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1 INTRODUCTION AND PURPOSE 

1 

The U. S. Nuclear Regulatory Commission (NRC) has sponsored a test program at 
Argonne National Laboratory (ANL) which examined the effect of burnup on the 
embrittlement of various cladding alloys under conditions relevant to loss-of-coolant 
accidents (LOCAs). The results of these tests demonstrated that the effects are largely 
due to hydrogen that is absorbed in the cladding during normal operation (Reference 1). 
In August 2009 the NRC published an advance notice of proposed rulemaking in the 
Federal Register (Reference 2). As part of this rulemaking package, a change in the 
oxidation acceptance criterion was proposed based on Reference 1 . 

To ensure that the current operating fleet maintains margin to the proposed criterion, the 
NRC completed a preliminary safety assessment of the Emergency Core Cooling 
System (ECCS) performance. In 2011 and 2013, the Pressurized Water Reactor 
Owners Group (PWROG) coordinated with the respective fuel vendors to provide plant­
specific information and margin assessments in support of more detailed NRC safety 
assessments (Reference 3 and Reference 4) . 

- -

The original oxidation margin assessment performed in 2011 (Reference 3) was based 
on the plants' LOCA licensing basis analysis of record (AOR) results and considered 
both large break LOCA (LBLOCA) and small break LOCA (SBLOCA) analysis results. 
The original assessment represents a snapshot of the available post-quench ductility 

_ a_nd breakaway oxidation margin at the time the plant-specific analyses were completed . 
The effect of changes to and errors discovered in ECCS models, as well as planned 
plant changes, which had been evaluated for peak cladding temperature (PCT) impact 
(per 10 Code of Federal Regulations (CFR) 50.46(a)(3)(iii)) were not considered in the 
original assessment. 

The 2013 work (Reference 4) updated the original LBLOCA oxidation margin 
assessment to consider recent AORs and the effects of plant-specific PCT rackup 
assessments (including fuel thermal conductivity degradation (TCD)). Evaluations 
assessed on a plant's LBLOCA PCT rackup sheet were considered in this update. The 
SBLOCA analysis and breakaway oxidation margin assessments were not updated . 

The current work described herein updates the 2013 LBLOCA oxidation margin 
assessment and the original 2011 SBLOCA oxidation margin assessment to consider 
recent AORs and the effects of plant-specific PCT rackup assessments. This updated 
margin assessment represents a new snapshot of the available post-quench ductility 
margin in the plants' LBLOCA and SBLOCA analyses, considering current plant 
analyses and associated evaluations of changes to and errors in the applicable ECCS 
evaluation models, as well as evaluated plant changes . 

Since the original margin assessment was performed, the following plants have 
permanently shut down, and therefore, are not included in the updated assessment: 
Crystal River Nuclear Generating Plant Unit 3, San Onofre Nuclear Generating Station 
Units 2 and 3, and Kewaunee Power Station . 
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3 ASSESSMENT CRITERIA 

4 

The results of the ANL test program show that irradiation (burnup) can have a significant 
impact on cladding post-quench ductility as a consequence of hydrogen absorption 
during normal operation (Reference 1 ). To account for this, the NRG-acceptable limit for 
the proposed 10 CFR 50.46c local oxidation criterion (Reference 13) is expected to be 
in the form of allowable equivalent cladding reacted (ECR) versus hydrogen 
concentration. Figure 1 (Reference 5, Figure 2) shows the allowable ECR versus 
hydrogen concentration for this updated margin assessment. Figure 1 is hereafter 
referred to as the proposed local oxidation criterion or limit. 

As part of assessing plants' margin to the proposed local oxidation criterion, the 
calculation of the cladding hydrogen content as a function of burnup, the associated 
burnup selected to perform the plant assessments, and the treatment of oxygen 
diffusion into the interior cladding surface are described in this section of the report . 

Breakaway oxidation is a new criterion added to the · proposed 10 CFR · 50.46c 
regulation; the assessment for this criterion is also described in this section of the 
report . 

3.1 WESTINGHOUSE CLADDING HYDROGEN CONCENTRATION 

The hydrogen concentrations for cladding used in Westinghouse-fueled Westinghouse 
(W) and Combustion Engineering (CE) nuclear steam supply system (NSSS) plant 
designs (either ZIRL0®1 or Optimized ZIRL0™ 1 high performance fuel cladding 
materials) are based on Figure 3.3-3 of Reference 6, which shows cladding hydrogen 
concentration as a function of oxide thickness. An oxide thickness versus burnup curve 
for a representative limiting pressurized water reactor (PWR) core was developed 
considering the maximum allowable volume-averaged clad hydrogen content given by 
the NRC final safety evaluation included in Section A of Reference 6. The oxide 
thickness versus burnup curve was used with Figure 3.3-3 of Reference 6 and Figure 1 
to determine an allowable ECR versus burnup . 

For Westinghouse-fueled CE-NSSS plants, a plant-specific oxide thickness versus 
burnup was used in order to capture the limiting allowable ECR for a given plant. As 
such, the cladding hydrogen content corresponding to a certain burnup may differ from 
group-to-group . 

1 Optimized ZIRLO and ZIRLO are trademarks or registered trademarks of Westinghouse Electric 
Company LLC, its affiliates and/or its subsidiaries in the United States of America and may be registered 
in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited. Other 
names may be trademarks of their respective owners . 
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3.2 AREVA CLADDING HYDROGEN CONCENTRATION 

5 

The plants for which AREVA provides reload fuel use either MS®2 or Zircalo~-4 cladding . 
The FRAPCON-3 cladding hydrogen concentration versus burnup for MS cladding is 
based on Figure 16 of Reference 7, while Figure 5 of Reference 8 is used for plants that 
use Zircaloy-4 cladding. These two figures are reproduced herein for the convenience 
of the reader as Figure 2 and Figure 3, respectively . 

3.3 EVALUATED BURNUP 

A key input to the concentration of hydrogen in the cladding is the burnup for which the 
hydrogen concentration is evaluated. As noted in the 2011 and 2013 margin 
assessments (Reference 3 and Reference 4) there is a substantial drop in power for 
typical fuel assemblies in the 3rd cycle of residence in a reactor core in typical 
U.S. PWR core designs. Because of the reduced power, these assemblies cannot 
produce substantial oxidation and therefore will not be evaluated by this assessment. 
Thus, no additional evaluation for burnup above approximately 50 GWD/MTU is 
necessary. MS® cladding was analyzed to a burnup of 62 GWD/MTU since there is 
minimal difference in the hydrogen content between the two burnup points . 

For certain plants, discrete burnup steps from beginning-of-life to 50 GWD/MTU were 
evaluated in this assessment. 

3.4 OXYGEN DIFFUSION AT CLADDING INNER DIAMETER 

Similar to the 2011 and 2013 margin assessments, all calculated oxidation results which 
are single-sided are doubled for all burnups as a conservative surrogate to account for 
oxygen diffusion at the cladding inner diameter (also referred to as interior oxidation). 
This is conservative with respect to guidance provided in Reference 5, Section C.3.B, 
which recommends considering burn ups greater than 30 GWD/MTU . 

3.S BREAKAWAY OXIDATION 

10 CFR 50.46c(g)(1 )(iii) requires that an analytical time limit that has been shown to 
preclude breakaway oxidation using an NRG-approved experimental technique must be 
determined and specified for each Zirconium-based cladding alloy. As testing programs 
are not established, the breakaway oxidation assessment is performed consistent with 
the 2011 assessment. SBLOCA analyses are reviewed to assess the time that the 
cladding temperature is above 800°C and compared to a limit of 5000 seconds . 
LBLOCA events have shorter times-at-temperature than the SBLOCA events and do not 
pose a challenge for breakaway oxidation . 

2 M5 is a trademark of AREVA registered in the USA and in other countries . 
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4 GROUPING PROCESS 

The process utilized to group the plants is described in this section . 

6 

The plants are assessed with respect to margin to the proposed limit (Figure 1 ). The 
groupings are established separately for LBLOCA and SBLOCA. All the plants which 
can currently meet the requirements are placed in one group, and any plants that need 
to take adjustments for conservatisms in their licensing basis analysis are grouped 
together by the type of adjustments applied. The analysis methodology and/or cladding 
alloy are among key contributors to the plant margins, and these parameters define the 
plant eligibility for a number of adjustments, rather than physical characteristics (e.g., 
loop configuration, core size, and ECCS differences). This approach is consistent with 
the 2011 and 2013 margin assessments . 

The detailed information for all the plants included in this report is available to the NRC 
for audit at the vendor offices . 

5 LARGE BREAK LOCA ADJUSTMENTS 

The adjustments applied in the updated assessment of plants' LBLOCA analyses are 
discussed in this section. Several plants need no adjustments to show a positive 
margin of safety to the proposed 10 CFR 50.46c local oxidation criterion shown· in 
Figure 1; however, there were several plants that were required to credit conservatisms 
to show a positive margin of safety to the proposed limit. 

Adjustments to show margin to the proposed ECR criterion were determined and 
justified based on conservatisms in the specific licensing basis analysis methodologies 
under consideration . 

The LBLOCA adjustments which were used in this assessment, explained in more detail 
in the sub-sections, are as follows: 

1. Improved Statistics in Westinghouse Best-Estimate Analysis Evaluation Models 
2. Burst Modeling Improvements in Westinghouse Best-Estimate Analysis 

Evaluation Models 
3. Translation of ZIRLO Oxidation to Cathcart-Pawel Oxidation 
4. CQD Evaluation Model MLO Calculation Improvements 
5. Plant-specific Cladding Temperature Benefit 
6. Plant-specific Transition from CQD to ASTRUM Evaluation Model 
7. Translation of Baker-Just Oxidation to Cathcart-Pawel Oxidation 
8. Reload Power History 

While not explicitly used to show margin in this updated assessment, and depending on 
the specific evaluation model, plants may also be able to credit additional benefits such 
as conservatism in how the inner cladding oxidation was assessed, conservatism in 
how PCT evaluations were used to estimate the plant rebaseline maximum local 
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oxidation (MLO) results, credit for a lower temperature transient due to the Cathcart­
Pawel reaction rate (compared to the ZIRLO or Baker-Just reaction rate), burnup 
dependence in the allowable ECR limit, and other conservatisms in the evaluation 
models or approach for this assessment, which would show an increase in margin to the 
limit. 

5.1 IMPROVED STATISTICS IN WESTINGHOUSE BEST-ESTIMATE ANALYSIS 
EVALUATION MODELS 

The Westinghouse ASTRUM methodology (Reference 9) uses the limiting results from 
124 runs to determine the 95th percentile PCT, MLO, and core-wide oxidation (CWO) 
with 95% confidence (95/95 values). However, a lower ranking analysis result can be 
used to estimate the result for one parameter of interest (such as local oxidation) at a 
hi~h level of probability. As a result, the explicitly calculated oxidation resulting from the 
3r most limiting case may be taken as a credit for existing ASTRUM analyses. 
Alternatively, TCD evaluation results for plants with ASTRUM analyses were used to 
conservatively estimate a 12% reduction in oxidation, which may be used if plant­
specific oxidation results are not available. For example, with the Westinghouse Code 
QLJalification Document (CQD) evaluation model (Reference 10) MLO calculation 
improvements, it was shown that the MLO as a function of PCT results benchmark well 
into ASTRUM results (considering TCD); therefore, a group which credits the CQD 
evaluation model MLO calculation improvements may then also credit the improved 
statistics for best-estimate analysis if additional margin is needed . 

5.2 BURST MODELING IMPROVEMENTS IN WESTINGHOUSE BEST-ESTIMATE 
ANALYSIS EVALUATION MODELS 

As part of other development efforts, improvements to hot rod burst modeling in the 
ASTRUM and CQD evaluation models have been developed. These model 
improvements are outside of the current as-approved ASTRUM and CQD evaluation 
models. These changes are expected to more appropriately represent the hot rod burst 
response when burst during the blowdown period is predicted, which has been 
observed when effects of TCD are explicitly accounted for . 

Fully separate from this margin assessment, these model improvements are included in 
the FULL SPECTRUM™3 LOCA (Reference 11) evaluation model, which is approved 
by the Advisory Committee on Reactor Safeguards (ACRS) (Reference 12) . 

3 FULL SPECTRUM is a trademark of Westinghouse Electric Company LLC, its affiliates and/or its 
subsidiaries in the United States of America and may be registered in other countries throughout the 
world. All rights reserved. Unauthorized use is strictly prohibited. Other names may be trademarks of 
their respective owners . 
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The magnitude of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 

5.3 TRANSLATION OF ZIRLO OXIDATION TO CATHCART-PAWEL OXIDATION 

For plants with ZIRLO or Optimized ZIRLO cladding, the Westinghouse ASTRUM and 
CQD evaluation models use the ZIRLO oxidation kinetics model for local oxidation and 
exothermic reaction rates for fuel rod heat balance calculations. For accurate 
comparison to the research data used for the new NRC post-quench ductility criterion, 
local oxidation calculations must be performed using the Cathcart-Pawel correlation . 
Therefore, for a given temperature transient based on the limiting local oxidation results 
and accounting for effects of PCT rackup assessments, the local oxidation is calculated 
using both the ZIRLO correlation and the Cathcart-Pawel correlation. The difference 
between these results may be used to quantify the benefit. 

Since the cladding temperature transient is based on the limiting local oxidation results 
determined based on the use of the ZIRLO correlation oxidation kinetics, this 
conversion of ZIRLO correlation local 9xidation to Cathcart-Pawel correlation local 
oxidation does not credit the lower exothermic reaction rate and lower heat addition that 
would lead to lower local oxidation in an evaluation model fully utilizing the Cathcart­
Pawel correlation . 

The magnitude of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 

5.4 CQD EVALUATION MODEL MLO CALCULATION IMPROVEMENTS 

In the original margin assessment, a generic margin for evaluation model transition from 
CQD to ASTRUM was quantified. The magnitude of this margin was based on 
comparison of MLO results for plants which had been analyzed with both the CQD and 
ASTRUM evaluation models. Subsequently, plant-specific evaluations for the effect of 
TCD and peaking factor burndown were completed. The estimated PCT impact of TCD 
varied depending on the evaluation model, fuel assembly design, and other plant­
specific aspects. Therefore, the magnitude of the margin originally assessed for 
transition from the CQD to the ASTRUM evaluation model may be different after 
explicitly accounting for the effects of TCD. With consideration of plant-specific 
evaluations following the completed analyses, it was determined that it was not feasible 
to justify a generic evaluation model transition benefit as was done in the original 
assessment. Therefore, a different approach was taken to quantify known 
conservatisms in the CQD evaluation model MLO calculations . 

In the CQD evaluation model, the MLO results accounting for effects of local hot rod 
uncertainties are calculated in HOTSPOT using thermal-hydraulic boundary conditions 
from an appropriate WCOBRA/TRAC calculation. The CQD evaluation model specified 
that the WCOBRA/TRAC transient for the MLO calculation be such that the nominal 
cladding temperature results already exceed the analysis final 95% PCT results. Then, 
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a timescale stretching factor was applied to conservatively bound observed behavior in 
some validation calculations, and the final MLO results were calculated at the 95% 
probability level. As part of the ASTRUM evaluation model licensing, it was justified that 
application of such a timescale stretching factor was no longer required. Due to the 
timescale stretching and calculation of MLO at the 95% level, and also depending on 
how much the nominal PCT for the MLO calculation exceeded the 95% analysis PCT 
result, plant MLO results calculated per the CQD evaluation model could be 
considerably more conservative than results from ASTRUM calculations for the same 
PCT. When CQD plant average MLO results from the MLO calculation without 
timescale stretching, as a function of the nominal PCT, were compared to ASTRUM 
calculation results of MLO as a function of PCT, it was observed that the improved CQD 
results benchmarked well into the ASTRUM results . 

Therefore, the CQD evaluation model improvements benefit is estimated by calculating · 
the MLO following the CQD evaluation model approach, except that timescale 
stretching is not applied and the average MLO result for the MLO calculation is used . 

The magn.itude. of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 

5.5 PLANT-SPECIFIC CLADDING TEMPERATURE BENEFIT 

This margin is applicable to plants with LBLOCA analyses performed using the 
Westinghouse CQD evaluation model. There are two sources of cladding temperature 
benefit potentially available for CQD plants: 

• Conservatism in the MLO calculation if the nominal PCT is substantially higher 
than the analysis PCT (see also discussion in Section 5.4) . 

• Cladding temperature benefit due to peaking factor burndown assumed as part of 
the TCD evaluations . 

As discussed in Section 5.4, in the CQD evaluation model the WCOBRA/TRAC 
transient for the MLO calculation was such that the nominal cladding temperature 
results already exceed the analysis final 95% PCT results. If the 95% PCT results are 
significantly exceeded, the corresponding benefit on MLO may be estimated . 

The second possible source of margin is due to peaking factor burndown. From the 
TCD evaluation work, it was observed that typically CQD plants were PCT-limited 
around middle of life; with peaking factor burndown credited at higher burnups, the PCT 
results at higher burnups were typically lower compared to middle of life results . 
Therefore, the TCD evaluation PCT rackup line items generally reflect the middle of life 
PCT estimates. If additional margin to the allowable ECR limit is needed at higher 
burnup, the benefit of this cladding temperature reduction may be estimated from the 
plant's TCD evaluation results or equivalent calculations . 
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As discussed in Section 5.4, after CQD evaluation model improvements are applied, the 
improved CQD MLO results benchmark well into ASTRUM results. To estimate the 
MLO benefit due to cladding temperature benefit, a best fit to the ASTRUM calculation 
results which intersects the plant's improved CQD MLO benchmark point is drawn. The 
fit line is then used to estimate the MLO benefit due to cladding temperature reduction . 

The magnitude of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 

5.6 PLANT-SPECIFIC TRANSITION FROM CQD TO ASTRUM EVALUATION 
MODEL 

As discussed in Section 5.4, sufficient data are not available at this time to support a 
generic CQD to ASTRUM evaluation model benefit, when accounting for the PCT 
rackup items. However, if an ASTRUM analysis was completed for a plant whose 

· current licensing basis analysis of record was performed with the CQD evaluation 
model, the ASTRUM analysis may be used as the basis for the updated margin 
assessment. In this case, the applicability of the ASTRUM analysis to represent the 
plant's current operating conditions, and the PCT impact of known issues which would 
affect the ASTRUM analysis results; are considered in the assessment. 

5.7 TRANSLATION OF BAKER-JUST TO CATHCART-PAWEL OXIDATION 

Appendix K evaluation models are required to utilize Baker-Just oxidation kinetics 
models for local oxidation and exothermic reaction rates for fuel rod heat balance 
calculations. For accurate comparison to the research data used for the new NRC post­
quench ductility criterion, local oxidation calculations must be performed using the 
Cathcart-Pawel correlation. For Westinghouse-fueled W-NSSS plants, the local 
oxidation is calculated using both the Baker-Just correlation and the Cathcart-Pawel 
correlation for a given temperature transient based on the limiting local oxidation results 
and accounting for· the effects of PCT rackup assessments. The difference between 
these results is used to quantify the benefit. For Westinghouse-fueled CE-NSSS plants, 
the limiting local oxidation calculated using the Baker-Just correlation with the 
Appendix K Evaluation Model is converted to local oxidation using the Cathcart-Pawel 
correlation by applying a simple temperature-dependent ratio, which is shown in 
Figure 4 . 

Since the cladding temperature transient from the licensing basis analysis is unchanged 
and still based on the use of Baker-Just oxidation kinetics, this conversion of Baker-Just 
local oxidation to Cathcart-Pawel local oxidation does not credit the lower exothermic 
reaction rate and lower heat addition that would lead to lower local oxidation in an 
evaluation model fully utilizing the Cathcart-Pawel correlation . 

The magnitude of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 
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As part of the reload process for Westinghouse-fueled CE-NSSS plants, core power 
histories are analyzed along with associated fuel performance evaluations. The burnup­
dependent fuel performance rod power histories and rod internal pressure calculations 
are based on bounding core reload depletions with established thermal-mechanical rod 
power operating limits for no-clad-liftoff and power-to-melt. These operating limits are 
validated and confirmed for each fuel cycle. The magnitude of this adjustment is 
determined on a plant-specific basis. In other words, the ECR at the hot rod peak linear 
heat generation rate is converted to the ECR at the linear heat rate of the evaluated 
burnup by applying a normalized radial peaking factor dependent ratio. Figure 5 shows 
how this adjustment varies as a function of normalized radial peaking factors (RPFs) . 

The magnitude of this adjustment is determined on a plant-specific basis and is 
consistent with the approach taken for the 2013 assessment. 

6 SMALL BREAK LOCA ADJUSTMENTS 

The adjustments applied in the updated assessment of plants' SBLOCA analyses are 
discussed in this section. Most plants need no adjustments to show positive margin of 
safety to the proposed 10 CFR 50.46c local oxidation criterion shown in Figure 1; 
however, there were two plants that were required to credit conservatisms to show a 
positive margin of safety to the proposed limit. 

Adjustments to show margin to the proposed ECR criterion were determined and 
justified based on conservatisms in the specific licensing basis analysis methodologies 
under consideration . 

The SBLOCA adjustments used in this assessment and explained in more detail in the 
sub-sections are as follows: 

1. Hot Assembly Peaking Factor Burndown 
2. Translation of Baker-Just to Cathcart-Pawel Oxidation 
3. Reload Power History 

While not explicitly used to show margin in this updated assessment, and depending on 
the specific evaluation model, plants may also be able to credit additional benefits such 
as conservatism in how the inner cladding oxidation was assessed, conservatism in 
how PCT evaluations were used to estimate the plant rebaseline MLO results, credit for 
a lower temperature transient due to the Cathcart-Pawel reaction rate (compared to the 
ZIRLO or Baker-Just reaction rate), burnup dependence in the allowable ECR limit, and 
other conservatisms in the evaluation models or approach for this assessment, which 
would show an increase in margin to the limit. 
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As fuel accrues burnup, the maximum power that it can achieve is reduced. Therefore, 
the peaking factors at end-of-life (EOL) conditions for a fuel assembly are lower than for 
a fresh assembly, resulting in lower cladding temperatures and reduced oxidation 
accrual for the burned fuel compared to fresh fuel. The magnitude of this adjustment is 
determined on a plant-specific basis . 

6.2 TRANSLATION OF BAKER-JUST TO CATHCART-PAWEL OXIDATION 

Appendix K evaluation models are required to utilize Baker-Just oxidation kinetics 
models for local oxidation and exothermic reaction rates for fuel rod heat balance 
calculations. For accurate comparison to the research data used for the new NRC post­
quench ductility criterion, local oxidation calculations must be performed using the 
Cathcart-Pawel correlation. For Westinghouse-fueled CE-NSSS plants, the limiting 
local oxidation calculated using the Baker-Just correlation with the Appendix K 
Evaluation Model is converted to local oxidation using the Cathcart-Pawel correlation by 
applying a simple temperature-dependent ratio, which is shown in Figure 4 . 

Since the cladding temperature transient from the iicensing basis analysis is unchanged 
and still based on the use of Baker-Just oxidation kinetics, this conversion of Baker-Just 
local oxidation to Cathcart-Pawel local oxidation does not credit the lower exothermic 
reaction rate and lower heat addition that would lead to lower local oxidation in an 
evaluation model fully utilizing the Cathcart-Pawel correlation . 

The magnitude of this adjustment is determined on a plant-specific basis . 

6.3 RELOAD POWER HISTORY 

The reload power history adjustment for SBLOCA licensing basis analyses is the same 
as described in Section 5.8 with the exception that the reload power history produces a 
change in the rod internal pressure which modifies the cladding rupture strain and wall 
thickness for ECR adjustment. The estimated benefit from this adjustment is 
approximately 28% reduction in oxidation . 

7 LARGE BREAK LOCA GROUPING 

As discussed in Section 4 of this report, the plant grouping process is based on analysis 
margin and applied adjustments. The results of this grouping process and the number 
of units in each group are discussed in this section and summarized in Table 1. A 
detailed breakdown of the application of adjustments (identified in Section 5 of the 
report) is also provided for an example plant in each group . 

Consistent with the 2011 and 2013 assessments (References 3 and 4), once a group 
showed positive margin to the proposed limit, no additional adjustments were applied to 
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that group. It should be noted that with this approach, the amount of positive margin is 
under-estimated . 

Table 1: Summary of LBLOCA Plant Grouping 

Group #of Units Credits 
1 34 None 
2 8 Improved Statistics 
3 2 Improved Statistics 

Burst Modeling Improvements 
4 2 Improved Statistics 

Translation of ZIRLO Oxidation to Cathcart-Pawel Oxidation 
5 1 CQD Evaluation Model Improvements 
6 1 Improved Statistics 

CQD Evaluation Model Improvements 
7 4 Improved Statistics 

Translation of ZIRLO Oxidation to Cathcart-Pawel Oxidation 
CQD Evaluation Model Improvements 
Plant-Specific Cladding Temperature Benefit 

8 2 Improved Statistics 
Burst Modeling Improvements 
CQD Evaluation Model Improvements 
Plant-Specific CladdinQ Temperature Benefit 

9 1 Improved Statistics 
Plant-Specific Transition from CQD to ASTRUM Evaluation 
Model 

10 5 Translation of Baker-Just to Cathcart Pawel Oxidation 
11 6 Translation of Baker-Just to Cathcart Pawel Oxidation 

Reload Power History 
Total 66 

7.1 GROUP 1 

Group 1 contains 34 units; this plant grouping is comprised of plants whose licensing 
bases use Westinghouse or AREVA best-estimate or Appendix K LBLOCA evaluation 
models. The plants in this group need no adjustments to show a margin of safety to the 
proposed ECR criterion. The amount of available margin to the proposed limit varies on 
a plant-specific basis . 

7.2 GROUP 2 

Group 2 contains 8 units; this plant grouping is comprised of plants which have a 
licensing basis using the ASTRUM methodology. A margin of safety to the proposed 
ECR criterion was shown by crediting the estimated benefits from the following Large 
Break LOCAAdjustment: 
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Since these plants currently utilize the ASTRUM evaluation model, explicit analytical 
results for each plant are used to show a margin of safety to the proposed ECR 
criterion . 

For the example plant for this group, the rebaseline MLO, considering PCT rackup 
items, is 10.88% ECR . 

The third ranked case can be used for the statistical benefit. Therefore, the processed 
MLOis: 

10.88%*(1-0.49) = 5.55% ECR 

The processed MLO is lower than the allowable ECR limit for the evaluated burnup . 
Therefore, no additional margins are applied . 

7.3 · GROUP 3 

Group 3 contains 2 units; this plant grouping is comprised of plants which have a 
licensing basis using the ASTRUM methodology. A margin of safety to the proposed 
ECR criterion was shown by crediting the estimated benefits from the following Large 
Break LOCAAdjustments: 

• Improved statistics (Section 5.1) 
• Burst modeling improvements (Section 5.2) 

Since these plants currently utilize the ASTRUM evaluation model, explicit analytical 
results for each plant are used to show a margin of safety to the proposed ECR 
criterion . 

For the example plant for this group, the rebaseline MLO, considering PCT rackup 
items, is 8.77% ECR. 

From plant-specific calculation results for limiting cases, the fractional benefit from the 
first to third ranked cases accounting for the burst modeling improvements is 0.366 . 

Therefore, the processed MLO is: 

8.77*(1-0.366) = 5.56% ECR 

The processed MLO is lower than the allowable ECR limit for the evaluated burnup. 
Therefore, no additional margins are applied . 
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Group 4 contains 2 units; this plant grouping is comprised of plants which have a 
licensing basis using the ASTRUM methodology. A margin of safety to the proposed 
ECR criterion was shown by crediting the estimated benefits from the following Large 
Break LOCAAdjustment: 

• Improved statistics (Section 5.1) 
• Translation of ZIRLO oxidation to Cathcart-Pawel oxidation (Section 5.3) 

For the example plant in this group, the rebaseline MLO, considering PCT rackup items, 
is 6.89% ECR. 

The fractional benefit for translation to Cathcart-Pawel oxidation was estimated as 
0.081. Therefore, the processed MLO is: 

6.89*(1-0.081) = 6.33% ECR 

Using the fractional benefit from the first to third rank cases, the processed MLO of the 
first rank MLO is calculated: 

6.33*(1-0.086) = 5.79% ECR 

The processed MLO is lower than the allowable ECR limit for the evaluated burnup. 
Therefore, no additional margins are applied. It is noted that for the plants in this group, 
considering the details of their analyses and PCT rackup items, it was more 
straightforward to estimate and apply the benefit for translation from ZIRLO oxidation to 
Cathcart-Pawel oxidation, as compared to estimating the benefit for burst improvements 
that was typically the second margin applied to other plants licensed with the ASTRUM 
evaluation model. 

7.5 GROUPS 

Group 5 contains 1 unit; this plant grouping is comprised of a plant whose licensing 
basis uses the CQD methodology. A margin of safety to the proposed ECR criterion 
was shown by crediting the estimated benefits from the following Large Break LOCA 
Adjustment: 

• CQD evaluation model MLO calculation improvements (Section 5.4) 

For the plant in this group, the rebaseline MLO, considering PCT rackup items, is 6.6% 
ECR. 

From plant-specific calculations, applying evaluation model improvements reduces the 
MLO to 5.18% ECR. 
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The processed MLO is lower than the allowable ECR limit for the range of evaluated 
burnup. Therefore, no additional margins are applied . 

7.6 GROUP 6 

Group 6 contains 1 unit; this plant grouping is comprised of a plant which has a 
licensing basis using the CQD methodology. A margin of safety to the proposed ECR 
criterion was shown by crediting the estimated benefits from the following Large Break 
LOCA Adjustment: 

• Improved statistics (Section 5.1) 
• CQD evaluation model MLO calculation improvements (Section 5.4) 

For the plant in this group, the rebaseline MLO, considering PCT rackup items, is 7 .1 % 
ECR . 

From plant-specific calculations, applying evaluation model improvements reduces the 
MLO to 5.99% ECR, which is a 15.6% benefit. With the generic 12% benefit for 
improved statistics, then, the final pro_cessed MLO is: 

7.1*(1-0.156)*(1-0.12) = 5.3% ECR 

The processed MLO is lower than the allowable ECR limit for the range of evaluated 
burnup. Therefore, no additional margins are applied . 

7.7 GROUP7 

Group 7 contains 4 units; this plant grouping is comprised of plants whose licensing 
bases use the CQD methodology. A margin of safety to the proposed ECR criterion was 
shown by crediting the estimated benefits from the following Large Break LOCA 
Adjustments: 

• Improved statistics (Section 5.1) 
• Translation of ZIRLO oxidation to Cathcart-Pawel oxidation (Section 5.3) 
• CQD evaluation model MLO calculation improvements (Section 5.4) 
• Plant-Specific cladding temperature benefit (Section 5.5) 

For the example plant in this group, the rebaseline MLO, considering PCT rackup items, 
is 12.5% ECR. 

From plant-specific calculations, applying evaluation model improvements reduces the 
MLO to 9.2% ECR, or a 26% benefit. 

The estimated benefit for the cladding temperature margin due to conservatism in the 
MLO calculation for this plant was 20%. With the generic 12% benefit for improved 
statistics, then, the processed MLO is: 

PWROG-16057-N P October 2016 
Revision 0 



• • • • • • • • • • • • • • • • • • • • • • • • • • ·• • • • • • • • • • • • 
~· 
, . 
• • • 

AREVA NP NON-PROPRIETARY 
WESTINGHOUSE NON-PROPRIETARY CLASS 3 

12.5*(1-0.26)*(1-0.20)*(1-0.12) = 6.5% ECR 

17 

The fractional benefit for translation to Cathcart-Pawel oxidation was estimated as 0.12. 
Therefore, the final processed MLO is: 

6.5*(1-0.12) = 5.7% ECR 

The final processed MLO is lower than the allowable ECR limit for the range of 
evaluated burnup. Therefore, no additional margins are applied . 

7.8 GROUPS 

Group 8 contains 2 units; this plant grouping is comprised of plants whose licensing 
bases use the CQD methodology. A margin of safety to the proposed ECR criterion was 
shown by crediting the estimated benefits from the following Large Break LOCA 
Adjustments: 

• Improved statistics (Section 5.1) 
• Burst modeling improvements (Section 5.2) 
• CQD evaluation model MLO calculation improvements (Section 5.4) 
• Plant-Specific cladding temperature benefit (Section 5.5) 

For the example plant in this group, the rebaseline MLO, considering PCT rackup items, 
is 13.0% ECR. 

From plant-specific calculations, applying evaluation model improvements reduces the 
MLO to 10.6% ECR, or an 18% benefit. 

From plant-specific calculations, applying the burst modeling improvements provides an 
additional 12% benefit. 

With these benefits, and the generic 12% benefit for improved statistics, the processed 
MLO applicable for middle of life conditions is: 

13.0*(1-0.18)*(1-0.12)*(1-0.12) = 8.3% ECR 

This processed MLO is lower than the allowable ECR limit near middle of life burnups 
(30 GWD/MTU); however, additional margin is needed for higher burnups. From plant­
specific calculations to assess the effect of peaking factor burndown between 
30-50 GWD/MTU, a cladding temperature benefit of 100°F was estimated. This was 
estimated as a 36% benefit on the plant MLO. Then, the final processed MLO 
appropriate for 50 GWD/MTU is: 

13.0*(1-0.18)*(1-0.12)*(1-0.12)*(1-0.36) = 5.3% ECR 
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The processed MLO is lower than the allowable ECR limit at 50 GWD/MTU. Using a 
linear fit between the processed MLO points, the allowable ECR limit is not exceeded at 
interim burnups. Therefore, no additional margins are applied . 

7.9 GROUP9 

Group 9 contains 1 unit; this plant grouping is comprised of a plant whose current 
licensing basis uses the CQD methodology. A margin of safety to the proposed ECR 
criterion was shown by crediting the estimated benefits from the following Large Break 
LOCAAdjustment: 

• Improved statistics (Section 5.1) 
• Plant-specific transition from CQD to ASTRUM evaluation model (Section 5.6) 

For the plant in this group, the rebaseline MLO based on the plant's ASTRUM analysis 
results, and accounting for the PCT impact of known issues which would affect the 
ASTRUM analysis results, is 7.23% ECR. 

From the plant calculation results, th~ fractional benefit from the first to third ranked 
case is 0.59. Therefore, the processed MLO is: 

7.23*(1-0.59) = 2.96% ECR 

The MLO is lower than the allowable ECR limit for the evaluated burnup. Therefore, no 
additional margins are applied . 

7.10 GROUP 10 

Group 10 contains 5 units; this plant grouping is comprised of Westinghouse-fueled 
W-NSSS plants which are licensed with Appendix K methodology. A margin of safety to 
the proposed ECR criterion is shown by crediting the estimated benefit from the 
translation of Baker-Just oxidation to Cathcart-Pawel oxidation (Section 5.7) for a range 
of burnups from beginning-of-life to the maximum evaluated burnup of 50 GWD/MTU . 

For the example plant in this group, the rebaseline MLO is 15.92% between 0 and 
30 GWD/MTU, 11.00% between 30 and 40 GWD/MTU, and 6.66% between 40 and 
50 GWD/MTU . 

The estimated benefit from the translation of Baker-Just oxidation to Cathcart-Pawel 
oxidation is 2.48 %ECR for 0 to 30 GWD/MTU; the benefit is not required for burnups 
between 30 and 50 GWD/MTU . 

The final MLO is 13.44% between 0 and 30 GWD/MTU, 11.00% between 30 and 
40 GWD/MTU, and 6.66% between 40 and 50 GWD/MTU. The final MLO is lower than 
the allowable ECR limit over each segment of the range of evaluated burnup . 
Therefore, no additional margins are applied . 

PWROG-16057-NP October 2016 
Revision 0 



• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

7.11 GROUP 11 

AREVA NP NON-PROPRIETARY 
WESTINGHOUSE NON-PROPRIETARY CLASS 3 

19 

Group 11 contains 6 units; this plant grouping contains Westinghouse-fueled CE-NSSS 
plants which are licensed with Appendix K methodology. A margin to the proposed ECR 
criterion was developed based on Appendix K methodology and by accounting for: 1) 
the translation of Baker-Just to Cathcart-Pawel, and 2) reload power histories as 
discussed in Sections 5.7 and 5.8 respectively, with the magnitude for both adjustments 
being determined on a plant-specific basis. The cladding hydrogen concentration for 
each plant in this group represents the maximum calculated corrosion thickness versus 
burnup corresponding to the plant-specific core design, cladding type, and operating 
conditions . 

The result of evaluating the CE-NSSS plants is that the minimum reported oxidation 
margin is 1.95% and was calculated for ZIRLO high performance fuel cladding material. 

8 SMALL BREAK LOCA GROUPING 

As discussed in Section 4 of this report, the plant grouping process is based on analysis 
margin and applied adjustments. The result of this grouping process and the number of· 
units in each group are discussed in this section and summarized in Table 2. A detailed 
breakdown of the application of adjustments (identified in Section 6 of the report) is also 
provided for an example plant in each group . 

Consistent with the LBLOCA assessment, once a group showed positive margin to the 
proposed limit, no additional adjustments were applied to that group. It should be noted 
that with this approach, the amount of positive margin is under-estimated . 

Table 2: Summary of SBLOCA Plant Grouping 

Group #of Units Credits 
1 64 None 
2 1 HotAssembly Peaking Factor Burndown 
3 1 Translation of Baker-Just to Cathcart-Pawel Oxidation 

Reload Power History 
Total 66 

8.1 GROUP 1 

Group 1 contains 64 units; this plant grouping is comprised of plants whose licensing 
bases use Westinghouse or AREVA Appendix K SBLOCA evaluation models. The 
plants in this group need no adjustments to show a margin of safety to the proposed 
ECR criterion. The amount of available margin to the proposed limit varies on a plant­
specific basis . 
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Group 2 contains 1 unit; this plant grouping is comprised of a plant whose current 
licensing basis uses the NOTRUMP methodology. A margin of safety to the proposed 
ECR criterion was shown by crediting the estimated benefits from hot assembly peaking 
factor burndown . 

For the plant in this group, the rebaseline MLO is 6.27% ECR. Crediting hot assembly 
peaking factor burndown results in an estimated MLO of less than 5.99%. The final 
MLO is lower than the allowable ECR limit; therefore, no additional margins are applied . 

8.3 GROUP 3 

Group 3 contains 1 unit; this plant grouping contains Westinghouse-fueled CE-NSSS 
plants which are licensed with Appendix K methodology. A margin to the proposed ECR 
criterion was developed based on Appendix K methodology and by accounting for: 1) 
the translation of Baker-Just to Cathcart-Pawel, and 2) reload power histories as 
discussed in Sections 6.2 and 6.3 respectively, with the magnitude for both adjustments 
being determined on a plant-specific basis. The cladding hydrogen. concentration for 
each plant in this group represents the maximum calculated corrosion thickness versus 
burnup corresponding to the plant-specific core design, cladding type, and operating 
conditions . 

The result of evaluating the CE-NSSS plants is that the minimum reported oxidation 
margin is 1.79% and was calculated for Optimized ZIRLO high performance fuel 
cladding material. 

9 BREAKAWAY OXIDATION 

It has been determined that all PWRs show significant margin to the allowable 
breakaway oxidation time (5000 seconds) above 800°C without taking any adjustments . 
Therefore, breakaway oxidation is not a concern for any PWR. 

10 CONCLUSION 

The previous margin assessments have been updated to take into account more recent 
plant AO Rs and evaluations currently assessed against a plant's LBLOCA and SBLOCA 
PCT rackup sheet. Many of the PWRs in the survey need no credit to show a margin of 
safety to the proposed local oxidation criterion; the remaining PWRs credited the 
described conservatisms. It is shown in this updated assessment that all currently 
operating PWRs maintain a margin of safety to the proposed criteria . 

Some plants are in the process of transitioning fuel vendors and/or fuel designs at the 
time of this report, or have other planned plant changes. For the purposes of grouping 
and assessing margin to the proposed limit, oxidation data from the analyses and 
evaluations which support the most recent core loading and current plant operation are 
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used in this report. While not a factor in the present grouping, analyses and evaluations 
which support the future fuel design and/or planned plant changes were also 
considered. Detailed information for all the plants addressed in this report, including 
conclusions for future core loadings and/or plant operations, are available to the NRC 
for audit at the vendor offices . 

11 FUTURE UPDATE PROCESS 

A future fleet-wide assessment sponsored by the PWROG will be considered with 
respect to the timing of the final 10 CFR 50.46c rulemaking. In the interim, fuel vendor 
support of the annual NRC fleet-wide safety assessment can be provided at the request 
of NRC . 
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Figure 1: Proposed Acceptance Criteria for Local Oxidation 

(Figure 2 of Reference 5) 
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