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1.0 INTRODUCTION AND BACKGROUND 
 
By letter dated April 29, 2016 (Agencywide Documents Access and Management System 
(ADAMS) Accession No. ML16124B091), Framatome Inc. (Framatome, formerly AREVA Inc.) 
submitted for U.S. Nuclear Regulatory Commission (NRC) staff review and approval Topical 
Report (TR) ANP-10340P, Revision 0, “Incorporation of Chromia-Doped Fuel Properties in 
AREVA Approved Methods” (Reference 1).  Framatome desires to introduce chromia-doped 
fuel pellets to Framatome boiling water reactor (BWR) fuel products to increase fuel reliability 
and operational flexibility.  The scope of this TR focuses on relevant fuel material properties and 
in-core behavioral characteristics that are affected by the addition of chromia to the uranium 
dioxide (UO2) fuel.  Material properties of the doped fuel such as melting, density, thermal 
expansion, thermal conductivity, grain size and grain strength, stored thermal energy, creep 
yield strength, elastic modulus, strain hardening coefficient and tangent modulus, plastic 
Poisson’s ratio, and swelling are treated using the RODEX4 thermal-mechanical code 
(Reference 2).  Additionally, certain models are also included in the AURORA-B methodology to 
predict the dynamic response of BWR fuel during transient, postulated accident, and beyond 
design-basis accident (DBA) scenarios. 
 
The TR describes the proposed introduction of chromia-doped fuel pellets into normal core 
reloads.  A nominal value of [''''''''''''] weight parts per million (wppm) (['''''''''''] weight percent 
(wt %)) of chromia (Cr2O3) is to be introduced in a UO2 pellet.  This safety evaluation (SE) refers 
only to the dopant concentration range detailed in Section 3.1.1 of this SE. 
 
During this review, a regulatory audit was conducted (References 2 and 3).  After conclusion of 
the audit, a round of request for additional information (RAI) questions were issued 
(Reference 4) and responses were received (Reference 5). 
 
This SE is largely ordered parallel to the submitted TR.  Section 2.0 covers the regulatory 
evaluation, Section 3.0 covers the technical evaluation, and makes up the bulk of the document.  
Section 4.0 contains the limitations and conditions.  Section 5.0 contains the conclusions.  
References are found in Section 6.0.  The technical evaluation includes material properties in 
Section 3.1, behavioral assessment in Section 3.2, the operating experience and qualification 
dataset in Section 3.3, qualification of RODEX4 in Section 3.4, qualification of AURORA-B in 
Section 3.5, license criteria in Section 3.6, and finally power maneuvering guidelines in 
Section 3.7. 
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2.0 REGULATORY EVALUATION 
 
The NRC staff used the guidance in Standard Review Plan (SRP), NUREG-0800, Section 4.2, 
“Fuel System Design,” for the review of ANP-10340P, Revision 0.  SRP Section 4.2 acceptance 
criteria are based on meeting the requirements of General Design Criteria (GDC) 10 of 
Appendix A of Title 10 of the Code of Federal Regulations (10 CFR) Part 50, “Reactor Design.” 
 
GDC 10 states:   
 

The reactor core and associated coolant, control, and protection systems shall be 
designed with the appropriate margin to assure that specified acceptable fuel 
design limits are not exceeded during any condition of normal operation, 
including the effects of anticipated operational occurrences. 

 
In accordance with SRP Section 4.2, the objectives of the fuel system safety review are to 
provide assurance that: 
 

a. The fuel system is not damaged as a result of normal operation and anticipated 
operational occurrences (AOOs),  

 
b. Fuel system damage is never so severe as to prevent control rod insertion when it is 

required, 
 
c. The number of fuel rod failures is not underestimated for postulated accidents, and  
 
d. Coolability is always maintained. 
 

The NRC staff reviewed ANP-10340P, Revision 0 to:  (1) ensure that the material properties 
and in-core behavioral characteristics of chromia-doped fuel, as analyzed using the RODEX4 
and AURORA-B codes, are capable of accurately (or conservatively) ensuring the fuel system 
safety criteria, (2) identify any limitations on the behavioral characteristics of the additive fuel, 
and (3) ensure compliance of fuel design criteria with licensing requirements of fuel designs. 
 
3.0 TECHNICAL EVALUATION 
 
3.1 Chromia-doped Fuel Material Properties 
 
The chromia-doped fuel material properties are addressed in this section.  These properties are 
used in RODEX4 and AURORA-B and describe behavior during normal operation, AOOs, and 
accidents. 
 
3.1.1 Microstructure 
 
While not a material property itself, microstructure can have an effect on other properties of the 
fuel.  The primary effect of chromia doping on microstructure is the enhancement of the fuel 
grain size.  This enhances the viscoplasticity of the fuel and has an effect on the fission gas 
release (FGR) from the fuel.  The chromia concentration (['''''''''''] wppm) has been selected such 
that the chromia is ['''' ''''''' '''''''''''''''''''''' ''''''''''' ''''''' '''''''' '''''''''''''''''''''' '''''''''''''''''''''' ''''''''''''''''''''''''''].  This leads to 
an average grain size of ['''''' ''''' ''''''' '''''''''''''''''''''''' '''''''''''' ''''''''''''' '''''''''''' '''''''''''''''''''' ''''''''''''].  This is ['''''''''' ''''' 
'''''''''''' '''''''''''''' '''''''''''''] than standard UO2. 
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The NRC staff asked RAI-1a, which asked for clarification on manufacturing specification limits 
on chromia content as well as Framatome’s quality assurance procedure to ensure the fuel 
produced is within those limits.  Framatome responded that chromium content will be 
maintained within a range of ['''''''''''' '''''''''''''''''''''''] microgram chromium per gram of uranium 
(µgCr/gU) for each pellet lot.  The nominal value corresponds with [''''''''''''] wppm of Cr2O3 as 
defined in the TR.  Framatome will use Inductively Coupled Plasma-Mass Spectrometry to 
analyze chromia content, and sample several individual pellets in each lot. 
 
The NRC staff finds the response to RAI-1a acceptable.  The manufacturing tolerances will be 
included in the conditions and limitations in Section 4.0 of this SE. 
 
3.1.2 Theoretical Density 
 
In the original TR submittal (Reference 1), Framatome stated that chromium mostly occupies 
interstitial positions in the UO2 ceramic matrix, and provided equations for determining the 
theoretical density of the doped fuel.  Details of this section were discussed at the regulatory 
audit, and RAI-2 was asked to address remaining questions.  RAI-2a requested clarification on 
the description of the location of the added chromium ions within the uranium sub-lattice.  
Framatome clarified that the chromium (Cr) is primarily a [''''''''''''''''''''''''''''''' '''''''''''''''], and has 
amended the description in the TR accordingly.  (Amended pages are included with the RAI 
responses in Reference 5).  The NRC finds this explanation acceptable. 
 
RAI-2b requested clarification on the method for calculating theoretical density of 
chromia-doped fuel, given the changing explanation of lattice location expected in response to 
RAI-2a.  Framatome responded that the method of calculation is appropriate independent of the 
location of the dopant in the uranium sub-lattice.  As this method has been previously approved 
for use with gadolinia dopants in RODEX4, the NRC finds this explanation, and the method for 
calculating theoretical density, to be acceptable. 
 
RAI-2c noted a typographical error in equation 4-4.  Framatome has corrected the error. 
 
RAI-3 requested clarification on the statement that the stoichiometry of doped and standard UO2 

is similar, and requested information on any impact on the fuel properties due to any difference 
in stoichiometry.  Framatome responded that doped and standard UO2 have the same 
manufacturing specifications for stoichiometry.  Framatome states that, as there are no 
significant differences in oxygen to uranium ratio between standard and doped fuel, there are 
also no differences in fuel properties as a result of stoichiometry.  The NRC staff finds this 
response to be acceptable. 
 
3.1.3 Thermal Expansion 
 
Thermal expansion of the fuel pellet is important primarily to the determination of the pellet-clad 
gap, which has a large effect on heat transfer.  As UO2 thermal expansion has been shown to 
experience only minor changes with much higher levels of impurities, Framatome states that the 
small percentage of chromia added will have a negligible effect on the thermal expansion of the 
fuel.  Therefore, Framatome will be using the thermal expansion coefficient for standard UO2. 
The NRC staff finds Framatome’s treatment of thermal expansion to be acceptable. 
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RAI-6 was asked to clarify a point in this section of the TR, which stated that the chromia level 
was in the range of impurity content in the fuel pellet.  Framatome clarified that the statement 
was in reference to the total impurity limit, rather than a statement that chromia could be treated 
as an impurity.  The NRC staff finds the explanation acceptable. 
 
3.1.4 Specific Heat and Enthalpy 
 
Specific heat is a property used in the calculation of fuel stored energy during transients.  It is 
also used in the calculation of thermal conductivity.  
 
Framatome states that the specific heat of un-irradiated UO2 and chromia-doped fuel was 
measured using differential scanning calorimetry, with an estimated uncertainty of 7 percent.  
The results of this measurement show that the doped fuel experiences a small increase in 
specific heat.  Framatome has stated that this difference is negligible and the doped fuel will be 
analyzed using the same specific heat formulation as un-doped UO2.  This result has been 
extrapolated to higher temperatures ['''''''''' ''''''''''''''''''''''''''''''''''' ''''''''] as well. 
 
The NRC finds this treatment of specific heat to be acceptable based on the experimental 
evidence provided and the theoretical explanation for extrapolating this data. 
 
3.1.5 Thermal Conductivity 
 
Fuel thermal conductivity is essential to the modeling of both steady state and transient 
phenomena, as it directly impacts fuel temperature and stored energy.  Generally speaking, 
higher thermal conductivity results in lower fuel temperatures and less stored energy in the fuel. 
 
Framatome states that laser flash diffusivity measurements were performed on chromia-doped 
UO2 and gadolinia fuels as well as standard UO2.  These tests subject a thin disc specimen to a 
high-intensity, short duration radiant energy pulse.  This energy is absorbed by one side of the 
specimen, and the subsequent temperature rise over time is measured on the opposite side.  
From these results thermal diffusivity can be calculated.  Thermal conductivity is then simply the 
product of thermal diffusivity and volumetric heat capacity. 
 
Framatome conducted two in-house thermal diffusivity measurement campaigns, one each in 
2006 and 2015.  In both cases Framatome also sent a sub-set of samples to the Joint Research 
Center-Institute for Transuranium Elements (JRC-ITU) for confirmation and complementary 
measurements.  ['''''''''''''''' ''''''''''' ''''''''''''''''''' ''' '''''''''' '''''''''''''''' '''''''''' '''''''''''''''''' '''''''''''''' ''''' '''''''''''''''''''' ''''''''''''''''' 
''''''''''''''''''''''' '''''''''''''''''' '''''''''''''''''''''''''''''' ''''''''''''''''''''' '''''''' '''''''''''''''''''''''' ''''''''''''''''  '''''''''' '''''''''''''''''''' ''''''''''''''''''''''''''''''''' 
''''''''''''' ''''''''''''''''''''' '''' '''''''''''''''''''''''''' '''''''''' ''''''''''''''''''''''''''''' '''''''''''''''''''' '''''''''''''''''''''''''''''''''' ''''''''''' '''''''' ''''''''''''''''''''' '''' 
'''''''''''''''''''''''''''''''''''''''' ''''''''''''''''''' '''''''''''' '''''''''''''''''''' '''' ''''''''''''' '''''''''''''' ''''''''''''''''''''''''' ''''''' ''''''''''''''''' '''''' ''''''''''''''''''' 
''''''''''''  '''''''''''''''''''''''''''''''' '''''''''' ''''''''''' ''''''''''''''' ''''' ''''''''''''' ''' ''''''''''''' '''''''''''''''''' ''''''''''''''''''''''''''' ''''''''''''''''''''''' '''''''' 
''''''''''''''''''''''''''' ''''''''''''' '''''''''''''''' '''''' '''''''''' '''''''''''''''''''''''  '''''''''' '''''''''''''''''''''' ''''''''''''''''''''' ''''''''''''''' ''''''''' '''''''''''''''''''' '''''''''' 
'''''''''''''''''''''''' '''''''''' '''''' ''''''''''''''''''''' ''''' '''''''''''''''''''''''''''                 ''''''] 
 
The thermal conductivity correlation developed for chromia-doped fuel is discussed in 
Section 3.4.1 in the context of qualification of RODEX4. 
 
3.1.6 Grain Size and Growth 
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Increased grain size drives many of the property and behavior differences between standard 
and chromia-doped fuel.  As grain size is an input into many properties calculated in RODEX4, 
NRC staff asked RAI-1b:  “Please define the manufacturing specification limits on grain size, 
and describe AREVA’s quality assurance procedures to ensure that the fuel produced remains 
within these limits.” 
 
Framatome responded by stating that the specification for chromia-doped pellets indicates a 
[''''''''''''''''''''''''''' ''''''''''''' '''''''''''''''''''''''' '''''''''' ''''''''''''''' ''''' ''''''' '''''''' ''''''''''''' '''].  This is consistent with the grain 
size data that has been previously collected.  Framatome will sample pellets to calculate the 
95 percent LCL value and update the RODEX4 input distribution annually, as described in the 
RODEX4 TR.  As the NRC has previously approved this approach, this is found to be 
acceptable for use with chromia-doped fuel. 
 
Framatome states that grain growth is not expected due to the already-large grain size present 
in doped UO2.  ['''''''''' '''''''' ''''''''''''' '''''''''''''''''''''''''' '''''' ''''''''''' ''''''''''' '''''''''''''''''''''''''''''''''''''' ''''' ''''''''''''''''''''' '''''''''' 
''''''''''''' '''''''''''' '''''''''''''''''''''''''' '''' ''''''' ''''''''''''''''''''''''''''' '''''''''''' ''''''''' ''''''''' '''''''''''''' '''' '''''' '''''''''''''' '''''''' '''''''''''''''''''''''''''''''' 
'''''''''''''''''''''''].  Given the evidence provided that [''''''''''' '''''''''' '''' '''''''''''''''''''''''' '''''''''''''''''''''''' '''''''''''''''' 
''''''''''''''''''''''''''], the NRC finds this acceptable. 
 
3.1.7 Elastic Moduli 
 
Elastic Moduli can impact cladding strain analyses for AOO events; however, Framatome states 
that the elastic properties of the fuel are not of fundamental importance to predicting fuel 
behavior under normal operation or abnormal conditions (such as AOOs or accident conditions).  
 
Framatome refers to literature to indicate that additives cause only a minor change to these 
properties, with a significant addition (10-20 wt%) of gadolinium or plutonium resulting in a small 
change to Young’s Modulus, and no change in Poisson’s ratio.  Given the much smaller 
percentage of chromia, Framatome states that they will continue to use the models for standard 
UO2 for these properties.  The NRC staff has reviewed this justification and finds it acceptable. 
 
3.1.8 Tensile Fracture Strength 
 
Tensile fracture strength is important to understanding the fuel pellet cracking behavior under 
thermal stress.  This is effected by fuel porosity, pore size, and grain size.  Un-irradiated fuels 
testing were performed by Framatome ['''''''''''''' ''' '''''''''''''''''''''''''' '''''''''''''''''''' '''''''''''  '''''''''' ''''''''''''''' ''''''''''''' 
'''''''''' ''''''' ''''''''''''''''''' ''''''''''''''''' '''''' '''''''''''''''' '''''''''' '''' ''''''' '''''''''''''''''''' '''''''''''' '''''''''''' ''''''''' ''''' '''''''''' ''''''' 
''''''''''''''''''''''''''''' '''''''''''''' ''''''' ''''''''''''''' ''''''''''''''''''''' ''''''' '''''''''''''''''''' '''''''''''''  ''''''''' '''''''''''''''''''''''''' '''' ''''''''''' '''''''''''''''''''''''''' 
'''''' ''' ''''''''''' ''''' '''']  These differences are accounted for by the increased grain size of the doped 
fuel.  As these results are consistent with expected behavior, and contribute to pellet cladding 
interaction (PCI) performance benefits, the NRC staff finds Framatome’s treatment of tensile 
fracture strength acceptable. 
 
3.1.9 Creep and Plastic Deformation 
 
Creep and plastic deformation are important material properties for understanding fuel behavior 
under compressive stress.  This stress occurs later in life, when the fuel pellet and cladding are 
in contact due to a combination of clad creep-down and fuel pellet swelling.  Increased creep 
rate and plastic deformation of the fuel allow the pellet to adjust to these stresses without 
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damaging the clad, leading to reduced occurrence of pellet-clad mechanical interaction (PCMI) 
fuel damage.  
 
Framatome states that uniaxial mechanical compression tests were performed to assess creep 
and plastic deformation of chromia-doped fuel.  ['''''''''''''' '''''''''' '''''''''''''''''''''''' '''''''''''' '''''''''''''' '''''''''' 
'''''''''''''''''''''''''''''''' '''''''''' '''''''''''''''''' ''''''''''''''''''''' '''' '''' ''''''''''''' '''''''''''''' ''''''''''' ''''''''''' ''''''''''''''''''' '''''''''''''  ''''''''''''''''''''' 
'''''''''''''' '''''''''''' '''''''''''''' '''''''''' '''''''' ''''''''''''''' '''''''' ''''''''' '''' '''''''''''''''' '''''''''''''' '''''''''''' ''''''''' ''''''''''' ''''''''''''''''''''' ''''''''''  
''''''''''''''''''''''''''' '''''''''''''' ''''''''''''' ''''''''' ''''''''''''' ''''''''''''''''' ''''''''' ''''''''''''''''''''''' ''''' '''' ''''''''''''''' '''''''''''' '''''''''''''''''' ''''''''''''' 
''''''''''' '''''''''''''' ''''''''''''''''''' ''''''''''' '''''''''''''''' '''''''''' '''''''''''''''''''''''' ''''''''''''' ''''''''''''']  Given the experimental data 
presented, the NRC staff finds the treatment of creep and plastic deformation to be acceptable. 
 
3.1.10 Fuel Pellet Cracking 
 
Accurate understanding of fuel pellet cracking behavior is important to the prediction of fuel 
pellet deformation and PCMI.  Fuel pellets crack radially due to thermal stresses.  Framatome 
states that at the beginning of life the power must exceed [''''''' ''''' ''''''' '''''''''''''' ''''''''' ''''''''''''''''''''''''] to 
initiate radial cracking.  
 
While chromia-doped fuel has a different tensile strength, as described in Section 3.1.8 of this 
SE, the cracking mechanism for doped and standard UO2 fuel during steady-state operation 
appears fundamentally the same.  The chromia-doped fuel does, however, behave differently 
under power ramp conditions.   
 
[''''''''''''''''''''''''' '''''''''''''' '''''''''' ''''''''''''''''''''''' ''''''''''''''''''''''''''''' ''''''''''''''''''' '''''''' ''''''''''''''''''''''''''''''' '''''''' ''''''''''''''' ''''''''''''''''''' 
''''''''''''''''''' ''''''''' ''''''''''''' '''''''''''''''''''''''' '''''''''''' '''''''''''''''' '''''' '''''''''''''''''''''' '''' ''''''''''''''''''''''' '''''''''' ''''''''''  '''''''''''' ''''''''''''''''' 
''''' ''' '''''''''''''' '''''''''' ''''''''''''' ''''''''''''''''''' '''''''''' ''''''''' ''''''' '''''''''''''' '''''''''''' '''''''''''' '''''''''''''''''''' ''''''''''''''''' ''''''' ''''''''''' '''''''' 
''''''''''''''  ''''''''''''''''''''''' '''''''' ''''''''''''''''' ''''''''''''''''''''''' ''''' '''''''' ''''''''''''''''''''''''''''''' ''''''''''''''' '''''''''''' ''''' '''' '''''''''''' '''''''''''''''' 
''''''''''' '''' ''''''' ''''''''''''''''''' '''''''''' '''' '''''''''''''' '''''''''''''''''''''''''''''' ''''] 
 
The NRC staff finds the treatment of fuel pellet cracking under steady state power ramp 
conditions to be acceptable. 
 
3.1.11 In-reactor Densification 
 
When first irradiated, UO2 fuel undergoes a densification process due to a combination of 
increased temperature and the fission process.  This densification is important to the calculation 
of the fuel pellet diameter, and therefore the fuel-to-cladding gap.  This densification is a result 
of a reduction in micron-scale pores.  In-reactor densification is commonly simulated using 
out-of-pile resinter tests, which also lead to a reduction of these small pores.  
 
Framatome states that the chromia-doped fuel was tested using a 24-hour out-of-reactor 
thermal stability test at 1700 degrees Celsius (°C).  Framatome states that the fuel is ['''''''''' 
'''''''''''''''''''''''''''''''''' '''''''''''''''' '''''''''' '''''''''''''''' ''''''''''''''''''''''''''''' '''''''''''''''''''''' ''''''''' ''''''''''''''''''''''' '''''''''  '''''''''' '''' '''' '''''''''''''' 
''''' '''' '''''''''''''''''' ''''''''''''''''''' ''''' ''''''''''''' '''''''''' '''''''''''' ''' '''''''''' ''''''''' ''''' ''''''' ''''''''''' '''''''''''''''' '''''''''''''' ''''''''''''' ''''''''''''''''''''''''  
''''''''''''''''''''''''''' ''''''''''''''''' '''''''''''''' ''''''''' ''''''' '''''''''''''''''''''''''''''''' ''''' '''''''''''''''' '''''''''''' '''' ''''''''''''''' ''''' ''''''''''''''''''''''' '''''''''' 
'''''''''''''''''''''' '''''''' ''''''''''''''''''''''''''' ''''''''''''''''' '''' ''''''' '''''''''''' ''''' '''''' ''''''''''''''''''''' ''''''''' ''''''''''''''''] 
 
The NRC staff finds Framatome’s treatment of in-reactor densification to be acceptable.  
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3.1.12 Effect of Additive on the High Burnup Fuel Pellet Rim Structure 
 
Irradiation of fuel to high burnup results in changes to the structure of UO2 pellets.  These 
changes begin when the local burnup exceeds approximately 60 gigawatt-days per metric ton of 
uranium (GWd/MTU) and occur in the lower temperature region or near the periphery of the 
pellet and result in a structure known as the high burnup structure (HBS) or rim structure.  
Formation of the HBS is attributed to recrystallization which starts at grain boundaries and 
propagates into the affected grains and to the formation of small pores on and within grains. 
 
RAI-14 asked for additional explanation and data regarding the formation of the HBS.  
Framatome clarified that the post-irradiation examination (PIE) data used in the analysis 
provided in the TR was on chromia-doped fuel with a chromia concentration outside of the 
proposed specification range.  Framatome was able to share additional data from a PIE 
performed on doped fuel that is more representative of the product Framatome intends to 
produce. 
 
Data collected on standard UO2 HBS has a very large spread when plotted against burnup.  
While large grain size should hinder the formation of the HBS, and this has been observed in 
some PIEs.  Framatome states that the chromia-doped fuel examined is within this spread and, 
therefore, no changes to the HBS models are needed. 
 
The NRC staff finds this explanation acceptable, as HBS data presented appear to be within the 
uncertainty of non-doped UO2.  It is also noted that this treatment is likely conservative, but the 
quantity of data is insufficient to draw further conclusions. 
 
3.2 Behavioral Assessment 
 
The use of chromia-doped fuel could potentially impact the following in-reactor fuel behaviors: 
fuel washout as a result of fuel clad failure, lower fuel melting limits, and performance during 
loss-of-coolant accidents (LOCAs) and reactivity initiated accidents (RIAs). 
 
3.2.1 Washout Characteristics 
 
Washout behavior occurs after failure of the fuel cladding.  Water is introduced into the fuel rod 
interior and interacts with the fuel pellet.  In BWR conditions, water is mildly corrosive to UO2.  
Corrosivity depends on multiple factors but primarily is dependent on the grain structure of the 
fuel. 
 
Framatome used thermogravimetry to achieve a greater understanding of the underlying 
phenomena by measuring the mass change of unirradiated standard and chromia-doped fuel 
pellets with varied grain size in an oxidizing environment at 380 °C.  This test indicated that the 
larger grain-size chromia-doped pellets experienced up to a 50 percent increase in oxidation 
resistance, while the small grain size chromia performed comparably to undoped UO2.  
 
A second study was performed investigating corrosion behavior of unirradiated fuel in autoclave 
leaching tests under BWR conditions.  These showed that the chromia-doped fuel ['''''''''''''''''''''''''''''' 
'''' '''''''''''''''''''' '''' '''''''''''''''' ''''''''''''''''''' ''''' ''' '''''''''''' ''''' '''''''''' ''''' '''''''''] in comparison with undoped fuel.  
Framatome states that this trend will remain valid in irradiated fuel.  
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The NRC staff finds that Framatome has provided sufficient evidence that chromia-doped fuel 
washout characteristics are bounded by undoped UO2, and therefore, finds Framatome’s 
explanation to be acceptable. 
 
3.2.2 Fuel Melting 
 
Framatome has measured the melting point of standard UO2, chromia-doped UO2, and 
chromia-doped (U-Gd)O2 fuel using laser heating and fast multi-channel pyrometry at JRC-ITU.  
Framatome reported that the melting temperature for chromia-doped fuel is [''''''''''''''''''' ''''' ''''''' ''''''] 
over the entire burnup range.  Gadolia-doped fuel melting temperature ['''''''''' ''''''''''''''''''''''''' '''''' ''''''' 
''''''''''''''''' ''''' '''''''''''''''''''] 
 
The NRC staff asked RAI-4a to better understand if and how this [''''''''''''''''''] melting temperature 
was incorporated into RODEX4 and downstream safety analyses.  Framtome responded that 
the melting point [''''''''''''''''''''] can be applied either within RODEX4 or as part of the 
post-processing of results.  Framatome clarified that, while either approach is appropriate, 
RODEX4 has been updated to include the [''''''''''''''''''''] melting temperature for chromia-doped 
fuel.  The NRC staff finds this explanation to be satisfactory.  Framatome also clarified in this 
response that RODEX4’s melting temperature model is not burnup dependent, but instead uses 
the expected minimum fuel melting temperature.  By [''''''''''''''''''''' ''''''''' ''''''''''''''''''''''''''''''' '''''' '''''''], they 
are capturing the results from the JRC-ITU experiment.  The NRC staff finds this acceptable. 
 
RAI-4b asked for clarification on the statistical approach used by Framatome to calculate the 
[''''''''''''' '''''''''''' '''''''''''''''] for melting temperature from the JRC-ITU experiments.  Framatome 
responded with a detailed description of their treatment of uncertainty for these experiments.  
Uncertainty is a result of data dispersion, uncertainty in the emissivity of the fuel sample, and 
pyrometer calibration.  These have been geometrically combined and adjusted for sample size 
to determine one-sided 95/95 values.  The NRC staff agrees with this approach and finds it to 
be acceptable as it accounts for uncertainties appropriately. 
 
3.2.3 Doped Neutron-Absorber Fuel Rods 
 
Framatome is also requesting approval of chromia-doped neutron-absorber fuel (NAF).  NAF is 
UO2 with gadolinia dopant added, and is alternatively referred to as gadolinia-doped fuel.  
Framatome included data collected for chromia-doped NAF thermal conductivity and melting 
temperature, which the NRC staff reviewed and found acceptable.  
 
RAI-11 asked Framtome to disposition the remaining properties for chromia-doped NAF; a 
summary of the response follows: 
 

• Microstructure and grain size are relatively unchanged between normal NAF and 
chromia-doped NAF, as the effect of the much larger quantity of gadolinia dopant 
exceeds that of the chromia.   
 

• In-reactor densification is assessed during fabrication, and behaves the same as normal 
NAF 

• Creep behavior was assessed for chromia-doped gadolinia fuel.  This test found the 
samples to fall on a logarithmic curve.  The creep rate for the chromia-doped NAF falls 
between the creep rates for standard UO2 and chromia-doped UO2.  
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• Washout behavior of chromia-doped NAF was studied in autoclave experiments under 
BWR conditions.  Doped NAF fuel performs [''''''''''''''' ''''''''''''''] at 290 °C, and shows] at 290 
[[°C, and shows ['''''''''''''''''''''''' '''''''''''''''''''' '''''''''' ''''''''''''''''''] at 360 °C. 
 

• NAF is more resistant to PCI than UO2.  This is not expected to change with chromia 
doping.  
 

• The remaining properties included in the RIA (tensile fracture strength, fuel pellet 
cracking, HBS formation, performance under LOCA, and performance under RIA) are 
expected to be equivalent to un-doped NAF fuel. 

 
Due to the evidence and theoretical arguments provided, the NRC staff finds the use of 
undoped NAF properties to be acceptable for analysis of chromia-doped NAF.  
 
3.2.4 Behavior During Accident Conditions 
 
3.2.4.1 Loss-of-Coolant Accidents 
 
The performance of the emergency core cooling system is judged relative to the performance of 
the reactor fuel under postulated LOCA conditions.  10 CFR 50.46 and Appendix K provide 
analytical requirements and prescriptive limits (e.g., 2200 degrees Fahrenheit (°F) peak 
cladding temperature (PCT), 17 percent ECR maximum cladding oxidation (MLO)) applicable to 
UO2 fuel pellets within cylindrical zircaloy or ZILRO cladding.  These analytical limits preserve a 
coolable rod bundle array by ensuring adequate post-quench cladding ductility.  The 
introduction of chromia-doped fuel pellets does not directly alter the applicability of the 
10 CFR 50.46 analytical requirements and prescriptive limits associated with maintaining 
adequate cladding ductility; however, changes in fuel properties and performance may alter the 
accident progression and influence PCT and MLO calculation.  In addition to 10 CFR 50.46, fuel 
performance may impact the LOCA radiological consequence assessment (often bounded by 
the maximum hypothetical accident).  The following fuel properties and performance metrics 
were evaluated with respect to chromia-doped fuel: 
 

• Fuel thermal conductivity and stored energy 
• Fission gas release, rod internal pressure, and rod ballooning 
• Fuel-to-cladding bond layer and oxygen ingress 
• Fuel pellet fragmentation, relocation, and dispersal 
• Fission gas release and accident source term 

 
A change in fuel thermal conductivity will impact the amount of stored energy in the fuel pellet.  
Section 4.5 of ANP-10340P describes the impact of chromia addition on fuel thermal 
conductivity and Section 7.1 describes changes in the RODEX4 thermal conductivity model.  
See Section 3.4.1 of this SE for further assessment of fuel thermal conductivity.  In general, the 
addition of chromia reduces fuel thermal conductivity which tends to increase fuel stored 
energy.  This potential impact is being explicitly addressed in the RODEX4 calculated stored 
energy and initial fuel conditions (input) to the downstream LOCA calculations. 
A change in FGR will impact rod internal pressure which, in turn, will impact the probability of 
fuel rod ballooning and rupture.  Section 7.2 of ANP-10340P describes the validation of the 
RODEX4 FGR model for chromia-doped fuel.  See Section 3.4.2 of this SE for further 
assessment of FGR.  In general, the addition of chromia increases the grain size which 
increases the diffusion path; however, the lower thermal conductivity tends to increase the rate 
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of diffusion.  An increase in FGR would lead to higher rod internal pressures and increase the 
likelihood of fuel rod ballooning and rupture.  These potential impacts are being explicitly 
addressed in the RODEX4 initial fuel conditions (input) to the downstream LOCA calculations. 
 
The 10 CFR 50.46c rulemaking identified a new cladding degradation mechanism involving 
oxygen ingress from the fuel-to-cladding bonding layer, which reduces the time-at-temperature 
to nil ductility.  A change in fuel irradiation swelling or pellet microstructure, which impacts the 
formation of the fuel-to-cladding bond layer, may change the timing (BU) at which point 2-sided 
oxidation must be considered.  As 10 CFR 50.46c has not been finalized, this potential effect 
will not be considered in this SE. 
 
A change in pellet microstructure or fission gas retention may impact the susceptibility to fuel 
fragmentation or the resulting fragmentation size distribution.  Section 5.3.1 of ANP-10340P 
describes impact of chromia addition to fuel fragmentation under LOCA conditions.  Citing a 
technical paper presented at TopFuel 2013, Framatome states that the susceptibility to fine 
fragmentation is highly correlated to the formation of the high burnup structure (HBS).  
Framatome concludes that (1) pellet cracking pattern, (2) fuel-to-cladding interface bonding, and 
(3) HBS formation and evolution are comparable to that of UO2.  
 
RAI-12 requested supporting evidence for the statement in the TR that cracking and pellet-clad 
interface behavior in chromia-doped pellets is very similar to that in standard UO2.  Framatome 
provided data from the post-irradiation annealing test for standard and chromia-doped pellets, 
conducted by the Nuclear Fuel Industry Research (NFIR) Program from various fuel types 
irradiated in IFA-649 at the Halden Reactor Project (Halden).  The data provided supports the 
conclusion that chromia-doped and standard UO2 behavior is similar.  Therefore, the NRC staff 
finds the treatment of pellet cracking and pellet-clad interface to be acceptable. 
 
Any interaction between chromia dopant and fission products may alter the amount or chemical 
species of releases during Design Basis Accidents or Severe Accidents.  While Framatome did 
not include a discussion in the TR, the source term released from the fuel during postulated 
accidents was questioned in RAI-13.  Framatome responded that the dopant does not modify 
the isotope inventories.  Given this and the negligible impact on neutron flux-spectrum, 
Framatome plans to use NUREG-1465 to determine the alternate source term (AST) for 
chromia-doped fuel as it does undoped UO2.  The NRC staff finds Framtome’s treatment of AST 
acceptable. 
 
3.2.4.2 Reactivity Initiated Accidents 
 
The regulation at 10 CFR Part 50, Appendix A, GDC 28 requires reactivity control systems to be 
designed with appropriate limits on potential amount and rate of reactivity increase to assure 
that the effects of postulated reactivity accidents can neither (1) result in damage to the reactor 
coolant pressure boundary greater than local yielding nor (2) sufficiently disturb the core, its 
support structures, or other reactor pressure vessel internals to impair significantly the capability 
to cool the core.  For BWRs, the postulated control rod drop accident (CRDA) is the limiting RIA. 
The following fuel properties and performance metrics were evaluated with respect to 
chromia-doped fuel: 
 

• Control blade worth and reactor kinetics 
• Fuel transient thermal expansion and gaseous swelling 
• Fuel melting temperature 
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• Fission gas release, rod internal pressure, and rod ballooning 
• Fuel pellet fragmentation, relocation, and dispersal 
• Transient fission gas release and accident source term 

 
Section 9.3 of ANP-10340P describes the impact of chromia addition to nuclear design 
requirements and reactor kinetics.  There is no impact on reactor physics calculations because 
chromium and oxygen cross sections are included in the nuclear data library of the CASM0-4 
lattice code.  Additions of chromia to the fuel will require no changes to existing neutronics 
codes or methodologies.  Hence, any impact of chromia addition on core physics predictions will 
be explicitly accounted for. 
 
Section 7.3 of ANP-10340P describes the new RODEX4 intraganular gaseous swelling model.  
PIE data on chromia-doped fuel rods show larger cladding deformation following both 
steady-state and power ramp irradiations, which indicates an increased fuel pellet deformation 
in comparison to standard fuel.  Measured cladding strain was used to validate the new 
RODEX4 model.  Section 5.3.2 of ANP-10340P describes the potential impact of chromia 
addition on fuel performance under RIA conditions.  Framatome states that [''''''''' ''''''''''''''''''''' 
''''''''''''''''''''' '''''''''''' '''''''''''''''' ''''' ''''''''''''' ''''''''''''''''''''' '''''''''''''''''''''''''''' ''''''''''''''''''''''''''''''''''''''' '''''''''''''' ''''''''' ''''''''''''''''''' 
'''''''''''''' '''''''''''''''''''' ''''''''' ''''' ''''''' ''''''''''''''''''' ''''''''''''''''''''''''''' ''''''''' '''''''''''' '''''''''''''' ''''''''''''''''''''' ''''''' '''''''''''' '''' '''''''''' ''].  
 
RAI-7b and RAI-7c requested additional evidence on fuel swelling and fragmentation, 
respectively.  The RAIs also suggested the Nuclear Safety Research Reactor (NSRR) as a 
possible source for RIA performance data on fuel pellets different than standard UO2.  As no 
data from NSRR exists for chromia-doped fuel, Framatome discussed performance of other 
fuels with similar properties, such as gadolinia doped, large-grain undoped, and niobia-doped 
fuel, which has similar intragranular swelling features.  Framatome states that all of these tests 
showed similar outcome during RIA pulse testing as standard UO2, and assert that gadolinia 
doped fuel is bounding, and as gadolinia fuel is included in DG-1327, it is expected that the draft 
guide would be similarly applicable to chromia-doped fuel. 
 
Similarly, Framatome states that niobia-doped fuel should bound the fuel fragmentation 
performance of chromia-doped fuel, as the intragranular gaseous swelling is larger for niobia 
doped fuel.  They further point to NFIR post-irradiation annealing tests that indicate that FGR is 
lower for doped fuel than standard UO2.  This test also found that fuel fragment size was a 
factor of burnup, but that no fine-fragmentation was found during the anneal testing on any 
standard or doped UO2, nor mixed oxide (MOX), between 40 and 48 GWd/tHM.  Framatome 
asserts that the fission gas residing within the grains in intragranular bubbles will decrease the 
FGR during RIA, as fission gas reaches the gap primarily through a process of cracking along 
the grain boundary. 
 
The Organization for Economic Co-operation and Development/Nuclear Energy Agency 
(OECD/NEA) State-of-the-Art report, “Nuclear Fuel Behaviour Under Reactivity-initiated 
Accident (RIA) Conditions,” make the following observation (Section A.5.1.4) (Reference 6) with 
respect to fuel grain size on RIA fuel performance: 
 

It should be remarked that rod OI-10 showed exceptionally low fission gas 
release and cladding residual deformation.  From the peak fuel enthalpy in this 
test, it is expected that film-boiling occurred during the transient ['''''''''].  Yet, the 
cladding peak residual hoop strain is merely 0.7%, and the transient fission gas 
release is only 2.6%.  These unusually low values are probably a consequence 
of the large grain (~28 μm) UO2 fuel that was used in the OI-10 test rod.  Due to 
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the large grain size, there is less fission gas accumulated in grain boundary 
bubbles, and the transient fission gas release is lower than from fuel pellets with 
normal grain size (~10 μm). 
 

This observation supports Framatome’s claim regarding less transient FGR under RIA 
conditions. 
 
After review of the additional information submitted by Framatome, the NRC staff finds the 
description of chromia-doped fuel’s RIA performance, from the standpoints of fuel pellet swelling 
and fragmentation to be acceptable. 
 
A change in fuel melting temperature may impact the allowable amount of deposited energy 
(coolability criterion), predicted number of failed fuel rods, and radiological source term.  
Section 5.2 of ANP-10340P describes the impact of chromia addition on fuel melting 
temperature.  In general, the addition of chromia ['''''''''''''''' '''''''''''''''''] the fuel melting temperature.  
Changes were experimentally determined and will be explicitly accounted for in the approved 
methodology.  With respect to fuel performance under RIA conditions, Section 5.3.2 of 
ANP-10340P concludes that the limited amount of chromia will not induce significant changes in 
fuel specific heat, thermal conductivity, or fuel melting point.  As such, the radial average fuel 
enthalpy threshold for incipient melting of chromia-doped fuel is not significantly different than 
standard UO2 fuel. 
 
RAI-7a requested clarification of a statement made in the TR which indicated that the change in 
margin to fuel melt is negligible between doped and standard UO2.  Framatome was asked to 
explain how the changes to fuel conductivity and melting point would affect allowable peak 
radial average fuel enthalpy and predicted number of fuel rod failures due to fuel melt.  
Framatome responded by stating that thermal-mechanical and thermal-hydraulic methodologies 
calculated each reload cycle would both include the new properties, and therefore any change 
to the average fuel enthalpy threshold for incipient melting would be explicitly accounted for.  
They additionally pointed to the example calculation provided in ANP-10340P, which indicated 
that there is generally a minimal impact to margin to fuel melt.  The NRC staff finds the explicit 
calculation of fuel melt margin using the new thermal conductivity and melting temperature to be 
acceptable. 
 
During the regulatory audit, Framatome indicated that, under certain conditions, chromium 
[''''''''''''''''' ''''''' '''''''''''''' ''''' ''''''' '''''''''''''] through some other process, and ['''''''''''''''''''''' ''''''''''''''''' ''''''' '''''''''''''''' 
'''''''''''''' '''''''''''''''''''''' '''''''''''''''' ''' ''''''''''''''''''''''''''''].  The NRC staff asked RAI-5 to gather additional 
information and understanding of this behavior.  This discussion is included in this section of the 
SE, as fuel centerline temperature is seen as the primary driver of the phenomenon, and RIA 
results in increased fuel centerline temperature. 
 
Framatome described the solubility of chromia and other chromium species inside the pellet 
qualitatively as a function of temperature and burnup.  In response to RAI-5a, which requested a 
description of the change in chromia content in the pellet with increased temperature, 
Framatome stated that: 
 

During power ramps, some chromia will reduce, causing the liberation of oxygen.  
This oxygen is expected to migrate to oxidize the inside of the cladding, which 
has the effect of counteracting stress corrosion cracking (SCC).  The chromium 
remaining in the pellet is converted to a metallic precipitate, and it is expected 
that this would restore the thermal conductivity to that of undoped UO2. 
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In response to RAI-5b, which requested any data from hot-cell examinations that would confirm 
this behavior, Framatome described the change in [''''''''''''''''''' '''''''''''''] in the pellet center, and 
showed x-ray cartography data that provides experimental evidence for this behavior. 
 
In response to RAI-5c, which asked if chromia migration might lead to an increase FGR, 
Framatome clarified that the chromium does not leave the ['''''''''''''' ''''''''''''''], and thus would not 
precipitate in such a way to negatively impact FGR, but rather that the oxygen may migrate 
under certain conditions.   
 
The NRC staff has reviewed these responses, and the data contained within, and find them to 
be acceptable. 
 
A change in FGR will impact rod internal pressure which, in turn, will impact the probability of 
fuel rod ballooning and rupture.  Section 7.2 of ANP-10340P describes the validation of the 
RODEX4 FGR model for chromia-doped fuel.  See Section 3.4.2 of this SE for further 
assessment of FGR.  In general, the addition of chromia increases the grain size which 
increases the diffusion path; however, the lower thermal conductivity tends to increase the rate 
of diffusion.  An increase in FGR would lead to higher rod internal pressures and increase the 
likelihood of fuel rod ballooning and rupture.  These potential impacts are being explicitly 
addressed in the RODEX4 initial fuel conditions (input) to downstream safety analyses, 
including RIA calculations. 
 
A change in pellet microstructure or fission gas retention may impact the susceptibility to fuel 
fragmentation or the resulting fragmentation size distribution.  Section 5.3.2 of ANP-10340P 
describes the potential impact of chromia addition to fuel fragmentation under RIA conditions.  
Citing microstructural examinations of irradiated fuel, Framatome concludes that chromia-doped 
fuel has a ['''''''''''''' '''''''''''''''''''''''''''' '''''' ''''''''' '''''''''''''''''''''''''''''''''' ''''''''''''''' ''''''''' '''''''''''''''''''''''']. 
 
Any interaction between chromia dopant and fission products may alter the amount or chemical 
species of releases under RIA conditions.  Citing microstructural examinations of irradiated fuel, 
Framatome concludes that chromia-doped fuel has a ['''''''''''' ''''''''''''''''''''''''''''''''' '''''' '''''''''''''''''''' ''''''''''''''' 
'''''''''''''''''''''' ''''''''''''''''''''''''''''' ''''''''''''] under RIA conditions.  Additionally, in the response to RAI-7a, 
Framatome stated that the impact on source term due to a change in melting temperature will 
be taken into account when AST analyses are performed.  
 
In a recent review of Global Nuclear Fuel-Americas, LLC additive fuel pellets for BWR 
applications, the NRC staff evaluated the impacts on fuel performance under RIA conditions.  
Results presented from NSRR RIA tests on fuel rod segments with different additive 
compositions and concentrations exhibited similar behavior and failure thresholds as standard 
UO2 rods.  These results support the discussion above which refers to tests with niobium-doped, 
gadolinia, large grain standard, and MOX fuel.  
 
The RIA empirical database which forms the technical bases for the soon to be published 
regulatory guidance and acceptance criteria in DG-1327 is comprised of over 150 prompt pulse 
tests performed at several research reactors on a large variation of fuel rod designs, including 
non-standard UO2 fuel pellets.  While no explicit RIA tests were conducted on chromia-doped 
fuel, tests conducted on other non-standard UO2 fuel strongly suggest that the concentrations of 
chromia requested in this TR (and the known impacts on fuel properties) are unlikely to 
significantly or negatively impact fuel performance under RIA conditions. 
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One potential unintended consequence of eliminating fuel designs with the natural or low alloy 
zirconium liner cladding (with the substitution of chromia-doped fuel) is the change in the initial, 
pre-transient cladding hydrogen distribution.  The barrier liner acts as a sponge for hydrogen 
absorbed through waterside corrosion.  The barrier effectively removes significant amounts of 
hydrogen and the detrimental effects of hydrides from the base metal.  Out-of-pile mechanical 
testing on irradiated cladding segments suggest that the zirconium liner, even after significant 
irradiation and hydride precipitation, remains ductile.  Since the presence of a barrier liner 
depletes hydrogen from the base metal and remains ductile, a barrier lined fuel rod will likely 
exhibit more ductility than a non-lined fuel rod at the same hydrogen level.  
 
As a result of this phenomenon, a potential inconsistency exists with recrystallized annealed 
(RXA) Zry-2 cladding.  A majority of the NSRR prompt power test results used to develop the 
PCMI cladding failure threshold for RXA cladding are based on RXA Zry-2 fuel rod segments 
with a zirconium liner.  Application of these test results to RXA Zry-2 fuel rod designs without a 
liner may be non-conservative.  Future applicants should carefully consider the applicability of 
these cladding failure curves to non-lined RXA Zry-2 fuel rod designs. 
 
The NRC staff finds the performance of chromia-doped fuel under RIAs acceptable. 
 
3.3 Operating Experience and Qualification Data 
 
Framatome has conducted [''''''] steady-state lead fuel assembly (LFA) campaigns in 
pressurized water reactor (PWR) and BWR reactors using chromia-doped UO2 fuel pellets, 
beginning in 1997.  These have included enrichments up to 4.95 percent U235, and densities 
from [''''''' ''''' ''''''' ''''''''''''''''''' ''''''''''''''''''''''''''' '''''''''''''''].  Cladding for these pellets has included 
['''''''''''''''''''''''''''''''' ''''''' '''''''''' ''''''''''''''''''''''''' '''''''''''''' '''''''''''''''''''' '''''''''''''''''''' ''''''''''' '''' ''''''''''''''' '''''''''' ''''''''''''''''''''''' '''''''' 
'''''''''''''''''''''''''''''' ''''''''''''''''' '''''''''''''' ''''''''' ''''''''''' ''''''''' '''''''''''''''''''' '''''''''' '''''''''''''''' '''''''''' '''''''''''''''''''' ''''''' ''''''''''''''''].  
Maximum rod burn-up of approximately [''''''''''''''''''''  '''''''''''''''''''' '''''''' '''''''''''''''''' '''' ''''''''''''''''''''' 
'''''''''''''''''''''''''''] has been obtained.  This includes a LFA program in a domestic BWR. 
 
Rods irradiated as part of the LFA campaigns have been used for ramp testing, as described in 
Section 3.3.2 of this SE, and Section 6.2 of the TR.  Framatome states that most of the ramped 
fuel rods were irradiated to burnup levels that are typically most limiting with respect to PCI 
failures.  In addition, high-burnup rods were also tested, to assess the impact of hydrogen 
uptake. 
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3.3.1 Steady State Dataset 
 
The range of burnup achieved in commercial reactors at steady-state is summarized in 
Table 3.3-1 below, taken from the TR.  These were irradiated in the following cladding materials:  
 
['''''''''''''  ''''''''' '''''''''''''''''''''' ''''''''''''''''''' ''''''''''''''''''''''' '''''''''''''''''''''], 
 
[''''''''''''''  ''''''''''''''''''''' ''''''''''' '''''''''''' ''''''''' '''''''''''''''''''''] 
 
Fuel rod designs included in the database are:  
 
['''''''''''''  ''''''''''''''' ''''''''' '''''''''''''], 
 
[''''''''''''''  '''''''''''''']. 
 
Following irradiation, PIE measurements of the following were conducted: 
 
[''''''''''''' ''''''''' '''''''''''''''''''' ''''''''''''''''''' ''''''' ''''''''''''''''''''''''''' ''''''''''''' ''''''''''''''''''''''''' '''''''''''' '''''''''' ''''''''' ''''''''''''''''' ''''''''' 
'''''''''''''' '''''''''''''''].  
 
Some rods were full-length, while others were rodlets used for ramp testing after base 
irradiation was achieved.  ['''''''''' ''''''''''' ''''''''''''''''''''''' '''''''''''''''''''' '''''' '''''''''''''''''''''''''''''''''''' ''''''''' ''''''' '''' '''''''''''' 
''''''''''' '''''''''''' '''''''''' '''''' ''''''''''''''''' '''' '''''''''''' '''''''''']. 
 
Temperature measurements were also collected for separate effects testing of high burnup fuel 
(~50 MWd/kgU).  A rod that had accumulated burnup was refabricated and instrumented with a 
central thermocouple and irradiated in a test reactor with on-line temperature measurement.  
[''''''''''''''' '''''''''''''''''''''''''''' '''''''''''''''''''''''''''''''' ''''''''''''''''''''' ''''''' ''''''''''''' ''''''''''' ''''''''''' ''''''''''''''''''''''''''''''' '''' '''''''''''' '''''''' '''' 
'''''''''''''''' ''''''''''''' ''''' '''''''''''''''''''' '''''''''''''''''''''''' ''''''''' ''' ''''''''''''' '''''''''''' ''''''''''''''''''''''''' ''''''''' '''''''''''''''' ''''' '''''' ''''' '''' 
''''''''''''']. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.3-1 Chromia-doped irradiation database (from Reference 1) 
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3.3.2 Ramp Dataset 
 
The range of burnup achieved for the ramp dataset is summarized in Table 3.3-1, taken from 
the TR.  The ramp dataset is used to justify the ramp rates discussed in Section 3.7 of this SE.  
 
The following cladding materials were used in this dataset:  
 
[''''''''''''''  '''''''''' '''''''''''''''''''' '''''''''''''''''], 
 
['''''''''''''  '''''''''''''''''''' '''''''''''' ''''''''''''' ''''''''' ''''''''''''''''''''] 
 
Fuel rod designs included in the database are:  
 
[''''''''''''''  '''''''''''''''], 
 
['''''''''''''''  '''''''''''''']. 
 
Following irradiation, PIE measurements of the following were conducted: 
 
['''''''''''' '''''''' ''''''''''''''''''''' ''''''''''''''''' ''''''' '''''''''''''''''''''''''' ''''''''''''' ''''''''''' ''''''''' '''''''''''''''''''' '''''''''' '''''''''''''' ''''''''''''''''].  
 
For the BWR program ['''''''''''' '''''''''''' ''''''''''' ''''''''''''''''''''''''' ''''' '''''''''''''''' '''''' ''''''''''''''''''''' '''''''''''''''' ''''''''' '''''''''' 
'''''''''' ''''''''''''''''' ''''''''''''''''''''  ''''''''''''''' '''''''''''' '''''''''''' ''''''''''''''''''''''' ''''''''''''''' '''''''''''''''' '''''''''''' '''''''''''''''''''''''''''''''''''''' 
''''''''''''''''''''''''''  '''''''''' '''''''''' ''''''''' '''''' '''''''''''''' ''''''''''''' '''''''''''' ''''''''''''''''''''''''' ''''''''' ''''''''''''''''''''''' '''' ''''''''''''''''''' ''''' '''''' '''' 
''''''''''''''''''''''''''''' ''''''''' '''''''' ''''''''''' '''''''''' '''''''''''''''''''''''''' ''''' ''''''''''''''''''''''''''''''' ''''' '''''''''''''''''''''' ''' '''''''''''''' ''''''''' ''' 
'''''''''''''''''' '''' ''''''''''''''''''''  '''''' ''''''''''''''' ''''''''''''''''''''' '''''''''''''''' '''''''''''' ''''''''''''] 
 
The NRC staff concludes that Framatome has provided sufficient operating experience for 
chromia-doped fuel for use within the bounds of the conditions and limitations included in this 
SE. 
 
3.4 Qualification of RODEX4 
 
RODEX4 is Framatome’s fuel thermal-mechanical code approved for BWR fuel design and 
licensing analyses with standard UO2 and gadolinia-doped UO2.  The following sections of this 
report detail changes made to RODEX4 to accommodate the properties and behavior of 
chromia-doped fuel. 
 
Validation and verification of these changes was carried out by comparing the data described in 
Section 3.3 of this SE and Section 6 of the TR.  This data includes ['''''' '''''''''''''''''''''''''''''''' 
''''''''''''''''''''''''''''''''''' ''''' ''''''''''''''''''''' '''''''''' '''''''''''''''''''''' '''''''''' ''''''''''''''''''''''''''''''''' '''''''''''''' ''''''''''''''''''''''' '''''' '''''''''''''' 
'''''''''''''' '''''''''''''''''''''' ''''''''' ''''''''''''' ''''''''''''''''''''''''''']. 
 
3.4.1 Thermal Conductivity Model 
 
Thermal conductivity is measured experimentally by determining the thermal diffusivity and the 
specific heat capacity of the material.  Thermal diffusivity measurements were taken during the 
JRC-ITU 1999 campaign, as well as “in-house” campaigns conducted by Framatome in 2006 
and 2015.  A subset of samples from these in-house campaigns was sent to JRC-ITU for 
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complementary measurements.  Thermal conductivity is also described in Section 3.1.5 of this 
SE. 
 
3.4.1.1 Adaptation of RODEX4 thermal conductivity model to unirradiated chromia-doped fuel 
 
JRC-ITU data used either measured specific heat, or a known specific heat correlation.  As 
Framatome is not intending to modify the specific heat correlation used for standard UO2 and 
[''''''''''''''''''''''''''''''''''''' ''''''''''] for use with chromia-doped fuel, the thermal conductivity of the samples 
was recalculated using the MATPRO correlation used in RODEX4.  This change resulted in 
lower uncertainty and a better match with the data. 
 
During the 2015 campaign Framatome tested a number of different chromia concentrations and 
found that conductivity decreases with increasing chromia concentration, [''''''' '''''''' '''''''''''''' 
'''''''''''''''''''' ''''''''''''''' '''''''''''' '''''''''''''' ''''''''''''''' ''''' ''''''' '''''''''''''''''''''' '''''''''' '''''' ''''''''''''''''''''' ''''' ''''''''''']. 
 
Using this experimental data, a new thermal conductivity model was developed for 
chromia-doped fuel.  This model is specified in the TR, Section 7.1.1 and [''''''''''''''''''' ''' '''''''''''''''''' 
'''''''''''''''''''''''''''''' '''''' ''''''''''''''' ''''''''''''''' ''''' '''''''''''''''''' '''''''''''''''''''''''''''' ''''''' ''''''''' '''' '''''''''''''''''''''' '''''''''''''''''''''''''''''''' '''''''' ''' 
'''''''''''''''''''''''''''''' '''''''''''' '''''' ''''''''' '''' '''''''''''''''''''''''' ''''''''''''' '''''''''''''''''''''''' 
 
'''''''''''' '''''' ''''''''''''''''''''''''''''''''''' ''''''''''''''''''''' ''''''''' ''''''''''''''' '''''''''' ''''''''''' ''''''''''''''''''' '''''''''' ''''''''''''''''''''''''  ''''''''''''''''''''''''''' 
''''''''''''''''''''''''' ''''''''' ''''''' '''''''''''''' ''''' ''''''''''''''''''' ''''''''''''''' '''''''''''''''''''''''''''''''''''' ''''''''' '''''''''''''' ''''''''''' '''''''''''''''''''' '''''''''' 
'''''''''''''''''''''' ''''''' ''''''''''''''''''''''''' ''''''' ''''''''''''''''''''''''''''''' ''''''''''''''''''''''' '''''''''' '''' '''''''' '''''''''''' '''''' '''''''''' ''''''' '''''''''''''''''''' '''''''''' 
'''''''''''''''' '''''''''''''''''''] 
 
3.4.1.2 Validation of RODEX4 thermal conductivity model to irradiated chromia-doped fuel 
 
Standard UO2 fuel experiences degradation of thermal conductivity with increased burnup.  To 
validate that this effect is also present in chromia-doped fuel, Framatome benchmarked 
RODEX4 to the REMORA2 test, where a pellet centerline temperature was measured online 
using thermocouples after achieving a burnup of around 62 MWd/kgU.  This showed good 
agreement when applying the same thermal conductivity degradation effect to chromia-doped 
fuel as is applied to standard UO2. 
 
Due to the experimental measurements and satisfactory benchmarking of RODEX4, the NRC 
staff finds Framatome’s thermal conductivity models for chromia-doped fuel and chromia-doped 
NAF to be acceptable. 
 
3.4.2 Fission Gas Release Model 
 
Framatome states that the FGR model in RODEX4 remains unchanged.  This is due to 
competing effects:  larger grain size reduces FGR by slowing the diffusion to grain boundaries, 
but the reduction in grain boundary area leads to decreased fission gas retention at these 
boundaries.  Framatome provides a plot of calculated versus measured FGR from a number of 
lead assemblies. 
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Framatome discounts the impact that chromia has on the diffusion rate of fission products 
through the fuel matrix.  A plot is presented in the TR showing predicted versus measured FGR 
from a database of 48 doped samples and 13 undoped control samples paired with data in the 
doped set.  These data show a relatively wide degree of variability, but generally are in 
agreement with the predicted values. 
 
The NRC staff requested, in RAI-9, that Framatome model test IFA-716 from the Halden 
experimental reactor using RODEX4.  This experiment measured FGR from chromia-doped fuel 
as well as standard and large-grain undoped UO2.  Framatome submitted this as well as the 
results from modeling IFA-677, which was similar to IFA-716 but contained standard UO2 as 
well as fuel pellets with a different dopant.  Tables 3.4-1 and 3.4-2 below summarize the 
important results from these test rods.  For the purposes of evaluating the FGR in 
chromia-doped fuel, there are a total of 3 rods of interest containing standard UO2 (677-2, 
677-6, 716-2), and 2 rods with chromia dopant (716-1 and 716-6).  All of these rods except 
716-2 had online FGR calculated from online rod internal pressure, and 677-6 and 716-6 both 
were also subjected to PIE FGR measurements using puncture testing. 
 
RODEX4 very slightly overpredicted FGR for the two standard UO2 rods for which there is data.  
The two chromia-doped rods, on the other hand, were underpredicted by the code.  It is worth 
noting that the total FGR for these two rods is still small, where the standard UO2 has typically 
also had a relatively large spread of data.  
 
The NRC staff also requested the data used to generate this plot in RAI-8a.  This data was 
provided with additional information, such as grain size and chromia content, that was not in the 
original submittal.  This data was examined to determine if any of the other parameters 
correlated with FGR calculational errors.  No trends were found.  Framatome also submitted a 
plot of FGR, replicated below, using the 95/95 bound for diffusion coefficient and LHGR.  This 
additional plot provided assurance that the FGR dataset is representative of the doped fuel 
under review, and that the FGR correlation in RODEX 4 does a satisfactory job of predicting the 
experimental data.  For these reasons, the NRC staff finds the FGR model acceptable for use 
with chromia-doped UO2. 
 
Framatome also requested that the grain size restriction (for standard UO2) imposed by the SE 
for RODEX4 (Reference 7) be lifted.  The primary stated reason for that restriction was the 
limited FGR data for undoped fuel with grain size above 20 µm MLI.  To better disposition this 
request, the NRC staff requested additional FGR data to support the use of large-grain standard 
UO2 in RAI-10a, and requested that Framatome model a Halden test (Halden-716) which 
studied the behavior of both chromia-doped as well as large grain undoped UO2 fuel. 
 
Framatome’s response to RAI-10a provided a total of 9 data points for FGR from standard UO2 
with grain size over 20 µm.  Framatome’s response to RAI-9 demonstrated underprediction of 
FGR from large grain undoped UO2.  
 
The NRC staff has determined that this is insufficient evidence to warrant removing the 
restriction on grain size for standard UO2.  Although this is not a new limitation or condition, for 
clarity this will be included in the limitations and conditions in Section 4 of this SE.  
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Table 3.4-1 Salient Features and Measured Data for Modelled rods of IFA 677  
(From Reference 5, Table 9-1) 

 

 
Table 3.4-2:  Salient Features and Measured Data for Modelled rods of IFA 716 

(From Reference 5, Table 9-2) 
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Figure 3.4-1:  FGR Results for the Chromia-Doped Database with LHGR and Diffusion 
Coefficient Biased to the 95/95 Upper Bounds (From Reference 5, Figure 8-1) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.4.3 Intragranular Gaseous Swelling Model 
 
In standard UO2, fission gases collect and may form bubbles along the grain boundary, known 
as intergranular bubbles.  As chromia-doped fuel has larger grains and enhanced creep and 
plasticity it has a propensity for forming intragranular bubbles instead, as the gases collect 
inside the grain instead of along the grain boundary.  These bubbles lead to increased fuel 
pellet and cladding deformation, especially following a power ramp. 
 
To accurately capture this phenomenon, Framatome has added an intragranular swelling 
(IGSW) model to RODEX4.  After using PIE ceramography to calibrate the parameters of this 
model, Framatome presented data showing good agreement between measured and calculated 
fuel clad strain from the chromia-doped fuel database.  Given the validation data provided, NRC 
staff finds this model acceptable for modeling fission gas swelling in chromia-doped fuel. 
 



- 21 - 
 

 
 

During the regulatory audit, NRC staff asked if the intergranular model is turned off for 
chromia-doped fuel pellets.  Framatome responded that the model reduces IGSW with 
increased grain size, and therefore does not need to be adjusted for chromia-doped fuel.  The 
NRC staff finds this acceptable.  
 
RAI-10b requested additional information regarding how the IGSW model will be applied to 
standard UO2.  In response, Framatome states that the model is only used if the grain size 
exceeds ['''''''] microns MLI.  They also state that they would not expect standard UO2 to exceed 
that value.  
 
In their response to this RAI Framatome demonstrated that, for standard UO2 below the 
20 micron 3-D limit, including the IGSW model results in a small conservative change in the 
predicted strain increment during power ramps, a small change in the clad diameter change 
after steady-state irradiation, and a small non-conservative change in the FGR prediction.  The 
NRC staff has reviewed this response and found it to be acceptable. 
 
3.5 Qualification of AURORA-B 
 
Framatome states that AURORA-B will include the use of RODEX4 and S-RELAP5, and that 
the thermal conductivity model described in Section 3.4.1 of this SE will be incorporated into 
S-RELAP5.  
 
The NRC staff finds this acceptable.  This does not over-ride or replace any conditions or 
limitations placed on the use of AURORA-B methodologies by the NRC staff in other safety 
evaluations. 
 
3.6 Licensing Criteria Assessment 
 
Framatome states that no fundamental changes are necessary in order to model chromia-doped 
fuel using RODEX4 or AURORA B methodologies, beyond changes to correlations discussed in 
Sections 1.0 and 8.0 of the TR, and covered in Sections 3.4 and 3.5 of this SE.  Additionally, 
there is no change to any design or licensing criteria.  Examples of the design analyses were 
performed with the chromia-doped option activated and the results of those analyses are 
discussed below. 
 
These examples were examined in greater detail at the regulatory audit (References 2 and 3) 
conducted by NRC staff.  No discrepancies were found. 
 
3.6.1 Steady State and AOO Analyses  
 
Framatome repeated a recent ATRIUM 10XM reload steady-state calculation (performed with 
RODEX4) using the chromia-doped fuel model options activated, and the results were 
compared to the standard UO2 cases.  The outcome of this comparison shows that, compared 
to standard UO2, chromia-doped fuel exhibits: 
 

• ['''''''''''''' ''''''''' ''''''''''''''''''''' ''''''''''''''''''''''''''''''] 
• ['''''''''''''' ''''''''''''''''''''''' '''''''''''''''''' ''''''''''''''' '''''''''''''''] 
• ['''''''''''''''''''''' ''''''''''''''''' ''''''''''''''''''''''''' ''''''''''''''' ''''''''''''''] 
• ['''''''''''''''''''' ''''''''''''''''''''''''''''''' ''''''''''''''''''] 
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['''''''''''''''''''''''''''''' ''''''''''''' '''''''''''''' '''''''''' ''''''''''''''''''''' ''''''''' '''''''' ''''''''''''''''''''' ''''''''''''''''''''' ''''''''' '''''''''' ''''''''''''''''''' 
'''''''''''''''''''''''' '''''''' '''''''''''''''''''].  
 
For the AOO analysis, Framatome calculated fast AOO setback factors for control rod 
withdrawal error, and flow run-up.  Compared to standard UO2, chromia-doped fuel exhibits: 
 

• [''''''''''''''''''''' '''''''''''''''' ''''''' '''''''''''' ''''''''''''''''''''''''''' ''''''' ''''''''''''''' '''''''' ''''''''''''''''' ''''''' '''''''''''' ''''''''' '''''''''''''' '''''''''''' 
''''''''''''''''] 
 

• [''''''''''''''''''''''' '''''''''''''''' '''''''''''''''''' '''''' '''''''''''' '''''' '''''''''''''''' ''''''''''''''''' ''''''' '''''''''''''''''''' '''''''''''''''''''''' ''''' ''''''''''''''''' 
''''''''''''''' '''''' ''''''''''''''''''''] 
 

['''''''''''''''''''''''''''' '''''''''''''' ''''''''' ''''''' ''''''''''''''''' '''' ''''''''''''' '''''''''''''''''''''''' ''''' '''''''''''''''''''''' '''''''''''''''' '''''''''''''''''']. 
 
The NRC staff has examined the results of this analysis presented in the TR, as well as the 
detailed calculations made available at the regulatory audit.  The results are acceptable, as they 
demonstrate expected behavior. 
 
3.6.2 Safety Analyses 
 
Framatome performed sample problems that cover AOOs, LOCA, and CRDA using 
AURORA-B.  The AOO analysis performed with AURORA-B is separate from that performed 
with RODEX4, described in Section 3.6.1, and focuses primarily on thermal-hydraulic response 
rather than thermal-mechanical.  The primary consequences of chromia-doped fuel over 
standard UO2, for these analyses, are competing effects on energy stored in the fuel.  On one 
hand, doped fuel closes the gap between the cladding and the pellet earlier, which results in 
lower thermal resistance between fuel and coolant.  On the other hand, decreased fuel thermal 
conductivity has the opposite effect.  
 
Framatome provided results for three AOOs:  turbine trip-no bypass (TTNB), feedwater 
controller failure (FWCF), and anticipated transient without scram.  Different figures of merit are 
of primary interest for different AOOs.  For TTNB and FWCF, margin to boiling crisis (i.e., critical 
power ratio, or CPR) are of interest.  As margin is reduced with increase thermal conductivity, 
the upper bound best estimate thermal conductivity correlation, described in Section 3.4.1.1 of 
this SE, was used to ensure conservatism.  Framatome presents the results of these 
calculations in Table 9-4 of the TR, which indicates that, for these example calculations, 
chromia-doped fuel exhibits only small changes to CPR and maximum system pressure for 
these three transients.  
 
For the remaining sample problems (large-break LOCA, small-break LOCA, and CRDA), the 
figure of merit is PCT.  The results show that the doped fuel has very little effect on the results 
of the calculation, with only a very small increase in PCT, explained by a small increase in 
stored energy. 
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3.6.3 Impact on Nuclear Design Requirements 
 
Framatome states that there is no impact on reactor physics calculations as cross sections for 
Cr and O are included in the CASMO-4 lattice code.  Framatome further states that the change 
in reactivity is small, as the absorption cross section for chromium is small compared to that of 
the fuel and the small change of density is properly captured.  Thus changes are small and will 
be captured by current analysis methods.  The NRC staff finds this acceptable. 
 
3.7 Power Maneuvering Guidelines 
 
The movement of high worth control blades during BWR power maneuvering may result in a 
significant increase in local power.  Depending on the initial pellet-to-clad gap width, fuel pellet 
thermal expansion may lead to an increase in cladding stress.  Given the right combination of 
mechanical stress, chemical agent (e.g., iodine), and time, pellet cladding interaction – stress 
corrosion cracking (PCI-SCC) induced crack propagation may lead to cladding failure.  
PCI-SCC cladding failures during power maneuvering were a significant operational issue prior 
to the introduction of liner cladding (i.e., thin layer of natural or low alloy zirconium on cladding 
inside diameter) in combination with power maneuvering guidelines. 
 
The regulation at 10 CFR Part 50 Appendix A GDC 10, Reactor design, requires that the reactor 
core and associated coolant, control, and protection systems shall be designed with appropriate 
margin to assure that specified acceptable fuel design limits are not exceeded during any 
condition of normal operation, including the effects of AOOs.  In accordance with GDC 10, 
licensees should establish power maneuvering guidelines, based upon experimental data, 
which minimize the likelihood of fuel rod cladding failures.  However, recognizing the low safety 
significance of a limited number of fuel rod failures, existing plant technical specification 
allowable limits on reactor coolant activity, and the ability of plant operators to identify and 
respond to fuel rod failures during power maneuvering, the NRC staff does not require specified, 
reviewed, and approved power maneuvering restrictions.  
 
Section 10.2 of ANP-10340P describes ramp testing performed on irradiated chromia-doped 
UO2 fuel rod segments.  The purpose of these ramp tests was to quantify the PCI-SCC 
performance of chromia-doped UO2 fuel and demonstrate it as an alternative to present liner 
cladding in terms of PCI-SCC protection for BWR applications.  Figure 10-1 of ANP-10340P 
(reproduced below in Figure 3.7-1) provides the Framatome ramp test database as a function of 
conditioning power versus power increment.  Further details were provided in response to 
RAI 8b (Reference 5).   
 
Fuel rod design (e.g., rod diameter, initial gap size, cladding thickness, cladding microstructure) 
and operating history (e.g., power history, burnup, cladding corrosion) play an important role in 
quantifying PCI-SCC resistance and defining power maneuvering guidelines.  Figure 3.7-2 
illustrates the extent of the Framatome ramp test database for BWR fuel designs with 
chromia-doped fuel as a function of conditioning power and separately as a function of fuel 
burnup.  The database is limited both in the total number of ramp tests (14), the number which 
experienced cladding failure (4), and the range of conditioning power and burnup.  
 
To investigate Framatome’s claim that chromia-doped UO2 fuel is a viable alternate to liner 
cladding in terms of PCI-SCC protection, the NRC staff reviewed the Studsvik Cladding Integrity 
Program (SCIP-I, SCIP-II) ramp testing empirical database.  With over 180 ramp tests 
conducted on BWR fuel rods with liner cladding, the SCIP database encompasses a much 
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broader range of initial and test conditions.  Figure 3.7-3 plots the SCIP test results along with 
the Framatome BWR database (failed versus survived as a function of conditioning power and 
power increment).  The transition between failure and survival as a function of conditioning 
power is similar between chromia-doped fuel and liner cladding and certainly within the spread 
of the SCIP database. 
 
Figure 3.7-4 plots only the tests which experienced cladding failure.  Hundreds of earlier SCIP 
ramp tests with standard Zry-2 BWR cladding (unlined) have been added to investigate the 
relative benefit of both chromia-doped and liner cladding.  Examination of this figure reveals 
significant improvements in PCI-SCC resistance for both chromia-doped and liner cladding, 
especially at higher conditioning powers. 
 
Figure 3.7-5 adds the cladding liner fuel rod failure threshold and proposed chromia-doped fuel 
rod failure threshold to the SCIP and Framatome database depicted earlier in Figure 3.7-3.  
Based on the limited chromia-doped ramp database and the spread in the broader SCIP BWR 
liner cladding database, the NRC staff is not convinced that the chromia-doped fuel offer 
superior PCI-SCC resistance relative to liner cladding.  Both chromia-doped fuel and liner 
cladding exhibit significant improvements in PCI-SCC resistance relative to non-liner BWR 
cladding designs.  As such, chromia-doped fuel is a viable alternate to liner cladding. 
 
Licensees and their fuel vendors are responsible for establishing power maneuvering 
guidelines, which when combined with the beneficial PCI-SCC performance of either 
chromia-doped or barrier liner, provide a reasonable assurance of fuel rod cladding integrity 
during power maneuvering. 
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Figure 3.7-1: 
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Figure 3.7-2: 
 



 

 
   

 

Figure 3.7-3: 
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Figure 3.7-4: 
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Figure 3.7-5: 
 
 

 



 

 
   

 

4.0 LIMITATIONS AND CONDITIONS 
 

1. The limitation imposed on grain size of standard UO2 in the RODEX4 TR SE 
(Reference 7) is unchanged. 

 
2. Chromia-doped fuel is licensed to the same currently approved rod-average burnup limit 

as standard UO2:  62 GWd/MTU. 
 
3. Chromia concentration shall be limited to the range specified in the response to RAI-1a:  

[''''''''''' '''''''''''''''''''''''] µgCr/gU.  This limit shall also apply to chromia-doped NAF. 
 
5.0 CONCLUSIONS 
 
Framatome has presented data and analyses to support their request for approval of 
chromia-doped UO2 fuel for use in BWRs, where the dopant is within the range ['''''''''''' 
'''''''''''''''''''''''] µgCr/gU.  Material property changes have been implemented in both the RODEX-4 
thermal-mechanical code and the AURORA-B transient analysis methodology.  The impact of 
the chromia dopant on in-reactor fuel performance (such as washout characteristics, RIA 
behavior, LOCA behavior, and FGR) has been adequately analyzed.  
 
The NRC staff concludes that thermal-mechanical performance of the proposed fuel is 
adequately addressed in the Framatome submittal with the application of the RODEX4 fuel 
performance code.  Fuel melt temperature and thermal conductivity are found to be affected by 
the chromia dopant in excess of any expected effect from grain size.  Additional properties are 
affected by grain size, such as fuel swelling and steady state fragmentation.  FGR is found to be 
adequately predicted using the existing correlation in RODEX4, for which grain size is an input. 
 
Additionally, the NRC staff found chromia-doped NAF fuel to be well represented by existing 
gadolinia-doped fuel properties, with the exception of thermal conductivity and fuel melt 
temperature which were directly measured. 
 
The NRC staff’s SE of chromia-doped fuel is subject to the limitations and conditions listed in 
Section 4.0. 
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