Preliminary UMo
Report [1], and the fit of current best data (equation 3.3)

3.1.2 Melting Temperature of AA6061

The solidus of AA6061 is 582°C and the liquidus is 652°C [66]. The same values are recommended by
the Preliminary UMo Report in Appendix C [1] and used for analyses of the ATR [7]. It is worth noting
that ATR is the only USHPRR to explicitly discuss the melting temperature of the cladding.

3.1.3 Heat Capacity of AA6061

A correlation of the heat capacity of AA6061 is found in the report [67] and is shown in equation 3.4,
which was developed using data from [70].

cp = 0.324 +2.93 X 1073T — 4.34 X 107°T% + 2.42 x 107°T3 (3.4)

where ¢y isin]/(g K) and T is in K in the range of 298 < T < 811 K.
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3.1.3.1 Comparison to the AA6061 Heat Capacity Recommended in the Preliminary
UMo Report

The Preliminary UMo Report [1] recommends a data set from Polkinghorne in Appendix C. These
values are compared to the fit of current best data (equation 3.4) in Figure 3.3. The Preliminary UMo
Report [1] includes data up to, and beyond, the solidus temperature of AA6061 (582°C) and beyond
the recommended temperature regime for equation 3.4.
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Figure 3.3. Comparison of the data set recommended by the Preliminary UMo Report and the
fit of current best data (equation 3.4) for the specific heat of AA6061.

3.1.3.2 Comparison to the AA6061 Heat Capacity Recommended in Analyses for
the USHPRR

Heat capacity is presented analyses for MURR [4] as follows:

pc, = 4.252 x 10° — 2.685 x 103(T + 273.15) + 2.214(T + 273.15)? —
3.774 x 108(T + 273.15)7¢ (3.5)

where the unit of the correlation is in J/(m3K) and T is temperature in °C. The same correlation is
recommended for analyses of MITR [6].

The HFIR report [3] uses the following expression for the heat capacity of AA6061, using the data
from [70].

cp = 0.324 +2.93 X 1073T — 4.34 X 107°T% + 2.42 x 107°T3 (3.6)

where T is the temperature in K in the range of 298-811K, ¢, in ] /(g K).

Analyses for ATR uses tabulated data from Polkinghorne [69] with an assumed standard deviation of
+3%. There is a discrepancy between the data values used for the analyses for ATR and the
Preliminary UMo Report, although the same data source is cited. Reference [7] listed the values in
BTU/in3F, so conversion to ]J/gK for comparison was needed. The density value used for this
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conversion was 2.647g/cc, as used in the analyses for ATR [7]. If a density of 2.7 g/cc is used for this
conversion, one obtains the same values as reported in the Preliminary UMo Report. Analyses for
NBSR [5,35] assume a constant specific heat (0.896 ]/(g K)), approximately equal to the 50°C value
from the other correlations and tabulated values. The correlations and values used for analyses are
compared to the recommendation by the Preliminary UMo report [1] in Figure 3.4. The correlation
used for analyses of MURR [4] was converted from a pc, term to ¢, assuming a density of 2.7 g/cm3
to allow direct comparison.

1.25 Preliminary UMo Report
15 ® ATR(MPR Calc Note)
' HFIR (Interim BFA)
115 MURR/MITR (ANL/GTRI/TM-14/5 Rev 1) l ¢
—_ —— NBSR (non-LOCA Calc Notebook) ¢
"4
211
: ] x
£ 105 _
& l 2
g 1 |
o
[7s] l 4
0.95 1
09 _l
0.85
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3.4. Comparison of the specific heat capacities used for analyses of the USHPRR and
the recommended values from the Preliminary UMo Report [1].

All correlations and values are approximately consistent, with the exception of NBSR [5], which is
conservative compared to the correlations and data used by the other USHPRR, as well as the
recommended correlation, equation 3.4.

3.1.4 Thermal Conductivity of AA6061

The thermal conductivity of AA6061 is found in a report [67], which is a fit based on the data from
[70], as found below:

k =106 + 0.149T + 8.47 x 1075T% — 2.14 x 1077T3 (3.7)

where kisin W/(m K) and T is in K in the range of 298 < T < 800 K.

3.1.4.1 Comparison of the Recommended Thermal Conductivity of AA6061

The Preliminary UMo Report [1] recommends tabulated data from [69] in Appendix C. This data is
compared to the recommended correlation (equation 3.7) in Figure 3.5.
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Figure 3.5. Comparison of the recommended values for AA6061 thermal conductivity in
Appendix C of the Preliminary UMo Report [1] to the fit of current best data (equation 3.7).

The recommended correlation is significantly lower than the values recommended by the
Preliminary UMo Report [1]. The Preliminary UMo Report data is from reference [69], where the O
temper of AA6061 is recommended, compared to AA6061-T6 in reference [68]. The impact of the
difference in thermal conductivity of AA6061 is minimal because the temperature change across the
cladding is minimal with thermal conductivities in this range.

3.1.4.2 Comparison of Correlations Used by the USHPRR for the Thermal
Conductivity of AA6061

Analyses for MURR [4] and MITR [6] use the same correlation for the thermal conductivity of AA6061,
shown in equation 3.8.

k =147.8 + 0.1792T — 2.616 x 1074T?2 (3.8)
where T is in °C.

The correlation used in the HFIR report [3] is identical to equation 3.7. Tabulated values were used
for analyses for ATR, and a constant thermal conductivity of 180 W/(m K) was assumed for analyses
of NBSR. A comparison of these correlations and values, in addition to the recommended values from
the Preliminary UMo Report is shown in Figure 3.6.
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Figure 3.6. Comparison of correlations and values used for the thermal conductivity of
AA6062 in analyses of the USHPRR the values recommended by the Preliminary UMo Report,
and the recommended fit of current best data (equation 3.7).

All assumptions by the USHPRR in the temperature ranges for steady-state and accident analyses that
are relevant for each reactor are equal to or conservative compared to the recommended values from
the Preliminary UMo Report. It is noted that for NBSR a constant value for the thermal conductivity
of AA6061 is assumed, which is non-conservative relative to the Preliminary UMo Report for
temperatures above ~525 C. However, in no case is the calculated cladding temperature greater than
~300C.

3.1.5 Young’s Modulus and Poisson’s Ratio of AA6061

Data for tensile properties of AA6061 are found in the literature [70,71,72]. A fit of the data from
[70], [71] and the data measured with the static method from [72], a correlation for the Young’s
Modulus of AA6061 is obtained as:

EAA6061 == 54‘9 + 107 X 10_1T - 203 X 10_4T2 (39)
where the temperature, T, is in K, as developed in [67].
Poisson’s ratio of AA6061 is 0.33 [68].

3.1.5.1 Comparison to the Young’s Modulus of AA6061 Recommended by the
Preliminary UMo Report

The Preliminary UMo Report recommends tabulated values for the Young’s Modulus of AA6061,

rather than a correlation. The tabulated values recommended by the Preliminary UMo Report are

compared to the recommended correlation discussed here (equation 3.9) in Figure 3.7.
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Figure 3.7. Comparison of the recommendations for the Young’s Modulus of AA6061 in the
Preliminary UMo Report and equation 3.9.

The recommended correlation (equation 3.9) is in good agreement with the data set recommended
in Appendix C of the Preliminary UMo Report.

3.1.5.2 Comparison to the Poisson’s Ratio of AA6061 Recommended by the
Preliminary UMo Report

The Preliminary UMo Report recommends a tabulated set of data for the Poisson’s ratio in Appendix
C, shown in Table 3.2. There is no reference for this data set.

Table 3.2. Recommended Poisson’s Ratio Values from Appendix C (Table C-31) of the
Preliminary UMo Report.

Temperature (°C) | Poisson’s Ratio
21 0.33

25 0.33

100 0.33

149 0.34

204 0.34

260 0.34

316 0.36

371 0.4

The values recommended in the Preliminary UMo Report are in reasonable agreement with the
constant value of 0.33 recommended here, up to temperatures of ~300°C.

3.1.5.3 Comparison of the Young’s Modulus of AA6061 Used for Analyses of the
USHPRR

Significant mechanical deflection analysis has been done regarding MURR. Analysis has investigated
the fuel plate deformation under differential hydraulic pressures arising from flow channel
differences [61]. The assumed mechanical properties AA6061 were a Young’'s Modulus of 68.0 GPa
and a Poisson’s Ratio of 0.33 [61]. This is in agreement with an evaluation of equation 3.9 at 60 °C.
Given available literature data, the property values used for MURR are reasonable. In this report [61]
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MURR LEU plates are thinner than the HEU plates, and are, at 44 mil thick, the thinnest among the
USHPRR reactors. As the MURR LEU fuel element design contains the thinnest and widest plates
amongst the USHPRR, it serves as an important case for mechanical stability under flow conditions.
Despite thinner plates, the predicted maximum plate deflection is very small at approximately 5 um,
so sensitivity to assumptions of the mechanical properties is not consequential.

A report for the analyses of HFIR [3] uses the correlation shown in equation 3.9, the only USHPRR to
explicitly discuss the Young’'s Modulus of AA6061 within the reports on the safety analyses
conducted.

3.1.6 Yield Strength of AA6061

Tabulated data [65,73] for the yield strength of HIP-processed AA6061 cladding was presented in the
Preliminary UMo Report [1]. Because this data is limited to room temperature evaluation, it is
recommended to use O-temper AA6061 as a reasonable approximation for HIP-processed AA6061
[1,73]. Of the USHPRR, a report for HFIR [3] is the only one that explicitly addresses the yield strength
of unirradiated AA6061 at room temperature, which is in agreement with the Preliminary UMo
Report [1].

Limited data for the yield strength of irradiated AA6061 is available [74], and in addition to the
Preliminary UMo Report [1], only a report for HFIR [3] explicitly discusses the yield strength of
irradiated AA6061.

3.1.7 Creep Behavior of AA6061

Data forirradiation-induced creep of AA6061 are available in the literature. Jeong et al. [75] estimated
that the fission-induced creep rate of aluminum was an order of magnitude lower than that of U-
10Mo. However, because the thickness of the Zr interlayer is much larger than the recoil ranges of
fission fragments, no fission-induced creep is possible in the cladding. Neutron-induced creep is
typically an order of magnitude lower than that by fission [76]. Therefore, the irradiation-induced
creep of AA6061 cladding is considered negligible.

Thermal creep of AA6061 need not be considered because it is negligible at the low reactor operation
temperatures [77]. The Preliminary UMo Report includes tabulated data for thermal creep from ASM
[66] in Appendix C.

3.1.8 Swelling of AA6061

Swelling of AA6061 under irradiation is minimal for the neutron fluences relevant to the USHPRR
[74], as shown by the data recommended in the Preliminary UMo Report [1] and discussed by a report
for HFIR [3]. The other USHPRR do not explicitly address the irradiation swelling of AA6061.

3.1.9 Irradiation Hardening of AA6061

Limited data on the irradiation hardening of AA6061 is avaialble from Farrell [74,78]. In [74], data s
presented on the hardening of AA6061-O temper due to irradiation, representative of the as-
fabricated state of the cladding, as discussed in [65]. A linear fit of the data was presented in Figure 6
of [74], and the line was digitally extracted and determined to be:

UTS = 4.181n(f) — 211.56 (3.10)
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Where UTS is the ultimate tensile strength in ksi, the fast neutron (E > 0.1 MeV) fluence (f) is in n/m?2,
and the temperature is 50°C.

The Preliminary UMo Report displays figures from [74], and extracts the yield strength at 3 fluences,
rather than reporting a correlation. Stress-strain curves from [78] were also presented in the
Preliminary UMo Report, including a recommended data set in Appendix C, without recommending
a specific yield strength or UTS. If the UTS is required for analysis, it is recommended to use the
correlation presented in equation 3.10.

3.2 Oxide Layer

Aluminum alloys undergo oxidation in air even at room temperature, producing a protective oxide
(Alz03). The protective oxide, however, degrades in water by the formation of various oxide-hydrates
at the outer surface over time, leaving only a thin (~0.01 pm) protective Al,03 layer on the substrate.
The most frequently found oxide-hydrates in typical conditions are boehmite (Al,03.H,0) and
bayerite (Al203.3H20) [79]. The dominant between these two is boehmite, with bayerite found on the
outer surface of the boehmite layer. The term “oxide thickness” generally refers to the total thickness
of the layers of the protective oxide (Al»03) and hydrated oxides (Al,03.H20 and Al,03.3H20). However,
because boehmite dominates the oxide layer, the properties of boehmite are the most representative
of the oxide layer.

3.2.1 Oxide Density

The density of the oxide (boehmite) is available in the literature as 3.02 g/cm3 [80], as was accepted
by Griess [81], a common reference for the density of boehmite. However, the measured data range
is was more reccently reported to be 3.02-3.05 g/cm3, with a theoretical density of 3.08 g/cm3 [82].

The average of the measured data range, 3.03 g/cm3, is recommended.

The Preliminary UMo Report [1] recommends a density of 3.01 g/cm3 [83], based on an older
reference [84], while analyses for HFIR [3] reference a range of oxide densities (3.0-3.07 g/cm3), as
compared in Figure 3.8. The other USHPRR do not explicitly discuss the oxide density.

3.09 M Preliminary UMo Report

507 ® Recommended Value
m HFIR (Interim BFA)

3.05

3.03

3.01

Density (g/cm3)

2.99

2.97

2.95
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Figure 3.8. Comparison of the oxide densities recommended by the Preliminary UMo Report
[1], the HFIR Interim BFA [3], and this report

The values recommended by the Preliminary UMo Report [1] and the value recommended by this
report fall within the general experimental range for density of the oxide, so either value would be
reasonable for use.

3.2.2 Oxide Heat Capacity

Heat capacity of boehmite is reported by Hemingway et al. [85]. A fit to his data results in:
cp = 3.4043 x 1073 + 3.83 X 1073T — 2.694 x 107°T? (3.11)

where cyisin]/(gK)and T is in K.

3.2.2.1 Comparison of the Heat Capacity of the Oxide to the Preliminary UMo
Report

The Preliminary UMo Report [1] recommends the equation below in the body of the report, from
Polkinghorne [69]

2.267 x 107

¢p =937.3+1382XT — 77

(3.12)

where ¢, is in J/kg-K and T is the temperature up to 600K. The appendix recommends values
extrapolated from this equation up to temperatures of 1200K.

A comparison of the correlation recommended by the Preliminary UMo Report [1], the values
recommended in Appendix C of the Preliminary UMo Report, and the correlation recommended here
is shown in Figure 3.9.
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Figure 3.9. Comparison of the recommended correlation and values from the Preliminary
UMo Report [1] and the correlation recommended here (equation 3.11).

The c, recommended by the Preliminary UMo Report [1] is consistently higher than that from
equation 3.11. The citation for the c, equation in the Preliminary UMo Report is Polkinghorne [69],
which sources [83]. Wefers produced the sample measured in the more recent Hemingway report
[85]. Differences in the heat capacity could be due to slight differences in the composition, which can
impact the thermophysical properties of the aluminum oxide, as discussed in [85]. Because both are
significantly higher than the value used for analyses of the USHPRR (discussed in the next section),
either correlation is acceptable if re-analysis is required, although equation 3.11 is recommended.
The exact composition of the oxide layer can vary due to differences in the reactor conditions (such
as coolant pH), so the more conservative equation 3.11 is recommended.

3.2.2.2 Comparison of the Oxide Specific Heat Used for USHPRR Analyses

A report for MURR [4] uses a value of p-cy= 1.0 ] /(m3 K) for boehmite. When this number is converted
to cp, 0.33x10-¢ ] /(g K) is obtained. This value is six orders of magnitude lower than the 0.905 J/(g K)
value at 25 °C computed using equation 3.11. However, this value was justified because it is more
conservative, and the effect of the presence of oxide in the safety analysis was negligible. It has been
suggested that MITR [6] use the same value for heat capacity. The specific heat capacity was not
explicitly discussed in analyses for the rest of the USHPRR.

3.2.3 Oxide Thermal Conductivity

Thermal conductivity of boehmite was reported in [86] as 2.25 W/(m K), in agreement with [69],
cited in the Preliminary UMo Report. The thermal conductivity measurements were done on wet
boehmite samples, which includes inherent porosity. As these measurements were done on samples
generated in an out-of-pile test, the porosity may have been lower than in-pile materials. A discussion
on the impact of porosity on the properties of the oxide layer will be incorporated in the next revision
of this report.
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Reports for MURR [4], MITR [6], and ATR [7] all use this value for the thermal conductivity of
boehmite. The thermal conductivity of boehmite utilized by NBSR was not explicitly discussed [5,35].
HFIR [3] introduces a correlation for the thermal conductivity of the oxide that is dependent upon
the oxide thickness:

Koxide = 2.25, x < 0.001"(25um)
Koride = 2.25 — 0.016(x — 25), 0.001<x < 0.004 (3.13)

where x is the oxide thickness in um. A comparison of the HFIR correlation to the value used by the
Preliminary UMo Report [1] and the rest of the USHPRR is shown in Figure 3.10.
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Figure 3.10. Comparison of the correlation used for analyses of HFIR [3] to the oxide thermal
conductivity recommended by the Preliminary UMo Report [1].

The recommended value for oxide thermal conductivity is 2.25 W/mK, in agreement with the
Preliminary UMo Report. As the HFIR correlation is more conservative than the recommended value,
it is not considered to be necessary to re-do the analyses.

3.2.4 Oxide growth

Oxide growth on the aluminum cladding is a reactor-specific correlation. Therefore, this report does
not recommend a particular correlation, although the Griess [81] correlation in equation 3.14,
developed from out-of-core test data, is a general correlation that can be used.

4600
t=A%x0%78 xe T (3.14)

where t is the thickness in mils (0.001 inch), 6 is the time in hours, T is the temperature, and A is a
constant dependent upon the water pH. For pH of 4.7-5, A is 443. For pH of 5.7-7, Ais 1200.

The Preliminary UMo Report [1] recommends the Griess correlation multiplied by a factor of 0.7 for
use in the ATR (multiplied by 25.4 to calculate the thickness in um instead of mils). Analyses for HFIR
[3] use the Griess correlation unmodified, and calculations for the ATR [7] assumed an oxide
thickness of 0.001 inch with a 1 sigma of 14.2%. Analyses for MITR [6], MURR [4], and NBSR [5,35]
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do not explicitly discuss a correlation for the oxide thickness, although MURR [4] mentions that a
modified Griess correlation is used. Reference [25] argues that oxide growth, like the channel
reduction caused by fuel swelling, increases the margin to onset of nucleate boiling, which occurs in
fresh elements, and thus, is not directly treated. Again, no single correlation is recommended for the
USHPRR since oxide growth is reactor dependent.

3.3 Zirconium Interlayer

Two types of pure zirconium are available in the industry: sponge and iodide crystal bar zirconium.
There is little difference in the impurity content between them. The sponge Zr is > 99.6% in purity
with impurities in ppm: O, 1300, N2 80, Hz 20, Hf 400, and Ni 40 while the iodide crystal bar is >
99.9% in purity with impurities in ppm: O 2 65, N 2 15, H2 12, Hf 35, and Ni 20. The iodide crystal bar
is softer with lower oxygen content, usually less than 100 ppm. Because of the lower fabrication cost,
however, the sponge Zr is more frequently used, and is considered as pure Zr. Sponge Zr is produced
by the process known as the Kroll process and is porous, hence the term sponge. In this section, pure
zirconium and zirconium both refer to sponge zirconium.

3.3.1 Density and Thermal Expansion of Zirconium

The density of pure Zr as a function of temperature can be converted from the fractional linear
thermal expansion using equation 3.15, shown below.

1

. S 3.15
(1+AT&@)3 "0 (3:15)

p

where the density at room temperature, p,=6.57 g/cm3 [44] and @, is the mean linear thermal

expansion coefficient. &, was calculated from integration of a second-order polynomial fit (equation
3.16) of the instantaneous thermal expansion («’) data from Touloukian [44], shown in equation 3.17.

a’ = 3.4556 + 0.0080087 x T — 3.2231 X 107° x T2 (3.16)

@ = 3.4556 + 0.00400435 X (T + Ty) — 1.07437 X 1076 X (T2 + T X Ty + Tp?) (3.17)

where T is the temperature in K, To is the reference temperature set to 293K, and o’and ¢, are in units
of x10-6 K-1.

Values for o, ¢, and the corresponding density values as a function of temperature are shown in
Table 3.3.
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Table 3.3. Instantaneous and Mean Linear Thermal Expansion Coefficients and Density of
Zirconium [46].

T (K) o (x10-6K1) [44] | o (x10°K1) p (g/cm3)
293 5.7 5.5 6.57
400 59 5.8 6.56
500 6.6 6.1 6.55
600 7.1 6.4 6.53
700 7.6 6.6 6.52
800 7.9 6.8 6.50
900 8 7.0 6.49
1000 8.2 7.2 6.47

For the temperature range 293-800 K, the variation in density is only 1%. Hence, using po=6.57g/cm3
at To = 293K for other temperatures is considered to be reasonable.

3.3.1.1 Comparison to the Density and Thermal Expansion of Zirconium
Recommended by the Preliminary UMo Report

The temperature dependence of density of Zr in the Preliminary UMo Report is from [46], and is in
agreement with the density values presented in Table 3.3.

The Preliminary UMo Report introduces a correlation by Touloukian [44] and a plot from the ASM
handbook [64] within the body of the report for the coefficient of thermal expansion (CTE) of Zr. In
Appendix C, a digitization of the ASM handbook is recommended. A comparison of the data
recommended in Appendix C of the Preliminary UMo Report and the fit of current best data is shown
in Figure 3.11.
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Figure 3.11. Comparison of the CTE of Zr recommended by the Preliminary UMo Report [1]
and the fit of current best data (equation 3.17 )

The data recommended by the Preliminary UMo Report [1] are consistently higher than the fit of
current best data. The correlations presented in this report (equations 3.16 and 3.17) are based on
more recent data than the reference for the ASM plot [87]. Additionally, the temperature dependence
of density recommended by the Preliminary UMo Report was calculated using equations 3.15 and
3.17 in the referenced report [46], so the data in Table 3.3 and the correlations in equations 3.16 and
3.17 are recommended.

3.3.1.2 Comparison to the Density and Thermal Expansion of Zirconium Used for
Analyses of the USHPRR

The density of Zr is assumed to be approximately constant in the temperature range of interest in
analyses for ATR [7], MITR [6], MURR [4], and NBSR [5]. Analyses for HFIR [3] have suggested
equation 3.18 for COMSOL finite element modeling, suggesting equation 3.19 as an alternative, where
LTE is linear thermal expansion, as shown in equation 3.20. However, some analyses [20] assumed a
constant density of 6.52g/cm3.

pzr = 6.518 — 0.0827 X 1073T — 4.803 x 107872 + 7.322 x 1071273 (3.18)
6.57
Pzr = TITE) (3.19)
LTE = —1.11x 1073+ 2.325x 107°T + 5.595 x 107°T2 — 1.768 x 1071273 (3.20)

A comparison of the assumed density values for the USHPRR and the Preliminary UMo Report [1] is
shown in Figure 3.12. The values assumed for analyses of the USHPRR are either in agreement, or
more conservative than the data recommended in the Preliminary UMo Report.
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Figure 3.12. Comparison of Zr density values used by analyses for the USHPRR and
recommended by the Preliminary UMo Report

3.3.2 Heat Capacity of Zirconium

Heat capacity data of Zr have been reviewed and compiled by Kim [46]. He proposed a correlation as
a function of temperature, which was taken from Reference [67], as follows:

cp = 22.839+9.091 x 107°T — 2.132 X - :
22.839 +9.091 x 1073T — 2.132 x 104T 2 (3.21)

where cyisin]/(mol K) and T is in Kin the range of 293 < T <1135 K. Equation 3.21 was also adopted
in [34]. Because inverse square temperature dependence cannot be incorporated into safety analysis,
equation 3.21 was refit for a linear dependence. The refit correlation is given in equation 3.22.

¢, = 0.2476 + 1.023 x 107*T (3.22)

where ¢, is in J/(g K) and T is in K for temperatures 293 < T < 1135 K. The two correlations are
compared in Figure 3.13, where equation 3.21 is the correlation discussed in the Preliminary UMo
Report and equation 3.22 is the linear fit of current best data.

3.3.2.1 Comparison to the Heat Capacity of Zirconium from the Preliminary UMo
Report

Within the body of the Preliminary UMo Report [1] both an equation for the specific heat of Zr
(equation 3.21) and a figure from the ASM Handbook [64] are introduced, although no specific
recommendation is given. From the tabulated values in Appendix C, the ASM Handbook values are
recommended by the Preliminary UMo Report. A comparison of the fit of current best data (equation
3.22), the equation discussed in the body of the Preliminary UMo Report (equation 3.21), and the
recommended values from Appendix C of the Preliminary UMo Report are shown in Figure 3.13.
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Figure 3.13. Comparison of the correlation given in the Preliminary UMo Report [1], the values
recommended in Appendix C of the Preliminary UMo Report, and the linear fit of current best
data for the specific heat of zirconium.

The fit of current best data and the equation given in the body of the Preliminary UMo Report [1] are
in close agreement. However, the recommended data from Appendix C of the Preliminary UMo Report
diverges from these equations, particularly at temperatures greater than ~725K. Because the two
equations discussed here (equations 3.21 and 3.22) are based on several data sets collected more
recently than the data given in the ASM Handbook, either of these equations are recommended,
depending on the restrictions of the analyses being conducted. If an inverse temperature is allowed,
equation 3.21 is recommended. If only a linear relationship is allowed, equation 3.22 is
recommended.

3.3.2.2 Zirconium Heat Capacity for Analyses of the USHPRR

The correlation used for analyses of MURR [4], and recommended for analyses for MITR [6] is given
in a form that heat capacity is coupled with density using the data from [88], and is shown in equation
3.23.

pcp = 1.859 X 10% + 739.2T (3.23)

where the correlation calculates values in J/(m3 K) and T is temperature in °C. The report [4] says
that a constant density of 6.57 g/cm3 for all temperatures is recommended, and was used to calculate
the heat capacity for comparison to the correlations used by the rest of the USHPRR. The main reason
for using this form rather than that shown in equation 3.21 was that the square inverse multiplication
of temperature in the last term of equation 3.21 could not be accommodated by the computer
program used for the safety analysis.

Analyses for ATR [7] use equation 3.24, which was converted from units of BTU/(Ibm °F) to J/(g °C)
for comparison to the rest of the USHPRR. As a note, the brackets in the equation below were missing
in the documentation.
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[ _s _ (T +459.67) 10* ]
= |24.1618 +8.7558 X 1073 x —————~ — 6.9942 x 2|
l 1.8 ((T + 4509. 67)) J
X 5.266 x 107* x ! (3.24)
' 91.224 * 0.00220462 '
A report for HFIR [3] uses:
2 = 187.38 + 0.583T — 0.001258T2 + 1.0155 x 107673 (3.25)

where cz, is the heat capacity of Zr in ] /(kg K) and T is in K, valid for temperatures between 298 and
1073K.

Analyses for NBSR [5] assume a constant heat capacity for Zr (0.27 J/ (g K)) valid for temperatures
between 260K and 1367K. As a note, the units in the documentation were listed as W/(m3 K), and it
was assumed they should be J/ (m3 K) for conversion to J/ (g K) for comparison to the rest of the
USHPRR. The density used to convert the heat capacity to specific heat capacity was 6.52g/cm3.

A comparison of correlations used for analyses of the USHPRR compared to the correlation discussed
in the Preliminary UMo Report [1] is shown in Figure 3.14.
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Figure 3.14. Comparison of Zr heat capacity correlations, where the dotted lines indicate a
variation of the Preliminary UMo Report correlation of +10%.

The maximum difference between the correlations and the Preliminary UMo Report (with the
exception of NBSR [5]) occurs at 500°C (the maximum temperature for which the correlation used
for analyses of HFIR [3] is applicable). This difference is within a 10% variance of the correlation
discussed in the Preliminary UMo Report, as marked by dotted lines in Figure 3.14. This is well within
the 50% variance investigated in reference [89], which had minimal impact in the overall fuel plate
behavior. The value assumed for NBSR is substantially lower than the correlations, but is still within
the 50% variance investigated. All assumptions made for analyses of the USHPRR are still considered
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valid. If additional analyses are needed, equation 3.21 is recommended if a nonlinear relationship is
allowed. If only a linear relationship is allowed, equation 3.22 is recommended.

3.3.3 Thermal Conductivity of Zirconium

The measured thermal conductivities of sponge Zr that were available before 1970 were reviewed
and the recommended values were tabulated based on the data assessment by Touloukian [44]. Fink
[88] produced a correlation based on the Touloukian data, with the addition of data available after
1970, as:

kz-(T) = 8.8527 + 7.0820 x 1073T + 2.5329107°T2 + 2.9918 x 10371 (3.26)

where T is in K in the range of 293 < T < 2000 K. Fink declared that the uncertainty (+10) in equation
3.26 is between 8.4% and 9.9% in the temperature range 298 < T < 1000K.

3.3.3.1 Comparison to the Thermal Conductivity of Zirconium in the Preliminary
UMo Report

There is no specific recommendation within the body of the Preliminary UMo Report [1]. Instead,
both the Fink correlation (equation 3.26) and a figure from the ASM Handbook [64] were presented.
In Appendix C, tabulated data extracted from the ASM Handbook was recommended. These values
are compared to the Fink correlation in Figure 3.15.
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Figure 3.15. Comparison of the Fink correlation (equation 3.26) to the tabulated values
recommended in Appendix C of the Preliminary UMo Report for the thermal conductivity of
Zr.

The values in Appendix C of the Preliminary UMo Report [1] are consistently higher than the values
calculated from the Fink correlation. It is recommended to use the Fink correlation rather than the
values from the ASM Handbook as it is a more recent analysis of the available data for the thermal
conductivity of Zr and has smaller uncertainty than the curve proposed in the ASM Handbook. The
Fink correlation has a 1o ranging from 5 to 9.5%, depending on temperature. The reference from the
ASM Handbook states that the uncertainty in thermal conductivity is +10% at temperatures below
800K, but increases to as much as *20 or +25% at higher temperatures.
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3.3.3.2 Comparison to the Thermal Conductivity of Zirconium Used for Analyses
of the USHPRR

The Fink correlation was used for analyses of MURR [4], ATR [7], and MITR [6] for the thermal
conductivity of Zr. Analyses for NBSR [5] uses a constant thermal conductivity (22.7 W/(m K)) for
temperatures between 260 and 1367K. Analyses for HFIR [3] use equation 3.27, valid for
temperatures between room temperature (assumed to be 20°C) and 500°C. Note that the exponent
for the TS term was miss-typed as 1015 instead of 10-15.

k- = 36.84 —0.077T + 1.259 x 107*T? — 8.966 x 107873 + 3.168 x 101174
—4.413 x 10715T> (3.27)

Kz is the thermal conductivity of Zr in W/(m K) and T is the temperature in K. A comparison of the
values and correlations used for analyses of the USHPRR and the values recommended in Appendix
C of the Preliminary UMo Report are shown in Figure 3.16.
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Figure 3.16. Comparison of the values and correlations used for the thermal conductivity of
Zr in analyses of the USHPRR and the values recommended in Appendix C of the Preliminary
UMo Report. The dotted lines indicate the +9.5% standard deviation assumed by analyses for
the ATR.

The correlations, and values recommended in Appendix C of the Preliminary UMo Report, all fall
within the standard deviation of £9.5% used in analyses for the ATR, as indicated by dotted lines in
Figure 3.16. The exception to this is the NBSR, where the assumed thermal conductivity is greater
than the correlations in the intermediate temperature range (~450-850K). Reference [89]
investigated the impact of a variation in thermal conductivity of zirconium +50% from nominal, and
found only minimal impact on the stresses and temperatures in the fuel plate. The greatest difference
between the ATR correlation and the NBSR constant value assumption is ~20%, well within the 50%
variation investigated. Therefore, the assumption of a constant thermal conductivity for Zr is
reasonable.
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3.3.4 Mechanical Properties of Zirconium

The Preliminary UMo Report includes information and recommendations for the Young’s modulus,
Poisson’s ratio, yield strength, ultimate strength, and thermal creep strain rate of zirconium. However,
these properties were not used in the analyses of the USHPRR, so a detailed discussion is not included
here. Finite element analyses [89] have been conducted to determine the impact of changes in the
Young’s modulus and yield stress of the Zr layer. Although changing these parameters showed some
effect on the stresses at the interfaces between the Zr interlayer and the fuel core and cladding, effect
on the overall thermo-mechanical behavior of the fuel plate was found to be minimal.
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4 Fuel Performance Parameters

The two primary fuel performance parameters that limit the conditions in which the fuel can be used
are the swelling of the fuel (in relation to the channel gap closure) and the blister anneal temperature,
which serves as a fuel temperature safety limit. These parameters will be discussed in the following
sections, as well as the impact of creep of the U-10Mo fuel.

4.1 U-10Mo Monolithic Fuel Swelling

Fission-induced swelling of monolithic U-10Mo is isotropic. Because of dimensional restrictions in
the axial and width directions, only the foil thickness increases as a result of fuel swelling due to
mechanical constraint of the fuel in the width and length directions. On this basis, fuel swelling can
be simply computed by the equation shown below.

AV

At, = (—) to, (4.1)
V F

where At is plate thickness change in fraction after irradiation, and {, ; is the as-fabricated foil

thickness. Here toris known from the fabrication record, with some uncertainty, as minor variations
in thickness will occur across the plate (within the specified tolerances).

An empirical correlation for U-10Mo swelling based on monolithic fuel irradiation test data [27] is
shown in equation 4.2, the equation recommended for use.

(AV) — 0.05 <3 1021fissions

Vo /s = 0.05/a, Ja= cm3

AV ) ,, fissions

(V_) = 0.15+ 0.063(f; —3) + 0.0033(f; —3)*, fq4>3x10 o (4.2)
07f

where fuel swelling is in fraction and fy is the fission density in 102! f/cm3, including fissions by
actinides bred during irradiation. The data used to develop the correlation was based on a single data
point from the middle of the fuel plate, where effects of creep are assumed to be minimal. However,
because the maximum fission density in most experimental plates are achieved at the plate edge, this
reduces the data availability at higher fission densities.

4.1.1 Fuel Swelling Comparison to the Preliminary UMo Report

The Preliminary UMo Report [1] developed two swelling correlations based on a binning method of
data available across the fuel plate, which expands the set of available data, particularly at higher
fission densities. The correlation recommended in the Preliminary UMo Report, reproduced as
equation 4.3, includes data from the AFIP-6MKII test. A second correlation presented in the
Preliminary UMo Report, and reproduced as equation 4.4, excludes this data, for the reasons
discussed in section 2.5.2.

%Swelling = 6.13 x 10™*3f,% 4+ 4.00 x 10721f, (4.3)
%Swelling = 3.83 x 10743f,% + 4.54 x 10721f, (4.4)
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These two correlations, as well as the recommended best-estimate correlation from this report
(equation 4.2), are compared in Figure 4.1. Although there is agreement at lower fission densities, the
correlations diverge at higher fission densities due to the use of different data sets.

50 .
USHPRR Tech. Basis Rev.
45
40 Preliminary UMo Report
35 without AFIP-6MkII (eq. 65)
F 30 Preliminary UMo Report with
s AFIP-6MKII (eq. 64)
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Fission Density (x1021f/cm3)

Figure 4.1. Comparison of the swelling correlations from the Preliminary UMo Report and
the fit of current best data.

4.1.2 Fuel Swelling Comparison of the Correlations Utilized in Analyses

for the USHPRR

U-10Mo swelling due to irradiation given in equation 4.2 is considered in the HFIR [3] and MITR [6]
reports. Fuel swelling is also discussed in work for MURR [4,90] that considers channel restriction at
end of life of 8 mil from all sources, which was derived based on the same equation. Analyses for ATR
[7] utilized equation 4.5, based on a draft version of the correlation from the Preliminary UMo Report

[1].

(5.69957 x 10~*3(f; x 1021)2 + 4.30015 x 10~21 x f,; x 1021)¢,

(4.5)

As anote, the “x1021” term should be discarded, as the fission densities are in fissions/cm3. tswen is the
fuel meat thickness after swelling, to is the as-fabricated fuel meat thickness, and tswen/to (% thickness
change) was used for comparison to the other USHPRR.

NBSR [91] has recently begun using equation 4.6 in their analyses.

At
— (%) = 0.5700f,° + 4.300f, (4.6)
0

The correlations used for analyses of the USHPRR are shown in Figure 4.2. NBSR and ATR are in
alignment with the recommendation of the Preliminary UMo Report which includes AFIP-6MKII data,
while analyses for HFIR, MITR, and MURR use the correlation recommended by this report. A
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comparison of the swelling values for each of the USHPRR at the maximum fission density calculated
by each of the equations is shown in Table 4.1.

Swelling (%)
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HFIR/MITR/MURR

--------- NBSR (Diamond Memo)

Preliminary UMo Report - With AFIP-6MKkI|

Fission Density (x10%! fissions/cm?)

Figure 4.2. Comparison of the correlations used for analyses of the USHPRR and the
Preliminary UMo Report (the thin blue lines represent the 95% confidence interval for the
Preliminary UMo recommended correlation).

Table 4.1. Comparison of the calculated swelling values for each of the USHPRR using the
recommended correlations from this report and the Preliminary UMo Report

Swelling (%)

Fission Density Prellmlnaljy UMo Preliminary UMo
Reactor . Recommended Report without .

(x102! fissions/cm3) . Report with AFIP-

(equation 4.2) AFIP-6MKII 6MKII (equation 4.3)

(equation 4.4) q '
ATR 4.9 28 31 35
HFIR 6 37 41 46
MITR 5.0 29 32 36
MURR 3.4 (plate 1) 18 20 21
2.6 (plate 23) 13 14 15
NBSR 7.2 47 53 61

As discussed in Section 4.1.1, there is reasonable agreement among all correlations at lower fission
densities (< 2x1021 fissions/cm3), but there is a significant disparity at higher fission densities.

Review of the Technical Basis for Properties and Fuel Performance Data
Used in HEU to LEU Conversion Analysis for U-10Mo Monolithic Alloy Fuel 54



ANL/RTR/TM-17/19 Rev. 1

4.2 Irradiation Creep of U-10Mo Fuel

Irradiation creep of U-10Mo has been reported [92]. Creep affects fuel swelling most significantly in
the foil peripheral regions. As shown in Figure 4.3, the measured fuel swelling at the foil edges is
lower than the prediction, while away from the edge of the fuel the measured swelling is larger than
the prediction. The areas marked as A (blue) and B (green), compared in Table 4.2, are similar,
suggesting that mass relocation by creep from region A to region B occurs. The data fit for equation
4.2, the recommended fuel swelling correlation, was based on the measured fuel swelling at the foil
center to minimize the influence of creep. Depending upon the node size, it has not been considered
necessary to address creep separately. If regions A and B are in the same node, and that node is on
the order of one-half centimeter or larger, these regions balance out, and a swelling equation alone
can be used rather than addressing the effects of creep as well, as long as the average fission density
for the node is utilized.

— Measured

—— Predicted without creep

Fuel Swelling (AV/VO0)I

0 1 2 3 4 5 6 7 8 9
Distance from ATR - Core side foil end [mm)
Figure 4.3. Mass relocation by creep of U-10Mo (based on L1F140 from RERTR-7 test).

Table 4.2. Comparison of areas A and B marked in Figure 4.3.

Plate ID Test ID Area A Area B Difference
B1-L1T34T RERTR9 130 99 31
B7-L1F140 RERTR7 53.7 60.9 -7.2
B3-L1P05A RERTR9 115.5 106.4 9.1
C6-L1P04A RERTR9 74.2 90.5 -16.3
C1-L1F26C RERTR-9 97.7 126.4 -28.7
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If it is desired to reduce the node size, requiring creep to be incorporated, a linear relationship with
stress and fission rate was recommended by Kim [92], and is shown in equation 4.7.

. = Acf (4.7)

where &, is the equivalent creep strain rate (s'1), A is the creep rate coefficient (cm3/MPa-fission), o
is the equivalent stress (MPa), and f is the fission rate (fissions/cm? s). Finite Element Analysis (FEA)
was utilized to determine that the creep rate coefficient, based on the data available at the time and
the swelling correlation shown in equation 4.2, is 500 x 10-25 cm3/MPa fission. If a different swelling
correlation is used, the FEA would need to be repeated to determine if the aforementioned creep rate
coefficient (500 x 10-25 cm3/MPa-fission) should be revised. The Preliminary UMo Report [1]
recommends the same value for A, as does HFIR [3], although it highlights the need to reevaluate this
value. A report for MURR [4] references an older report by Kim [93], which determined A for U-10Mo
to be 2.5 x 10-25 cm3/MPa fission. Until the (500 x 10-25 cm3/MPa-fission) value of the U-10Mo creep
rate coefficient is revised based on recent swelling correlations, it is recommended to perform a
sensitivity study for a range of values (from 2.5 to 750 x 10-25 cm3/MPa fission), or use the 500 x 10-
25 cm3/MPa fission value, as it is based on more recent analysis.

4.3 Blister Anneal Temperature

Data have been collected on fuel performance at elevated temperatures after irradiation. This post-
irradiation testing is performed by annealing plates. Inspection follows to determine whether
blistering has occurred. Hence, this process is known as a ‘blister anneal test’. Historically this test
has been established as a basis for retention of fission products [94,95]. Consequently, blister
temperature data have been used to establish fuel temperature safety limits for fuel being used in
reactors in order to maintain fuel integrity [96,97].

4.3.1 Blister Anneal Temperature of UAIx-Al Dispersion Fuel

Blister temperature data for irradiated HEU U-Al fuel samples were collected and reported by
Beeston, et al [98] and is presented here for comparison to the LEU U-10Mo fuel data. Additional
data measurements of the blister temperature are provided in Figure 10 in Reference [99]. Figure 4.4
presents a summary of these measured data values. All data points are for U-Alx without any B4C
burnable poison in the fuel matrix. Beeston, et al. observed blisters in the range of 482 to 598 °C
when irradiated fuel plates with fission densities from 0.3x1021 to 2.7x102! fissions/cm3 were placed
in a furnace. The data collected by Gahlert and Nazaré [99] demonstrated blisters in the range of 551
to 638 °C in irradiated fuel plates at fission densities from 0.1 to 1.6x102! fissions/cm3. It is observed
from Figure 4.4 that for a given fuel burnup, the blister temperature data measured by Beeston are
about 40 °C lower than those reported by Gahlert and Nazaré. Thus, the data by Beeston, et al. are
considered to be conservative.

Beeston, et al provided a least squares regression fit of their measured data as a second-order
polynomial of the form:

Tpiister = 905 — 139.9f,; + 44.8f,* (4.8)

where Thiseer is the blister threshold temperature in K and fg is the fission density in units of
1021 fissions/cm3. The data fit is shown in Figure 4.4 along with the -20 value (lower bound of the
95% CI), which is conservatively extended as a constant value after reaching a minimum of 480°C
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(896 °F) at a fission density of around 1.5x1021 fissions/cm3. In references such as Beeston et al,, it
can be seen that where there is increased gas production during irradiation due to fission product
gas the blister temperature threshold decreases. If additional sources of gas are added to the fuel,
such as boron, the blister threshold will be further decreased.

650
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| -26 (lower bound of 95% confidence interval)
450
® Measured Blister Temperature Data in Beeston et al
[ A Measured blister temperature data in Gahlert and Nazare
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Fission Density (x102* fissions/cm? of fuel meat)

Figure 4.4. U-Al, Fuel Blister Temperature Data [98,99]. The blue line is the data fit by
Beeston [98], equation 4.8.

4.3.2 Blister Temperature of U-10Mo Monolithic Fuel

For the monolithic fuel under development, substantial testing has been performed to collect data on
blister temperatures. This work is described in reports by Rice, et al. [100,101]. Blister threshold
temperatures are presented as a function of blister average and blister peak (local) fission density in
Table A-1 of both reports by Rice. The peak (local) fission density is most relevant since the regions
of peak local fission density were observed to correspond to the regions that blistered. The blister
temperature data in References [100] and [101] were evaluated for irradiated U-10Mo samples up to
alocal fission density of 12.1x102! fissions/cm3, but most of the data were in the range of 2.5x102! to
7.5x1021 fissions/cm3. Data from these references are plotted in Figure 4.5.

The references do not formulate a best-fit equation for the blister threshold temperature as a function
of the peaklocal fission density in the blister, although a correlation based on the plate average fission
density was included. The nominal blister threshold temperature (Thoiisternom) has been formulated
below as a function of peak fission density, as reported in [4]:
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5.20 X 10°£;91889 for f, > 1.5 x 102!

4.9
550 for f; < 1.5 x 1021 (4.9)

Tblister,nom = {

where Thiisternom 1S the temperature in °C and fy is the peak fission density in fissions/cm3 in the fuel
foil. There were three plates tested that had a maximum local fission density in the range of 0.6x1021
to 2.2x102! fissions/cm3. These did not blister when annealed for 20 minutes at temperatures up to
550 °C, which was the temperature limit of the furnace. Thus, it is conservatively assumed that for
plates with peak fission densities less than 1.5x1021 fissions/cm3, Thiister, nom 0f 550 °C should be used.
The fit of the blister threshold temperature with fission density is shown in Figure 4.5.

600 r Measured Data
Measured Data - Blister >550C

550 pP———rtr——r
=) Fit of Blister Temperature Data
2 500 (equation 4.9)
o L ______ = = =Fuel Temperature Safety Limit
S \ equation 4.10
£ 450 . (g )
th ~
Q Se -
£ 400 ~
ﬁ = ~ - -

350 B e

300

0 1E+21 2E+21 3E+21 4E+21 5E+21 6E+21 7E+21

Blister Peak Fission Density (fissions/cm?3 of fuel foil)

Figure 4.5. U-10Mo Monolithic Alloy Fuel Blister Temperature vs. Burnup.

The U-10Mo fuel temperature safety limit as a function of the peak fission density has been
formulated for MURR [4] at the lower bound of the 95% CI (-20) of the blister threshold temperature
in the present work as Thiister, 95%cI, lower:

6.72 X 10°f;7%197* for f; > 1.5 x 1021

4.10
450 for f; < 1.5 x 1021 (4.10)

Tblister,95% Cllower = {

As described above, there were three plates tested with peak fission densities in the range of 0.6x1021
to 2.2x102! fissions/cm3 that did not blister at temperatures up to 550 °C. It is conservatively
assumed here that a Thiister, 95%c1, 1ower 0f 450 °C be used for plates with peak local fission densities less
than 1.5x1021 fissions/cm3. The fit for the lower bound of the 95% CI is also shown in Figure 4.5. It
appears that at less than 1.5x102! fission/cm3 this lower 95% CI limit could be increased to
approximately 475 °C based on the offset from the plates that were heated to 550 °C but did not blister.
A 95% CI equation was proposed during initial evaluations, and is reproduced here as equation 4.11.

6.72 x 108£;7°197* for f, > 1.5 x 1021

4.11
475 for f; < 1.5 x 1021 ( )

Tblister,95% Cllower = {

As a note, blister threshold temperatures have been measured using an isothermal furnace annealing
procedure. Although some reactors have indicated that the blister threshold temperatures relates to
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the cladding, the entire fuel plate, including the fuel and the cladding, are tested. For typical HEU
dispersion fuels, the temperature differences between the cladding and the fuel were minimal.
However, for the U-10Mo monolithic fuel there is a larger difference and so the maximum fuel
temperatures are conservatively used in comparison to the fuel temperature safety limit.

4.3.2.1 Blister Temperature Correlation Comparison to the Preliminary UMo Report

The Preliminary UMo Report [1] recommends equation for the lower 95% prediction bound, which
is reproduced as equation 4.12.

3.25 x 107 ;%2282 for f, > 1.5 x 10%!

4.12
478 for f; < 1.5 x 102! (4.12)

Tpiister (Lower 95% Prediction Bound) = {

This correlation was developed based on a data set limited to what are considered to be the most
representative plates, as was discussed in section 9.2.4 of the Preliminary UMo Report [1]. Equation
4.12 is in close agreement with equation 4.11, as shown in Figure 4.6. For all fission densities,
equation 4.11 is conservative relative to the correlation recommended by the Preliminary UMo
Report [1]. However, because equation 4.12 is based on the most representative plates, and bounds
the collected data, it is recommended to use equation 4.12 for any future analyses.
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Figure 4.6. Comparison of the lower 95% prediction bounds recommended by the
Preliminary UMo Report (equation 4.12) and suggested here (equation 4.11).

4.3.2.2 Comparison of the Correlations Used for the Fuel Temperature Limit for
Analyses of the USHPRR

A comparison of measured blister threshold temperature data, the lower 95% CI recommended by
the Preliminary UMo Report, and the fuel temperature safety limits used in analyses of the USHPRR
is presented in Figure 4.7. Analyses for ATR [7] used a correlation for the lower 95% CI blister
temperature shown in equation 4.13, valid for fission densities greater than or equal to 1.5x1021
fissions/cm3, and applied up to a fission density of 4.9x102! fissions/cm3 (the current maximum
burnup from neutronics analysis of a prototypic cycle).
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Toso, c; = 1.94 x 106 x f, 70172 (4.13)

where Tosy, cris in °C and fq is the fission density in fissions/cm3. It should be noted that the correlation
used for the ATR analysis was from a draft version of Revision 0 of the Preliminary UMo Report.
Analyses for MURR [4] utilized equation 4.10, as discussed above, and applied it to fission densities
up to 3.4x102! fissions/cm3, which is the maximum fission density of the MURR LEU design for
prototypic operations. Analyses for MITR [6] and NBSR [24] both utilized a constant (not dependent
upon burnup) fuel temperature safety limit. The fuel temperature limit was set to 350°C up to a fission
density of 5.0x102! fissions/cm3 for MITR analyses and 380°C up to a fission density of 7.2x1021
fissions/cm3 for NBSR analyses. There was no explicit mention of the blister temperature in the
report for HFIR [3].
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Figure 4.7. Comparison of the fuel temperature limits of analyses for the USHPRR, the
Preliminary UMo Report, and the measured blister temperature [100].

All reactor assumptions are in reasonable agreement with the Preliminary UMo Report [1], or are
more conservative. An exception is noted for the value assumed for analyses of the NBSR [5,35] for
fission densities greater than 4.1x102! fissions/cm3. However, the assumed temperature limit is still
lower than all but two measured blister temperature data points, so it is still a valid assumption for
the 95% CI temperature limit. Although all safety analyses that address the temperature limit are
reasonably conservative, additional data is required. In particular, data for fresh fuel and burnups
greater than 5x102! fissions/cm3 are limited. This data is necessary to develop a correlation for the
fuel temperature safety limit from fresh fuel through full burnup of 6.2x102! fissions/cm3 for the
USHPRR for each type of potentially limiting plate geometry.
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5 Conclusions

This report has reviewed the materials properties and fuel performance correlations important for
modeling the LEU U-10Mo monolithic fuel proposed to convert high performance RTR currently
operating with HEU and which cannot be converted with currently qualified LEU fuel forms.
Collection and comparison of the data available in the open literature for the LEU properties reviewed
was conducted to determine consistency between those available sources, and to identify any
knowledge gaps.

The collected literature data was used to assess the reasonableness of the documented data inputs
and property assumptions used in the conversion analysis of each of the USHPRR that have been
performed to date. Reactor-specific application of available data is expected due to the different
operating regimes and the fuel-dependent safety basis requirements. However, even with a range of
input data parameters, this report presents a significantly consistent, and what is acknowledged as
conservative, use of the available data among the USHPRR and within the literature.

It is particularly important to note that all LEU data presented herein requires confirmation by the
Fuel Qualification (FQ) Pillar with the prototypic fuel that has been selected and that is scheduled to
begin qualification irradiation tests. There remain several important areas where it is recommended
that FQ should gather additional data on fuel plates made with the prototypic fabrication process that
is currently being used to qualify the fuel.

e Itis imperative to collect a set of density values for U-10Mo as a function of temperature and
irradiation on samples considered to be prototypic of the monolithic fuel foil to establish
accurate values and a clear understanding of the uncertainties.

e Data for fuel homogeneity from prototypic foils is needed so that the correct tolerances for
the fuel surface density can be used for analysis.

e Limited data on the effect of irradiation on thermal conductivity of the fuel is available, and it
is considered to be of great importance that additional data is collected, as discussed in detail
in Section 2.6.1.

e Another key area of additional experimental measurements necessary for qualification is
measurements of the blister anneal temperature on a statistically significant number of plates
prototypic of each USHPRR fuel element design. The bounds of this data should cover the
range from fresh fuel up to the anticipated maximum fission densities and beyond the
anticipated maximum fuel temperatures for postulated accidents in the USHPRRs.

e Theirradiation test “target” conditions for the fuel qualification tests need to allow for various
uncertainties. These uncertainties include:

o Uncertainties in the best-estimate plate-level calculations for each USHPRR design
parameter for maximum local fission density and power density
o Uncertainties in the calculations performed during the irradiation test planning and
design
o Uncertainties in the irradiation test operating cycle duration, reactor power, and local
experiment power which will impact the data (e.g. fixed duration cycles provide
discrete steps in fission density if irradiated for another cycle)
o Uncertainties in measured data and correlations generated from post-irradiation
examination (PIE).
Since irradiation test targets will never be precisely achieved, it is important to note that
the first three sources of uncertainties are part of the planning process, and the final
uncertainty is on the data gathered and correlations generated from the irradiation test
measurements. Still, all these uncertainties are critical to allow that the experiment reach
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appropriate levels for each design parameter. This emphasizes the importance of
accounting for these appropriately to establish exit criteria for irradiation tests, such as
continuing the irradiation until 50% of plates reach target values with an expected
distribution of data above and below the best-estimate values plus some additional
margin. Also of note is that while the plate-level data is targeting these bounding values
to gather fuel qualification data, there are subsequent reactor-specific demonstration
tests of full elements planned that are intended to test to prototypic parameters.

e Lastly, when performing reactor safety analyses, it is important to consider the uncertainties
in experimental data for fuel properties and performance. For this reason, experimental
uncertainties for measured data and/or correlations should be consistently reported and,
when the uncertainties are reported, the level of the uncertainty value must be documented
(i.e.: 1 o, 95% CI, etc.). Whereas the above work is under the FQ Pillar, when the Reactor
Conversion Pillar finds that uncertainty values are not available, a sensitivity study must be
conducted to properly understand the impact of any variation on the safety margins.
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Appendix A: Tabulated Density Values

Density variation with Mo content

ANL/RTR/TM-17/19 Rev. 1

Weight % Mo Density (g/cm?3) Source Notes

6.2 17.7

15 168 Data points on plot
15.0 16.6 McGeary [8] digitize% by Argorr)me
15.9 16.5 National Laboratory
18.4 16.2

24.9 15.4

10.34 16.9

282 1?23 Meyer-TEV-1338 [9]

3.95 17.96

11.15 17.08 Meyer-TEV-1338 [9] Data points averaged for
11.15 17.14 linear fit

10 16.48 Lee [12] Data points averaged for
10 16.65 linear fit

Linear fit from [9]:

Pu-mo = —0.0763Xy, + 17.763

New linear fit:

pU—MD = _0110XMO + 1816

(A1)

(A.2)

where Xu, is the weight percent of molybdenum and pu.m. is the density of the U-Mo alloy in g/cm3.

Density variation with Temperature

Temperature (°C) Density (g/cm3) Source Notes
29.0 17.1
175.5 17.1
185.6 17.0
1967 167
256.0 16.9
285.5 16.9 c d d )
3015 166 rossed-out data ppmts were
those that were discarded as
351.2 17.0 . :
McGeary [8] outliers. Data points on plot
376.9 16.9 o .
digitized by Argonne National
406.7 16.8
Laboratory
437.5 16.7
464.6 16.9
478.6 16.7
489.2 16.7
555.6 16.7
572.8 16.8
100 16.38
Although the density values are
200 1631 well below the expected value
300 16.23 Burkes [10]  exp .
(due to as-fabricated porosity),
400 16.14 the slope of the data fit of this
500 16.06
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550 16.02 data is still accepted, as that does

600 15.98 not depend on porosity.

700 15.9

25 17.13 . ) )

100 17.06 This data set is not 1ndepend.ent.

The source for the data was cited

200 16.97

300 16.88 Klein [23] as an APDA contact, McGeary
- worked for APDA, and the data

400 16.8 .

=00 1671 lies along the recommended data
: fit line from McGeary’s report.

550 16.66
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Appendix B: Tabulated Thermal Conductivity Values

Mo content and temperature dependence of the thermal conductivity of U-Mo alloy fuel

Weight % | Temperature | Thermal Conductivi
Mo & (°C) P (W/m-K) ty Source Notes
125 16 (a) Curve 3 .
190 18 Touloukian [44] In Touloukl.an [44] curves 3 and
255 205 5 are des-lgnated as gamma
312 22 Data from BMI [36] phase, while curve 4 is alpha
5 120 16 (b) Curve 4 phase. Comparison with source
) data [36] revealed that curves 3
188 18 Touloukian [44] and 4 are gamma, and 5 is
250 20.5 alpha.
310 22 Data from BMI [36]
8 >0 144 I\D/[:g efi lc‘)};n[?/{/es tphal Incorrectly cited as from Lee in
12 50 13.8 137] UMo Handbook [43]
51.7 14.2
74.6 14.8
99.2 16.0
8 122.7 16.7 Hengstler [38]
143.8 17.2
181.2 19.5
232.3 20.6
;88 ;8; Data 1 set dnot1 included }iln
correlation development, as the
9 43188 ;gg Konobeevsky [39] data trend is in disagreement
=00 38.5 with all other data sets.
9.2 20 14.3 Matsui [40]
100 16.6
200 19.4
300 22.3
400 25.1
500 27.9
600 31.1
10 25 12.1 Klein [23] There is an error in the thermal
100 14.4 conductivity values reproduced
200 17.1 in the UMo Handbook [43]
300 20.1
400 23.2
500 26.7
550 28.4
600 30.3
700 33.9
10 25 9.7 Lee [12] This data set was discarded, as
100 11.7 the density is atypically low,
200 14 leading to a decreased thermal
300 17.2 conductivity. Incorrectly cited
400 21.6 as McGeary in UMo Handbook
500 25.7 [43].
10 50 12.97 +1.26 Roy [41]
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212 17.99 + 2.52
308 21.34 +2.52
404 25.94 +4.18

10 20 11.9 Saller [42] Listed twice in the UMo
100 14.4 Handbook [43]. Once as
200 17.5 Touloukian [44], and once as
300 20.6 Saller [42], but with the
400 23.7 incorrect Mo content (10.7
500 26.9 instead of 10).
600 29.9

Irradiation dependence of the thermal conductivity of U-10Mo fuel

Fission Density (x102! | Thermal Conductivity | Source Notes

f/cm3) (W/m-K)

0 17 Farkas [32] Collected at 200°C
0.100 17

0.138 15 Data from Del Grosso

0.268 15 [13]

0.332 15

0.016 18.09 Burkes [28] Collected at 150°C
2.903 12.29

2914 12.87 Digitized from figure
3.225 10.96

3.226 13.35

4.127 10.37
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Appendix C: U-10Mo Elastic Modulus Irradiation
Dependence

Lloyd INL-LTD-15-34764 [59]

Sample ID Average Fission Density (f/cm3x102%1) E (GPa)
L1P461-15 2.1 94
L1P461-21 2.1 96
L1P461-27 2 103
L1P773-15 3.7 82
L1P773-21 3.5 86
L1P773-27 3.4 81
L1P786-15 6.2 63
L1P786-21 5.8 69
L1P786-27 5.6 63
L2P481-15 2.4 77
L2P481-21 2.3 85
L2P481-27 2.2 79
L2P482-15 2.8 80
L2P482-21 2.7 77
L2P482-27 2.7 84
L5P1B0-15 0.38 89
L5P1B0-21 0.36 87
L5P1B0-27 0.34 93
L5P3B1-15 3.8 77
L5P3B1-21 3.7 78
L5P3B1-27 3.7 75
L5P3B3-15 2.7 80
L5P3B3-21 2.5 86
L5P3B3-27 2.4 82
L5P3C2-15 2 76
L5P3C2-21 2 71
L5P3C2-27 2 69

Rabin RRFM 2015 [60]

Sample ID Average Fission Density (f/cm3 x1021) | Flexural Stiffness (MPa/%) | Modulus (GPa)
L1P461-15 2.1 867 86.7
L1P461-21 2.1 909 90.9
L1P461-27 2 1011 101.1
L1P773-15 3.7 746 74.6
L1P773-21 3.5 770 77
L1P773-27 3.4 718 71.8
L1P786-15 6.2 566 56.6
L1P786-21 5.8 616 61.6
L1P786-27 5.6 551 55.1
L2P481-15 2.4 678 67.8
L2P481-21 2.3 794 79.4
L2P481-27 2.2 714 71.4
L2P482-15 2.8 719 71.9
L2P482-21 2.7 671 67.1
L2P482-27 2.7 769 76.9
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L5P1B0-15 0.38 865 86.5
L5P1B0-21 0.36 871 87.1
L5P1B0-27 0.34 916 91.6
L5P3B1-15 3.8 729 72.9
L5P3B1-21 3.7 746 74.6
L5P3B1-27 3.7 715 71.5
L5P3B3-15 2.7 751 75.1
L5P3B3-21 2.5 838 83.8
L5P3B3-27 2.4 775 77.5
L5P3C2-15 2 707 70.7
L5P3C2-21 2 700 70

L5P3C2-27 2 625 62.5
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Appendix D: Summary of Material Properties

This section is a summary of the equations and values recommended by this report and used for
analyses of the USHPRR. The recommendation is based on the best data available at the time of this
report, and will be updated as new data becomes available. For a detailed discussion of these
correlations and values, see the section number referenced to under the Property header.

Prop'erty Reactor Equation/Value Refer
(section) ence
ATR 555 [7]
HFIR -
Melting
Temperature U- MITR 1135 [6]
10Mo (°0) MURR -
(2.1)
NBSR -
Recommendation 1165 [2]
ATR 17.0 [7]
HFIR 17.02 [20,
Density of U- 21]
10Mo Fuel | MITR 17.02 [6]
(g/cm3)
(22.1) MURR 17.02 [4]
NBSR 17.2 [5]
Recommendation 17.13 [1]
T—-32
Pu—1omo = | 17.0 —8.63 X 107* X ( 18 ) —20.0 ) x (2.54%)
ATR 7
0.00220462 \ lbm 71
Temperature (@) y1)
Dependence of 0 L
Density (g/cm?) HFIR Puiomo = 17.14 — 8.68x107*(T) [3]
(2.2.2) MITR -
MURR -
NBSR -
Recommendation Puiomo = 17.15 —8.766 x 10~* [13]
T—-32
Pu-10M0 = (17.0 —8.63x107* x (( 18 ) - 20.0> X (2.543)) X
ATR 0.00220462 \lbm 7]
(ts;vell) +1 in3
P 0
grad“"ﬁ‘o“ ] (5.9957x10~43 x (F; x 1021)2 + 430015 x 10721 x F,; x 1021) _
ependence 0 towell = 10051 in
Density (g/cm3) 0
(2.2.4) HFIR see swelling correlation
MITR see swelling correlation
MURR see swelling correlation
NBSR see swelling correlation
Recommendation Use swelling correlation
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ATR = (113 + (T * 459'67) x 0 0705) X 5.266 X 1077 Ty [7]
Cu-tomo = 18 ' ' 000220462 1bm°F
Heat Capacity of | HFIR c, =0.114+7.23x10°T 3]
U-10Mo MITR
Monolithic Fuel ¢, =0.113+7.05 x107° (T +273.15) [4]
1/(gK) MURR
(2'3) UMo -3 —572 -873 [5,
NBSR (J/mol K) cpM?=29.84—-89 x107°T +4.32 x 107°T* — 2.06 X 10~°T 39]
Recommendation c,(U —10Mo) = (0.113 x 103 + 4.28) + (7.05x 1072 + 520 x 1073) x T [1]
T + 459.67
Ky—1omo0 = <0.8087 +0.03487 x (—) +0.6718 x F; — 0.0046
ATR y (T + 459.67) . ) 057779 BTU [7]
Unicradiated 1.8 ?) 712 x (60 x 60) s — in — °F
nirraciate HFIR k =13.07+0.033xT 3]
Thermal
Conductivity MITR k = 12.57 4+ 0.04T — F4 x (1.322 + 0.00278T) (6]
(W/ (mK)) —T2(2.351x1075 + 4.996 X 107°F,)
(2.5.1) MURR k =14.821+0.0309x T [4]
NBSR Equations 2.19 to 2.22 555’]
Recommendation Combined correlation in the following section
T + 459.67
Ky_1omo0 = <0.8087 + 0.03487 x —) +0.6718 X F; — 0.0046
ATR y (T + 459.67) o ) 057779 BTU [7]
1.8 4} 712 x (60 x 60) s — in — °F
HFIR k =8.83 + 0.022T, for fd = 2.9 x 1021 f /cm? 3]
k =8.02 + 0.0127T, for fd = 4.11 X 10?1 f /cm3
Irradiated
Thermal Fission Density (x102! | Ratio | Thermal Conductivity (W/m°C)
Conductivity fissions/cm3)
(W/ (mK))
4.40 0.487 9.735
3.60 0.559 11.174
0.00 1 19.99
k =12.57 4 0.04T — f;(1.322 + 0.00278T)
MURR —T?(2.351 X 107> + 4.996 x 107°f,;) [4]
BRI Fresh fuel values [5]
Recommendation k=1133+4+T x 0.04175 — F; x (0.7908 + 0.00611 X T)
Temperature (°F) Volumetric Heat | Specific Heat
Capacity (BTU/in3 °F) | Capacity* (J/ (g K))
62 0.02089 0.9146
260 0.02196 0.9614
Heat Capacity 440 0.02303 1.008
AA6061 ATR 620 0.02411 1.056 [4]
1/(gK) 800 0.02518 1.102
(3.1.3) 980 0.02625 1.149
1079 0.02684 1.175
1205 0.02527 1.106
*calculated, density of 0.095629 lb/in3 used
HFIR ¢p = 0.324 + 2,93 X 1073T — 4.34 x 107°T2 + 2.42 x 107°T3 3]
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MITR MURR correlation [6]
pcp = 4.252 X 10® — 2.685 x 103(T + 273.15) + 2.214(T + 273.15)? — 3.774
MURR 8 1 [4]
x 108(T + 273.15)
NBSR 0.896 [35]
Recommendation cp = 0.324 +2.93 X 10737 — 4.34 x 107°T? + 2.42 x 107°T3 [67]
Temperature (°F) Thermal Conductivity (BTU/ (s-in-°F)
80 0.00223
170 0.00231
260 0.00237
350 0.00239
440 0.00251
530 0.00255
620 0.00254
ATR 710 0.00251 [7]
Thermal 800 0.00247
Conductivity 890 0.00243
AAGO61 980 0.00239
(W/ (m K)) -
(3.1.4) 1079 0.00234
1205 0.00116
1340 0.00119
1520 0.00122
1700 0.00126
HFIR k =106+ 0.149T + 847 x 107°T? — 2.14 x 107'T3 [3]
MITR MURR Correlation [6]
MURR k =147.8+0.1792T — 2.616 X 1074T? [4]
NBSR 180 (AA6061-0) 555]
Recommendation k =106+ 0.149T + 8.47 X 107°T%2 — 2.14 x 107'T?3 [67]
ATR - [7]
HFIR - [3]
MITR MURR Assumption [6]
Heat Capacity . ) )
Boehmite (J/(g | MURR 0.33x10-¢ (1 J/m3°C assumed, converted with density= 3.03 g/cm3) [4]
K)) ; [5,
(3.2.2) NBSR 35]
Recommendation Cp =3.4043x107° +3.83x10°T —2.694 x10°°T? (0.905 at 25°C) [85]
Note Assumptions by reactors conservative, but reasonable due to the minimal effect of
oxide presence on the safety analysis.
ATR 2.25 [7]
Koxide = 2.25 x<0.001” (25um)
Ehe;mal HFIR Korize = 2.25 — 0.016(x —25)  0.001” <x <0.004" [3]
onductivity
Oxide (W/(m K) MITR 2.25 [6]
(3.2.3) MURR 2.25 [4]
. [5,
NBSR 35]
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Recommendation 2.25 [86]
ATR 0.237356 (Ibm/in3) = 6.57 g/cm? [7]
HEIR pzr = 6.518 — 0.0827 x 1073T — 4.803 x 1078T2 + 7.322 x 10~12T3 [3]
6.52 [20]
Density of Zr | MITR MURR Assumption [6]
(g/cm?) MURR 6.57 [4]
(3.3.1) =
NBSR 6.52 35]
1
Recommendation P="T—————3F o
L+AT &)’
ATR - [7]
HFIR LTE = —=1.11 X 1073 + 2.325 X 107°T + 5.595 X 107°T? — 1.768 x 1071273 [3]
Thermal
Expansion of Zr et i (6]
(x10-6 K1) MURR - [4]
(3.3.1) [5,
NBSR - 35]
Recommendation @ = 3.4556 + 0.00400435 x (T + Tp) — 1.07437 X 1076 x (T2 + T X Ty + T,°)
. (T +459.67) 10*
Czr =|24.1618 4 8.7558 X 1073 X~ — 69942 X ———
ATR o ((T + 459.67)) [7]
1.8
X 5.266 X 107 x !
. ' 91.224 x 0.00220462
gi?t %;Daﬂty Zr | HFIR (J/(kg K)) Czr = 187.38 + 0.583T — 0.001258T2 + 1.0155 x 107673 [3]
g
(3.3.2) MITR MURR Assumption [6]
MURR pC, =1.859x 10°+739.2T [4]
NBSR 0.27 (assuming density of 6.52 g/cm3) [5
, ¢, = 0.2476 + 1.023 X 10~*T (iflinear relationship required) [46,
Recommendation p 3 ey e ) ]
cp = 22.839 + 9.091 x 1073T — 2.132 X 10*T 2 (if inverse relationship allowed) | 67]
. T +459.67 (T +459.67\°
er =(8.8527 + 7.0820 x 1073 x T +2.5329 x 107° x (1—8)
ATR ' » ' [7]
+2.9918 x 10% X (T 1 459.67) y 0.57779 BTU
' 18 12 x (60 X 60) s in °F
Thermal kyr = 36.84 — 0.077T + 1.259 X 1074T2 — 8.966 x 1078T3 + 3.168 x 101174
Conductivity Zr HFIR — 4413 x 10155 (3]
gv?{ g;‘ K) MITR MURR Recommendation 6]
MURR k,,(T) =88527 +7.0820 x10°T + 25329 x10°T? + 29918 x10°T [4]
NBSR 22.7 [5]
Recommendation k,,(T) =88527 +7.0820 x107°T +25329 x107°T* +2.9918 x10°T [88]
5.69957 x 10743 x 10%21)2 + 4.30015 x 10721 x f; x 10%1)¢
ATR towor = ( (fd ) fd ) 0 n [7]
100
HFIR Recommended Correlation [3]
Swelling .
Correlation (%) MITR Recommended Correlation [6]
(41) MURR Channel closure of 8mil after fabrication ([946]
At
NBSR t—(%) = 0.5700f,° + 4.300f, [91]
0
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(ﬂJ =0.05f,, for f, <3x10% fissions/cm®
f

0

[ 325 x107f;°%282 for f; > 1.5 x 10%*
478 for f; < 1.5 x 102!

Recommendation
(?/V] =0.15+0.063( f, —3)+0.0033( f, ~3)", for 3x10% < f, fissions/cm’
0/t

ATR T, = 1.94 x 10° x f,~°17? (7]

HFIR -

MITR 350°C up to a fission density of 5.0x102! fissions/cm3 [6]
ifl/fpe?altfrl;?ter MURR Thiister,95% c1lower = {453'72 X 106fd_0.1974 ior Ja2 15X 1021 [4]
(4.3) or fy <1.5x10

NBSR 380°C up to a fission density of 7.2x1021 fissions/cm3 [24]

Tpiister (Lower 95% Prediction Bound)
Recommendation [1]

Review of the Technical Basis for Properties and Fuel Performance Data
Used in HEU to LEU Conversion Analysis for U-10Mo Monolithic Alloy Fuel 80







Argonne &

NATIONAL LABORATORY

Nuclear Science & Engineering Division
Argonne National Laboratory

9700 South Cass Avenue, Bldg. 208

Argonne, IL 60439

www.anl.gov

Argonne National Laboratory is a U.S. Department of Energy
laboratory managed by UChicago Argonne, LLC


file:///C:/Users/heltemt/Box%20Sync/Domestic%20Reactor%20Conversions/Templates/www.anl.gov

