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LEGAL NOTICE 

This report was prepared as an account of work performed by Westinghouse Electric 
Company LLC. Neither Westinghouse Electric Company LLC, nor any person acting on its behalf: 

1. Makes any warranty or representation, express or implied including the warranties of 
fitness for a particular purpose or merchantability, with respect to the accuracy, 
completeness, or usefulness of the information contained in this report, or that the use of 
any information, apparatus, method, or process disclosed in this report may not infringe 
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2. Assumes any liabilities with respect to the use of, or for damages resulting from the use 
of, any information, apparatus, method, or process disclosed in this report. 

COPYRIGHT NOTICE 

This report has been prepared by Westinghouse Electric Company LLC and bears a 
Westinghouse Electric Company copyright notice. Information in this report is the property of and 
contains copyright material owned by Westinghouse Electric Company LLC and /or its 
subcontractors and suppliers. It is transmitted to you in confidence and trust, and you agree to 
treat this document and the material contained therein in strict accordance with the terms and 
conditions of the agreement under which it was provided to you. 

As a participating member of this task, you are permitted to make the number of copies of the 
information contained in this report that are necessary for your internal use in connection with 
your implementation of the report results for your plant(s) in your normal conduct of business. 
Should implementation of this report involve a third party, you are permitted to make the number 
of copies of the information contained in this report that are necessary for the third party’s use in 
supporting your implementation at your plant(s) in your normal conduct of business if you have 
received the prior, written consent of Westinghouse Electric Company LLC to transmit this 
information to a third party or parties. All copies made by you must include the copyright notice in 
all instances. 

DISTRIBUTION NOTICE 

This report was prepared for the PWR Owners Group. This Distribution Notice is intended to 
establish guidance for access to this information. This report (including proprietary and 
non-proprietary versions) is not to be provided to any individual or organization outside of the 
PWR Owners Group program participants without prior written approval of the PWR Owners 
Group Program Management Office. However, prior written approval is not required for program 
participants to provide copies of Class 3 Non-Proprietary reports to third parties that are 
supporting implementation at their plant, and for submittals to the NRC. 
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EXECUTIVE SUMMARY 

This topical report (TR) contains a new method of evaluation that will be used in transient cladding 
strain analyses to demonstrate that the design basis limit of the fission product barrier (i.e., the 
fuel cladding) is met during Condition II overpower transients. This new method evaluates the 
behavior of the fuel cladding as a function of hydrogen concentration and establishes a design 
limit which precludes fuel failure due to excessive cladding strain during Condition II overpower 
transient events. The hydrogen-based transient cladding strain limit will be used as an alternative 
to the current 1% cladding strain limit.  

Transient cladding strain occurs as a result of rapid thermal swelling of the fuel during Condition 
II overpower transient events. Restricting the allowable cladding strain during a Condition II 
transient event precludes fuel failure due to excessive strain. The current cladding strain limit for 
Westinghouse Nuclear Steam Supply System (W-NSSS) and Combustion Engineering Nuclear 
Steam Supply System (CE-NSSS) fuel is that the transient cladding strain during a Condition II 
transient shall be less than 1% from the pre-transient value. 

The current 1% cladding strain limit is a constant value which does not consider [  
 

 ]a,c. Implementation of an alternate transient strain 
limit, which is based on measured test data, provides a more accurate representation of the actual 
transient cladding strain limit. 

Test data has shown that there is a correlation between the material strength and hydrogen 
content for zironcium-based cladding. The content of this topical report evaluates the relationship 
between the material strength and hydrogen content and uses it to develop a data-driven, 
hydrogen-based limit for transient cladding strain. 

TOPICAL REPORT APPLICABILITY  

This topical report is applicable to W-NSSS and CE-NSSS plants that use PAD5 fuel performance 
models for ZIRLO® and/or Optimized ZIRLO™ High Performance Fuel Cladding Material. The 
hydrogen-based strain limit is a material limit and is not impacted by fuel enrichment or burnup. 
Therefore, the new hydrogen-based strain limit is applicable to the fuel enrichment and burnup 
that are approved by the NRC. 

TOPICAL REPORT IMPLEMENTATION  

This TR contains a new method of evaluation that will be used in transient cladding strain analyses 
to demonstrate that the design basis limit of the fission product barrier (i.e., the fuel cladding) is 
met during Condition II overpower transients. The NRC approval of this new method of evaluation, 
which includes the specified fission product barrier design basis limit, will be implemented via Title 
10 of the Code of Federal Regulations (10 CFR) Part 50.59(c)(2)(viii) without prior NRC approval.
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1 INTRODUCTION AND BACKGROUND 

1.1 INTRODUCTION 

The nuclear industry continues to increase fuel duty, optimize loading pattern development, 
propose extending the current NRC-approved burnup (BU) and enrichment limits, and incorporate 
new test data, e.g., thermal conductivity degradation (TCD). An adverse consequence of this is 
often a reduction in fuel performance margins, specifically the transient cladding stress and strain. 
Fuel performance limits such as stress and strain ensure that the fuel rods can perform their 
primary function of generating and transferring heat to the reactor coolant while maintaining their 
structural integrity. Further information regarding the mechanisms of fuel rod cladding stress and 
strain are discussed in Section 2.1.  

More aggressive operation and certain aspects of updated fuel performance models, primarily  
[  ]a,c, make transient 
cladding strain [  ]a,c. Strain-limited plants 
may [  

 
 ]a,c. 

The current transient cladding strain design limit for Westinghouse fuel is that the total tensile 
strain (elastic plus inelastic, or ‘plastic,’ deformation) due to uniform cylindrical fuel pellet 
deformation during a Condition I or II overpower transient event shall be less than 1% from the 
pre-transient value. The 1% cladding strain limit is based on U.S. NRC Standard Review Plan 
(SRP) Section 4.2, Revision 3, “Fuel System Design” (Reference 1), which states: 

“The first criterion [for pellet-cladding interaction] limits uniform strain of the cladding to no 
more than 1 percent. In this context, uniform strain (elastic and inelastic) is defined as 
transient-induced deformation with gauge lengths corresponding to cladding dimensions; 
steady-state creepdown and irradiation growth are excluded. Mechanical testing must 
demonstrate that the irradiated cladding ductility at maximum waterside corrosion (hydride 
embrittlement) is well within the 1-percent strain criterion.” 

As discussed above, the 1% cladding strain limit is applicable to transient-induced deformation 
caused by Condition II overpower transients. A 1% cladding strain limit is the design limit for 
Westinghouse fuel using the latest NRC-approved fuel performance models, PAD5 (Reference 
2). The basis of the criterion is to preclude fuel rod failure due to excessive pellet-cladding 
mechanical interaction (PCMI). 

The NRC Safety Evaluation (SE) for PAD5 (Reference 2) states: 

“To demonstrate compliance with this limit Westinghouse will use the PAD5 code to 
confirm that the 1 percent transient clad strain criterion is satisfied for the limiting rod in 
the core. An analysis is performed on a limiting power history where the power is ramped 
up to and beyond the transient power limits provided by nuclear design in order to define 
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both the clad strain margin at the specified duty and the transient local power at which the 
strain design limit is reached.” 

This TR contains a new method of evaluation that will be used in transient cladding strain analyses 
to demonstrate that the design basis limit of the fission product barrier (i.e., the fuel cladding) is 
met during Condition II overpower transients. This new method evaluates the behavior of the fuel 
cladding as a function of hydrogen concentration and establishes a design limit which precludes 
fuel failure due to excessive cladding strain during Condition II overpower transient events. 

The hydrogen-based transient cladding strain limit justified in this TR is only applicable to 
Condition II overpower transients. No explicit strain calculations are performed for Condition I 
plant conditions. Cladding strain is only an issue during Condition II overpower transients. The 
primary driver for cladding strain occurs when there is a rapid increase in power (i.e., during a 
short-term Condition II overpower event) which causes the fuel pellet to thermally swell at a faster 
rate than the cladding material. This causes significant stress/strain on the cladding (see Section 
2.1). Confirmation that the transient cladding strain limit is met during Condition II overpower 
events ensures that the limit is also met for Condition I plant conditions, as well as those Condition 
II transients which cause a reduction in power. 

An alternative, data-driven, performance-based, hydrogen-dependent limit which will improve the 
transient cladding strain margin at the limiting time in life has been developed. The current 1% 
cladding strain limit is a valid and conservative design limit for zirconium-based cladding. 
However, a constant 1% limit does not accurately reflect the actual performance of the current 
ZIRLO® and Optimized ZIRLO™ High Performance Fuel Cladding Material. A review of 
measured strain data for Westinghouse fuel determined that a 1% cladding strain limit does not 
reflect the true behavior of zirconium-based cladding. 

The material yield strength (YS) and ultimate tensile strength (UTS) of zirconium cladding has a 
strong dependence on the hydrogen content. At beginning of life (BOL) where there is little to no 
hydrogen in the cladding, the UTS of zirconium is [  ]a,c. The material 
strength degrades as excess hydrogen is absorbed into the cladding. A report was prepared by 
Pacific Northwest National Laboratory (PNNL) for the U.S. NRC Division of Spent Fuel Storage 
and Transportation in Reference 3 documenting this behavior. 

Reference 3 shows that the uniform elongation (UE) limit for zircaloy cladding is greater than 1% 
strain until enough hydrogen has been absorbed by the cladding material. In other words, a 1% 
cladding strain limit is overly conservative for cladding materials with low hydrogen pickup. A UE 
strain limit corresponds to the UTS of the cladding, as seen in Figure 1-1. It represents the strain 
at which deformation ceases to be uniform and stable. Implementing an alternative to the current 
1% cladding strain limit with a UE limit would explicitly account for the effects of hydrogen 
embrittlement in the cladding while ensuring the integrity of the fuel during a Condition II 
overpower transient. 
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1.2 REGULATORY OVERVIEW 

The 1% cladding strain limit is discussed in Section 4.2 of the U.S. NRC SRP (Reference 1). 
However, the SRP allows for deviations in acceptance criteria. The SRP Introduction states 
(emphasis added): 

“Because the SRP generally describes an acceptable means of meeting the regulations, 
but not necessarily the only means, applications may deviate from the acceptance 
criteria in the SRP... The evaluation must include an identification and description of all 
differences in design features, analytical techniques, and procedural measures proposed 
for a facility and those corresponding features, techniques, and measures given in the 
SRP acceptance criteria. Where such a difference exists, the evaluation shall discuss 
how the alternative proposed provides an acceptable method of complying with 
those rules or regulations of the Commission, or portions thereof, that underlie the 
corresponding SRP acceptance criteria.” 

The 1% cladding strain limit is contained in several fuel performance-related TRs, and the NRC 
SEs for these TRs, including, but not limited to: 

 WCAP-10125-P-A, “Extended Burnup Evaluation of Westinghouse Fuel,” December 
1985. 

 WCAP-10125-P-A Addendum 1-A, Revision 1-A, “Extended Burnup Evaluation of 
Westinghouse Fuel, Revision to Design Criteria,” May 2005. 

 WCAP-12488-A, “Westinghouse Fuel Criteria Evaluation Process,” October 1994. 

 WCAP-12488-A Addendum 2, “Addendum 2 to WCAP-12488-A Revisions to Design 
Criteria,” April 2002. 

 WCAP-12610-P-A, “VANTAGE+ Fuel Assembly Reference Core Report,” April 1995. 

 WCAP-12610-P-A & CENPD-404-P-A Addendum 1-A, “Optimized ZIRLO™,” July 2006. 

 WCAP-12610-P-A & CENPD-404-P-A Addendum 2-A, “Westinghouse Clad Corrosion 
Model for ZIRLO and Optimized ZIRLO,” October 2013. 

 WCAP-15063-P-A, Revision 1 with Errata, “Westinghouse Improved Performance 
Analysis and Design Model (PAD 4.0),” July 2000. 

 WCAP-17642-P-A, Revision 1, “Westinghouse Performance Analysis and Design Model 
(PAD5),” November 2017. 

 WCAP-18482-P, “Westinghouse Advanced Doped Pellet Technology (ADOPT™) Fuel,” 
May 2020. 
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 WCAP-18546-P, “Westinghouse AXIOM® Cladding for Use in Pressurized Water Reactor 
Fuel,” March 2021. 

The hydrogen-based strain limit developed in this TR will be used as an alternative to the 1% 
cladding strain limit discussed in the TRs that have been approved by the NRC.  

A 1% cladding strain limit is primarily utilized as a basis to preclude fuel failure due to excessive 
PCMI during Condition II overpower transient events. Subsequent sections of this topical report 
discuss how an alternative, hydrogen-based strain limit provides an acceptable method of 
complying with Section 4.2 of the SRP and therefore meets the intent of the aforementioned 
topical reports. A 1% transient cladding strain limit is also used as one of two criteria listed in 
Section 4.2 of the SRP (the other being fuel melting) which are confirmed to be met during cycle-
specific reload analyses in lieu of explicit pellet-cladding interaction (PCI) analyses. The impact 
of the alternate strain limit on PCI is discussed in Section 5. 

Overall, a hydrogen-based strain limit is an acceptable alternative to, not a replacement for, the 
current 1% cladding strain limit. After NRC approval, the hydrogen-based strain limit can be used 
as an alternative to the 1% transient cladding strain limit that is contained in the fuel reference 
and fuel performance topical reports previously approved by the NRC.  
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2 TRANSIENT CLADDING STRAIN 

2.1 TRANSIENT CLADDING STRAIN BEHAVIOR 

Stress and strain are a result of naturally occurring contact pressure between the fuel pellet and 
the cladding. The fuel rod is designed with an initial open pellet-cladding gap. This gap closes 
over time due to fuel solid swelling of the pellet and cladding creepdown, which is caused by the 
compressive pressure differential across the cladding. The gap is eventually closed, and pellet-
cladding contact is made. The force of fuel solid swelling is greater than the compressive pressure 
differential across the cladding and causes the cladding to creep outward at a commensurate rate 
(despite the compressive pressure differential). Contact stress at steady-state conditions is 
highest at the point of initial pellet-cladding contact and relaxes over time. The stress/strain 
caused by this contact is relatively benign and is not sufficient to cause fuel failure. 

The primary mechanism for high cladding stress/strain, however, is not caused by steady-state 
gap closure but by the rapid thermal expansion of the fuel pellet which occurs during a short-term 
Condition II overpower transient event. The short-term power increase, typically assumed to last 
for 15 minutes, causes the fuel pellet to thermally expand quickly, applying a high stress/strain on 
the cladding. 

[  
 
 
 
 
 
 
 
 

 ]a,c 

Figure 2-1 is a representation of the typical transient cladding strain behavior with PAD5. 
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Figure 2-1: Transient Cladding Strain as a Function of Local Burnup 
 

2.2 ALTERNATIVE STRAIN MODEL DISCUSSION 

The UE limit for zircaloy alloys can be [  ]a,c at certain 
conditions, as shown in the Westinghouse measured data (see Section 6). The UE limit, which is 
the strain corresponding to the UTS of the cladding, depends on both the temperature and 
hydrogen content of the cladding. It can therefore be concluded that for zirconium alloys, including 
ZIRLO and Optimized ZIRLO material, the current 1% transient strain limit associated with the 
potential to experience PCMI failures is overly conservative when consideration of the hydrogen 
content of the cladding is included in the assessment, and that conservatism can be reduced. 

This concept is also supported by Reference 3, a report issued to the NRC by PNNL to develop 
a set of stress / strain correlations and models. Section 2.5 of that report discusses a model for 
UE as a function of hydrogen content based on test data for zirconium-based alloys. The database 
consists primarily of Zircaloy-2 and Zircaloy-4, although there is also data for ZIRLO cladding. 
The results of the report clearly demonstrate that the allowable UE for irradiated zirconium-based 
cladding is greater than the current 1% limit until excess hydrogen accumulation degrades the 
ductility of the metal via the formation of hydrides. The PNNL UE model as a function of hydrogen 
pickup in Reference 3 has been plotted for cladding of various temperatures in Figure 2-2. 

a,c 
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Figure 2-2: PNNL Hydrogen-Based Strain Limit  
 

The PNNL model in Figure 2-2 shows that the UE can theoretically be less than the current 1% 
cladding strain limit at hydrogen pickup and cladding temperature values which can be seen by 
the fuel cladding during Condition II events. The hydrogen-based strain limit explicitly accounts 
for the effects of hydrogen pickup and cladding temperature and their impact on cladding integrity. 

A similar hydrogen-based transient strain limit has been developed in this TR. The Westinghouse 
model does not utilize the PNNL model or any data from Reference 3. The proposed limit was 
developed based on measured data for current Westinghouse ZIRLO and Optimized ZIRLO 
cladding material, which is discussed in Section 7. 
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3 HYDROGEN CONTENT AND MATERIAL STRENGTH 

3.1 HYDROGEN PICKUP AND SOLUBILITY 

The hydrogen-based strain limit is a function of the total (soluble and excess) hydrogen content. 
Free hydrogen (H2) and an oxide layer (ZrO2) are formed during the chemical reaction between 
zirconium and coolant during reactor operation, as shown in the equation below:  

 

The NRC approved the Westinghouse Integral Form ZIRLO and Optimized ZIRLO Cladding 
Corrosion Model in Reference 4. This corrosion model, which was also incorporated into PAD5 
(Reference 2), is used to perform the hydrogen pickup calculations used with the hydrogen-based 
strain limit. Section 3.3.4.2 of Reference 4 discusses the hydrogen content and distribution for 
ZIRLO and Optimized ZIRLO cladding.  

A fraction of the free hydrogen is absorbed by the cladding (both oxide layer and base metal) 
throughout the fuel rod lifetime. The best estimate hydrogen absorption fraction is [  ]a,c for 
ZIRLO and Optimized ZIRLO cladding base metal, as discussed in Reference 4. Unabsorbed 
hydrogen disperses into the reactor coolant. The hydrogen concentration of the cladding is 
calculated using the following equation from the ZIRLO and Optimized ZIRLO cladding corrosion 
model in Section 7.4.6 of Reference 2: 

where:  

   
   
   

   
   

   

Hydrogen absorbed by the cladding is in solution up to a temperature-dependent solubility 
concentration. Hydrogen solubility in zirconium-based metals is a function of temperature. 

a,c 

a,c 
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PNNL used the following Arrhenius equation form to model hydrogen solubility (Reference 3): 

 

where: 

Hsol = Soluble hydrogen content [ppm] 
R = Gas constant, 1.985887 [cal / K-mol] 
T = Cladding temperature [K] 

This hydrogen solubility equation was initially developed by J.J. Kearns in Reference 5. Hydrogen 
solubility does not change significantly for various alloys if the base metal is primarily zirconium. 
Therefore, the hydrogen solubility equation in Reference 5 is acceptable to use with ZIRLO and 
Optimized ZIRLO cladding. Additionally, the NRC has stated in Section 2.3.4 of Reference 6 that 
use of the Kearns solubility correlation is acceptable in the application of PCMI cladding failure 
thresholds either for the NRC hydrogen uptake model or where NRC-approved alloy-specific 
cladding corrosion and hydrogen uptake models are used. An NRC-approved, alloy-specific 
hydrogen uptake model (Reference 4) is used herein, so the application of the Kearns solubility 
model is acceptable. 

Terminal hydrogen solubility as a function of cladding temperature is plotted in Figure 3-1. 

 

 

Figure 3-1: Terminal Hydrogen Solubility as a Function of Cladding Temperature 
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Hydrogen above the solubility limit is considered “excess” hydrogen. It is calculated as the 
difference between the total hydrogen concentration (HTot) through the full cladding wall and the 
portion of that hydrogen which is soluble (Hsol), as shown in the equation below. 

 

where: 

Hex = Excess hydrogen concentration through the entire cladding wall [ppm] 

As discussed in Section 3.3.4.2 of Reference 4, excess hydrogen precipitates out as zirconium 
hydride (ZrH) platelets. These hydrides are not uniformly distributed across the cladding wall. The 
hydrogen tends to accumulate near the outer wall in response to the temperature gradient across 
the cladding. This behavior is shown in Figure 3-2.  

 

 

Figure 3-2: Hydride Distribution Accumulation Through Cladding Wall 
 

The presence and morphology of hydrogen in the cladding can impact the cladding properties, as 
discussed in the sections below. 

a,c 
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3.2 HYDRIDE MORPHOLOGY 

Hydrogen content above the terminal solubility forms ZrH platelets, as discussed in Section 3.1. 
These hydrides tend to precipitate in the circumferential direction, as seen in Figure 3-2. However, 
hydride reorientation can occur where the circumferential hydrides reorient in the radial direction. 
Examples of radial hydride reorientation are shown in Figure 3-3. Circumferential hydrides 
precipitate into radial hydrides if the applied hoop stress in the cladding exceeds a threshold 
stress (Reference 2). Hydride morphology of zirconium-based material is generally well-
understood, as discussed in various research papers (References 7 – 10). 

 

Figure 3-3: Hydride Reorientation from Circumferential to Radial Direction 
 

The prevention of radial hydrides is important because they can reduce the cladding ductility and 
increase the potential for brittle failure (Section 7.4.3.3 of Reference 2). Circumferential hydrides 
do not reduce ductility to the same extent as radial hydrides because radial hydrides can become 
pathways for crack propagation. An example of crack propagation through radial hydride 
treatment (RHT) for ZIRLO material with radial hydrides is shown in Figure 3-4. 

 

a,c 
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Figure 3-4: Crack Propagation Along Radial Hydrides for ZIRLO Cladding with 610 ppm 
 

Application of a UE strain limit should not be used if there is significant reorientation of 
circumferential to radial hydrides because of the ductility reduction. Reference 3, for example, 
explicitly states that the PNNL stress/strain model cannot be used for cladding with radial hydrides 
because of the significant embrittlement. This is also applicable to Westinghouse fuel. However, 
the manufacturing process for ZIRLO and Optimized ZIRLO tubing is controlled to minimize 
radial hydride formation. Section 3.3.4.2 of Reference 4 states:  

“…hydride platelets are predominantly circumferentially oriented due to the texture of the 
cladding tube.”  

While radial hydrides are not formed initially in the cladding, they can potentially form under certain 
conditions. The formation of radial hydrides is an issue during cooldown of the fuel rod, such as 
that experienced during long-term storage. Although this TR does not address fuel storage, the 
hydride morphology is also applicable to transient cladding strain calculations. Section 3.3.4.5 of 
Reference 4 states: 

“At operating temperatures, the hydrided cladding retains its strength and ductility. 
However, at room temperature the hydrogen solubility is negligible and the hydride 
platelets are relatively brittle. Therefore, the effects of hydrogen distributions on cladding 
ductility may be more important during post-irradiation fuel handling, i.e., at spent fuel pool 
temperatures.” 

a,c 
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In other words, more of the hydrogen in the cladding will precipitate as the cladding cools because 
the terminal hydrogen solubility will decrease. This is shown in Figure 3-1. The dissolution of 
hydrogen during cooldown, in conjunction with a constant hoop stress, will form radial hydrides if 
the stress is high enough ([  ]a,c, per Section 7.4.3.3 of Reference 2). This hoop stress 
is applied via rod internal pressure (RIP). When the fuel is in long-term storage, the external 
pressure is significantly reduced (typical operating system pressure is 2250 psi, while atmospheric 
pressure is only 14.7 psi). The RIP is also reduced at atmospheric conditions because of the lower 
fuel temperatures; however, the internal pressure remains well above atmospheric pressure. This 
tensile pressure differential across the cladding creates a constant hoop stress, which, if high 
enough, will cause hydride reorientation as the cladding cools. 

There is a fuel performance criterion for rod internal pressure which prevents the formation of 
excessive radial hydrides. Section 7.4.3.3 of Reference 2 correlates the hoop stress required for 
the onset of ductility loss in the cladding to a rod internal pressure limit. It was determined that 
RIP must exceed [  ]a,c before the initiation of hydride reorientation and [  ]a,c 
before the reorientation would cause a reduction in cladding ductility. These thresholds exceed 
the maximum RIP allowed by the gap reopening (or “no clad liftoff”) criterion. The gap reopening 
criterion confirms that the threshold pressures for hydride reorientation are not exceeded. The 
NRC has issued guidance regarding spent fuel storage systems which includes measures to limit 
the formation of undesirable radial hydrides (Reference 11).  

Since radial hydrides will not exist in ZIRLO and Optimized ZIRLO cladding to a degree which 
would reduce the cladding ductility, implementation of a hydrogen-based UE strain limit is not 
precluded. 

3.3 OXIDE SPALLING AND HYDRIDE BLISTERS 

Oxide spalling is a phenomenon where a major fraction of a thick oxide layer extending to the 
underlying metal delaminates. Hydride blisters, which have been known to cause fuel failures, 
can form where oxide spalling has occurred. The blisters are formed due to the large local 
temperature gradient between the spalled and non-spalled areas of the cladding (Reference 12). 
An example of a hydrogen blister is shown in Figure 3-5. As with the formation of radial hydrides, 
spalling and blistering could preclude the implementation of a UE-based strain limit for 
Westinghouse fuel. 

Oxide spalling and subsequent hydride blistering has been observed for older, less corrosion 
resistant cladding alloys such as Zircaloy-4. Current Westinghouse cladding materials, including 
ZIRLO and Optimized ZIRLO cladding, undergo oxide surface peeling (OSP) but not spalling 
and blistering. OSP is defined as the delamination of surface layers as a thin oxide. An example 
of OSP is shown in Figure 3-6. This is not the same as oxide spalling, where the delamination 
occurs down to the base metal. OSP does not result in hydride localization or ductility reduction. 
It has no impact on the fuel performance (Reference 12). 

Since oxide spalling and subsequent hydride blisters do not occur for ZIRLO and Optimized 
ZIRLO cladding, implementation of a hydrogen-based UE strain limit is not precluded. 
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Integral Form ZIRLO and Optimized ZIRLO Cladding Corrosion Model Topical Report 

Sections 3.3.4.4 – 3.3.4.6 of Reference 4 state (emphasis added): 

[  
 
 
 
 

]a,c 

This is reiterated in Section 3.3.4.6 of Reference 4, which states (emphasis added): 

“In conclusion, in terms of cladding strength and ductility: 

1. [  
 
 
 

 ]a,c 
 

2. The above conclusion is supported by both material ductility evaluation and 
fracture mechanics considerations [  

]a,c 

It should be noted that the NRC did not agree with the Westinghouse position that a 100 micron 
limit was sufficient for ensuring adequate cladding strength and ductility. In Section 5.0 of the SE 
for Reference 4, the NRC required that a hydrogen pickup limit of [  ]a,c not be eliminated 
or replaced. This hydrogen pickup limit of [  ]a,c ensures that the cladding will maintain its 
ductility and not become embrittled. The [  ]a,c hydrogen pickup limit is also applicable to 
the alternative, hydrogen-based strain limit. 

Figure 3-8, which is Figure 3.3-16 in Reference 4, shows the post-irradiation embrittlement with 
increasing hydride volume fraction at elevated temperatures. 

 



*** This record was final approved on 7/28/2022, 10:50:00 AM. (This statement was added by the PRIME system upon its validation)

 WESTINGHOUSE NON-PROPRIETARY CLASS 3 3-10 

PWROG-21001-NP July 2022 
 Revision 0 

 

Figure 3-8: Ductility of Zircaloy-4 as a Function of Hydride Volume Fraction 
 

Note that Figure 3-8 is for Zircaloy-4 material. [  
 
 
 
 

 ]a,c 

One of the NRC requests for additional information (RAIs), Supporting Issue #3 in Reference 4 
was a data request regarding uniform elongation. Figure 3-9 is Figure 3.3-13 in Reference 4 and 
shows ZIRLO cladding strain data from Empresa Nacional Uranio, S.A. (ENUSA) and North Anna. 
The solid points represent the total plastic strain. The hollow points represent corresponding 
uniform strain data from North Anna. All data sets (total and uniform) show a [  

 ]a,c. This behavior is consistent with Figure 3-7 and Figure 
3-8. The North Anna uniform plastic strain data remain [  ]a,c, with most 
points [  ]a,c. 
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Figure 3-9: ZIRLO Cladding Plastic Strain as a Function of Hydrogen and Temperature 
  

Various Scientific Journals 

Numerous scientific papers and journals have been written on the relationship between the 
formation of hydrides and subsequent embrittlement in zirconium-based claddings. It should be 
noted that while most papers on this subject are concerned with the hydride reorientation which 
occurs during long-term storage, the focus for this analysis is on the material strength and ductility 
during Condition II transient events. Regardless, the association of hydrogen content and ductility 
remains valid. 

References 7 – 10 provide corroborating justification that: 

 Free hydrogen is formed during the chemical reaction of zirconium-based cladding and 
the reactor coolant during operation. 

 A fraction of that hydrogen is absorbed into the cladding material. 

 Hydrogen absorbed into the cladding is soluble until it reaches the temperature-dependent 
terminal solid solubility (TSS). 

 Hydrogen absorbed into the cladding above the TSS precipitates as brittle ZrH platelets. 

a,b,c 
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 Platelets tend to concentrate in a circumferential hydride rim near the outer surface of the 
cladding due to the lower temperatures. 

 Accumulation of these platelets reduces the ductility of cladding, although circumferential 
hydride embedded zirconium-based cladding can still endure significant deformation 
before failure. 

 Cladding embrittlement is significantly worse if the ZrH platelets reorient from the 
circumferential to the radial direction. 

The general relationship between hydrogen content and material strength is consistent for all 
zirconium-based claddings. Much of the published industry data are based on Zircaloy-4. 
Reference 9, however, includes data for ZIRLO cladding. The behavior of ZIRLO in Reference 9 
is better than that of Zircaloy-4. 

3.5 DISSOLUTION OF HYDRIDES DURING CONDITION II ACCIDENTS 

Fuel temperatures are increased rapidly during a Condition II overpower transient event (see 
Section 2.1). This also increases the cladding temperature. Temporarily higher cladding 
temperatures during a transient event would theoretically increase hydride dissolution as some of 
the excess hydrogen, in the form of ZrH platelets, would be converted to soluble hydrogen. This 
would improve the UE strain limit by reducing the hydrides which contribute to degradation of the 
material strength. 

However, the dissolution of hydrogen does not occur instantaneously. The process is relatively 
fast, although there is still a finite amount of time required to have hydride dissolution (Reference 
13). It is conservatively assumed for the hydrogen-based strain limit that the cladding [  

 
 
 
 
 

 ]a,c. 
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4 MODELING ASSUMPTIONS 

4.1 PAD5 FUEL PERFORMANCE MODELS 

The calculation of transient cladding strain is the same as that described in Reference 2 for the 
hydrogen-based strain limit. The relevant fuel performance models in Reference 2 are also the 
same. Evaluations for strain will be performed using a conservatively calculated upper bound (UB) 
value which accounts for the appropriate uncertainties (modeling uncertainties, geometric 
tolerances, neutronics penalties, etc.) at a 95% probability with 95% confidence (95/95) basis. 
Unlike the current 1% limit, the hydrogen-based strain limit shall be a lower bound (LB) value 
which accounts for uncertainty and scatter in the measured data. Development of this limit is 
discussed in Section 7.  

The hydrogen-based strain limit requires design inputs. Specifically, the UE limit is a function of 
both the hydrogen content and cladding temperature (see Section 7). The PAD5 fuel performance 
models used to calculate the hydrogen content and cladding temperature inputs are the same as 
those in Reference 2. In summary, the current PAD5 fuel performance models are the same for 
the hydrogen-based strain limit. The calculation of the transient cladding strain, hydrogen content, 
and/or cladding temperature are also not impacted by the hydrogen-based transient strain limit. 
The only change is to the 1% cladding strain design limit, which is discussed in Section 7. 

4.2 CLADDING TEMPERATURE 

The temperature of the cladding dictates the terminal hydrogen solubility (Section 3.1). However, 
there is a temperature gradient across the cladding. The temperature across the cladding is not 
uniform. Cladding temperatures are the highest at the inner diameter due to the proximity to the 
fuel and are the lowest near the outer edge where the cladding is exposed to the reactor coolant. 
Hydrogen does not readily diffuse up a temperature gradient (Section 3.3.4.2 of Reference 4). 
Thus, lower temperatures at the cladding outer diameter result in less soluble hydrogen and more 
hydrides. That is why circumferential hydrides tend to accumulate in a hydride rim near the outer 
edge of the cladding, as shown in Figure 3-2.  

The most conservative temperature to use in the calculation of ZrH platelets would be the cladding 
surface temperature. [  

 
 
 

 ]a,c. Therefore, use of the cladding surface 
temperature is appropriate for determining TSS. 
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5 IMPACTS ON PCI 

Pellet-cladding interaction stress corrosion cracking (PCI-SCC), or “classical” PCI, is initiated due 
to sustained tensile stress from PCMI and the presence of a caustic agent such as iodine, cesium, 
and other fission byproducts. Experiments have demonstrated that the presence of I2 vapor can 
result in the formation of a cladding inner diameter (ID) initiated crack which can propagate 
through the cladding wall at stress levels below other failure criteria in the temperature range 
typical of what the fuel is subjected to during Pressurized Water Reactor (PWR) operation. Put 
another way, the localized tensile stress for this type of failure can be below the YS of the cladding 
in a typical transient stress analysis. Testing has also shown a correlation between a shorter time 
to failure at higher stress levels. [  

 ]a,c. 

Since the creation of caustic fission byproducts is inherent in reactor operation, Westinghouse 
has developed guidance to preclude PCI-SCC failure which meets the requirements of the 
Institute of Nuclear Power Operation (INPO) and Electric Power Research Institute (EPRI) 
guidelines for fuel reliability related to PCI. This guidance focuses on reactor startup or after 
periods of extended reduced power operation (ERPO) and how they affect cladding stress. 

After extended operation at a consistent power level, fuel becomes “conditioned” at that power 
level. If power levels are reduced for conditioned fuel (e.g., during a refueling outage or mid-cycle 
shutdown), cladding stresses are relatively low upon the return to the conditioned power level. 
Fuel can also become “deconditioned” if it operates at a power below the conditioned power for 
a sufficient time (e.g., after ERPO).  

Exceeding the conditioned power level introduces a high stress on the cladding. The conditioned 
power level can be exceeded during: 

 [  
 ]a,c, 

 [  
 ]a,c, or 

 [  
 ]a,c. 

The PCI-SCC guidance involves controlling the amount and rate of power increases, AO 
variations, etc., to maintain the cladding tensile stress below the threshold stress for PCI-SCC 
failure during initial or mid-cycle power ascension. Westinghouse has not established explicit 
design limits for PCI during anticipated operational occurrences (AOOs), including Condition II 
overpower transient events, which initiate from steady-state conditions. Explicit PCI-SCC limits 
are not contained in the PAD5 fuel performance models, as discussed in Section 3.7.13 of the 
NRC SE for Reference 2.  
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Section 4.2 of the NRC SRP (Reference 1), states that PCI-SCC failures are precluded by 
ensuring that: 

1. Transient-induced cladding strain is less than 1%, and  

2. No fuel centerline melting shall occur during steady-state operation and AOOs. 

These limitations are also discussed in Section 3.7.13 of the NRC SE for PAD5 (Reference 2), 
which states: 

“There is no specific design criteria related to pellet cladding interaction (PCI). Two existing 
design limits, one percent transient clad strain and no fuel centerline melt, must be 
satisfied to provide protection against PCI fuel failure. 

The NRC staff has reviewed this approach and concludes that it is acceptable to 
demonstrate that the fuel rod will not fail due to PCI.” 

The NRC has previously asserted that due to design features and operating restrictions, PWR 
plants are not susceptible to PCI-SCC failure during steady-state operation, and existing reactor 
trip functions are adequate to provide reasonable assurance against PCI-SCC failure during 
AOOs (Reference 14). No additional evaluations are required beyond those for transient cladding 
strain and fuel centerline melting when using the current 1% cladding strain limit.  

However, data provided in Reference 15 indicate that: 

 PWR fuel rods can fail due to PCI in one minute or less following power ramps. 

 PWR fuel rods can fail due to PCI at cladding strain levels much less than the 1% cladding 
strain criterion. 

In other words, a 1% cladding strain limit during a 15-minute Condition II transient event is not 
necessarily an appropriate measure to prevent PCI-related failures. Reference 16 discusses that 
the current 1% cladding strain limit may not protect the fuel from PCI failure during a Condition II 
overpower transient. 

However, it should be noted that PCI-related fuel failures are infrequent. [  
 
 
 
 
 
 

 ]a,c. 
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[  
 
 
 

 ]a,c 

A hydrogen-based strain limit does not increase the risk of PCI failure. [  
 ]a,c are not affected by using a hydrogen-based 

strain limit. [  ]a,c have been 
implemented to reduce the risk of PCI-related failures [  ]a,c. A hydrogen-
based strain limit may result in [  ]a,c during a Condition II overpower 
transient early in life, resulting in exceeding the 1% limit when the hydride concentration in the 
cladding is relatively low. During Condition I and II plant operations, the majority of the hydrogen 
in the cladding is soluble. Once the solubility limit is exceeded and hydrides begin to form, the 
strain limit degrades. If there is significant hydride formation, which can cause PCI-related cracks 
to form and propagate, the strain limit is reduced accordingly. A hydrogen-based strain limit is 
more appropriate for PCI than the current 1% strain limit. The allowable strain will be greater than 
1% when the material is more ductile and contains relatively few hydrides and less than 1% when 
the formation of hydrides causes the cladding to be more brittle and prone to PCI failure during a 
Condition II overpower transient event.  

 

Figure 5-1: Missing Pellet Surface and Cladding Crack 
 

In conclusion, a hydrogen-based strain limit does not result in an increased risk of PCI-SCC 
failure. 

a,c 
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6 MEASURED STRAIN DATABASE 

The applicability of the hydrogen-based strain limit is based on data points for ZIRLO and 
Optimized ZIRLO cladding containing both UE and hydrogen measurements. The data was 
obtained from the following test programs. 

6.1 V.C. SUMMER HIGH BURNUP LEAD TEST ASSEMBLIES PROGRAM 

Four lead test assemblies (LTAs) were introduced in V.C. Summer Unit 1 Cycle 16. These LTAs 
were designed to achieve high burnup and were irradiated for three 18-month cycles with a rod 
average burnup of greater than 70 GWD/MTU achieved. Ten of the LTA fuel rods were extracted 
and transported to the Studsvik Hot Cell Laboratory in December 2010 (Reference 17). Three of 
the rods had Optimized ZIRLO cladding, while the other seven had AXIOM® High Performance 
Developmental Cladding Material. One of the Optimized ZIRLO cladding rods contained uranium 
dioxide (UO2) with zirconium diboride (ZrB2) integral fuel burnable absorber (IFBA) coating, while 
the other nine rods contained uncoated UO2. 

[  
 

 ]a,b,c. The measured results are 
contained in Table 6-3. 

6.2 ALMARAZ LOW BURNUP POST-IRRADIATION EXAM PROGRAM 

In Condition 8.a of the Optimized ZIRLO cladding NRC SE (Reference 18), the NRC imposed 
yield strength reductions until such time that additional irradiated data could be obtained and 
provided for NRC review. At the time, there was not a wide database of yield and ultimate tensile 
stress measurements for ZIRLO and Optimized ZIRLO cladding at low fluence levels. 
Westinghouse, ENUSA, and Spanish utilities developed a joint program, the Almaraz Post-
Irradiation Examination (PIE) program, to obtain low fluence (burnup) data points and determine 
the level where [  

 ] a,c. 

Two once-burned fuel rods from Almaraz Unit 2 Cycle 17 were selected for the PIE program, one 
with ZIRLO cladding and one with Optimized ZIRLO cladding. The rods were transported to the 
Studsvik Hot Cell Laboratory and evaluated (References 19 – 21). To obtain low fluence (less 
than [  ]a,b,c, most of the tests on both claddings were performed [  

 ]a,b,c. For comparison, the fluence for 
[  ]a,b,c can reach over [  ]a,b,c.  

[  
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 ]a,b,c. The measured results are contained in Table 6-3. 

6.3 ALMARAZ OPTIMIZED ZIRLO / AXIOM CLADDING LTA PROGRAM 

Four LTAs were irradiated for three cycles in Almaraz as part of the Optimized ZIRLO / AXIOM 
cladding development program, achieving a burnup of ~ 60 GWD/MTU. Ten rods were extracted 
from the LTAs (two rods with Optimized ZIRLO cladding and eight rods with AXIOM cladding) for 
extended poolside PIE, and two Optimized ZIRLO cladding rods were sent to the Studsvik Hot 
Cell Laboratory for comprehensive hot cell examinations. [  

 
 ]a,b,c. 

[  
 
 
 
 
 

]a,b,c. 
 

 

6.4 NORTH ANNA HIGH BURNUP LEAD TEST ASSEMBLIES PROGRAM 

During the review of the Integral Form ZIRLO and Optimized ZIRLO Corrosion Model  
(Reference 4), the NRC requested additional data regarding the strain capability of ZIRLO 
cladding with significant levels of hydrogen. Westinghouse provided data from the North Anna 
high burnup LTA program for ZIRLO cladding. Eight rods from a high burnup (~70 GWD/MTU) 
LTA which had operated in North Anna Unit 1 Cycles 7, 9, and 10 were provided to the Studsvik 
Hot Cell Laboratory for comprehensive hot cell examination (Reference 23). 

[  
 
 
  

 ]a,b,c 

a,b,c 
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[  
 
 

 ]a,b,c. Results of the [  ] a,c 
samples are contained in Table 6-3.  

6.5 ENUSA SEGMENTED FUEL BURNUP EXTENSION PROGRAMS 

Additional measured UE and hydrogen data have been provided by ENUSA for the segmented 
fuel irradiation and burnup extension programs for various cladding types, including ZIRLO 
material. The joint Segmented Fuel Irradiation Program was established to obtain fuel 
performance data on fuel after four cycles of operation. After four cycles of operation, 12 full-
length rods were extracted and placed into a new assembly for irradiation above 70 GWD/MTU. 

The data for the segmented fuel irradiation program and subsequent burnup extension were 
provided by ENUSA. The measured results are included in Table 6-3. 

  

a,b,c 
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6.6 ASSESSMENT OF MEASURED TEST DATA 

Measured UE and hydrogen data contained in Sections 6.1 – 6.5 are contained in Table 6-3. The 
majority of the hydrogen values are measured, although three of the hydrogen content data points 
are estimated based on the measurement of a nearby sample. Some of the available measured 
data points were discarded or not included in Table 6-3, as discussed below: 

 Only ZIRLO and Optimized ZIRLO cladding data points are included as part of the 
hydrogen-based strain limit development. The applicability of the hydrogen-based strain 
limit for AXIOM cladding is not in the scope of this TR. 

 Uniform elongation is a potential issue during Condition II overpower transients. Data 
points at room temperature (25 °C) are not relevant for evaluating transient cladding strain. 
The Westinghouse materials database includes tests at two temperature values for which 
UE tests have been performed: [  ]a,b,c. This is a 
representative cladding temperature range for steady-state PWR operating conditions. 

 Data from the Almaraz low burnup program to support Condition 8.a of the Optimized 
ZIRLO topical report (Reference 18) are discarded. [  

 
 
 
 
 
 
 

 ]a,b,c 

The remaining data points are used in the development of the hydrogen-based strain limit and 
are contained in Table 6-3 below. The data are grouped according to cladding material and testing 
temperature and plotted in Figure 6-1. Also included in Figure 6-1 is the current 1% transient 
cladding strain limit. Within each subset of data, the same general behavior was observed. UE 
strain decreases with hydrogen content. [  

 
 

 ]a,b,c. 

A multivariate analysis of variance (MANOVA) was performed for the data in Table 6-3, and there 
are no obvious biases or significant trends versus expected behavior for UE based on material 
type (ZIRLO and Optimized ZIRLO cladding), test type ([  ]a,b,c), test temperature  
([  ]a,b,c), burnup, yield strength, or ultimate tensile strength. Measurement error, 
which increases variability in the data, is inherent in the measured values. The measurement 
uncertainty is historically assumed to be [  ]a,c, although it can be less. References 17 and 22 
define the measurement uncertainty for the hydrogen data as ±15 ppm at the 150 ppm level, ±18 
ppm at the 400 ppm level and ±23 ppm at the 600 ppm level. The data in Table 6-3 are obtained 
from a variety of campaigns and hot cell examinations, as described above. No systematic 
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measurement bias is anticipated. With data from multiple tests and configurations, the 
uncertainties are not expected to have a consistent positive or negative measurement bias. In 
other words, there is more scatter in the data, and the measurement error for any individual data 
point is a random variation. The random measurement variations are inherently accounted for in 
the model uncertainty (see Section 7.4). This is conservative because a higher variability in the 
data will result in a larger uncertainty band, which is consistent with how the measurement 
uncertainty was addressed in the PAD5 TR (Reference 2). 

 

 

a,b,c 
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Figure 6-1: Measured Uniform Elongation Data as a Function of Hydrogen Pickup 
 

 

a,b,c 



*** This record was final approved on 7/28/2022, 10:50:00 AM. (This statement was added by the PRIME system upon its validation)

 WESTINGHOUSE NON-PROPRIETARY CLASS 3 7-1 

PWROG-21001-NP July 2022 
 Revision 0 

7 UNIFORM ELONGATION STRAIN LIMIT 

7.1 PNNL STRAIN DATABASE 

To develop a performance-based, data-driven strain limit, the PNNL stress/strain model in 
Reference 3 is used as a reference. The PNNL model was reviewed because of the significant 
database of YS, UTS, and UE measurements over a wide range of temperature (68 °F – 890 °F), 
strain rate (2x10-6 – 4x10-3 in/in/s), and fluence (0.0 – 1.4x1026 n/m2, E > 1 MeV) values. The 
database consists of: 

 270 uniaxial tube tension tests 
 150 biaxial burst tests 
 180 ring stretch tests 

However, PNNL excluded strain data from their 180 ring tests. The ring test results were not 
included in the PNNL stress/strain model discussed in Section 7.2 but were included in the results 
comparison in Reference 3. 

The materials for this database consist primarily of cold work stress relief annealed (SRA) 
Zircaloy-4 and a small amount from recrystallized (RXA) Zircaloy-2. The latter material does not 
contain much data at high burnup levels. ZIRLO cladding data points are also included, although 
the bulk of the database consists of measurements for Zircaloy-4. As discussed in Section 3.4,  
[  

 ]a,c. 

7.2 PNNL UE STRAIN LIMIT MODEL 

The functional form of the PNNL UE model is contained in Section 2.5 of Reference 3. 
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where: 

UE = Uniform elongation strain limit [%] 
UE0 = Uniform elongation strain limit (no excess hydrogen) [%] 
UEHex = Uniform elongation strain limit (with excess hydrogen) [%] 
HTot = Total hydrogen content [ppm] 
Hex = Excess hydrogen content [ppm] 
Hsol = Soluble hydrogen content [ppm] 
A = Constant 
p = Constant 
T = Cladding temperature [K] 

The effective strain limit is a constant value (UE0 = 2.2% for the PNNL model) while the total 
hydrogen content in the cladding (HTot) remains in solution. The solubility limit of the cladding (Hsol) 
is a function of cladding temperature (T). If the total hydrogen content exceeds the soluble 
hydrogen content, the excess hydrogen (Hex) precipitates out as circumferential hydrides (see 
Section 3.2). Hydrides reduce the material strength of the cladding, and the strain limit begins to 
degrade as they begin to form (see Section 3.4). The uniform elongation strain limit with excess 
hydrogen in the cladding (UEHex) is derived as an exponential function of excess hydrogen and 
temperature-dependent variables A and p. Figure 2-2 shows the best estimate PNNL strain model 
at a spectrum of cladding temperatures. 

7.3 COMPARISON TO WESTINGHOUSE DATA 

Overlaying the Westinghouse measured strain data in Table 6-3 with the PNNL UE strain limit in 
Reference 3 shows that some points [  

 ]a,c. Figure 7-1 and Figure 7-2 show the measured data points at [  
 ]a,b,c, respectively. 

The PNNL strain model is not fully representative of the available Westinghouse data because of 
the material differences between Zircaloy-4 and more modern cladding materials, i.e., ZIRLO and 
Optimized ZIRLO cladding. A new Westinghouse UE model was developed in Section 7.4 based 
exclusively on the ZIRLO and Optimized ZIRLO material measured data in Table 6-3. 
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Figure 7-1: Measured Strain Data and PNNL Strain Limit at 350 °C 
 

 

a,b,c 
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Figure 7-2: Measured Strain Data and PNNL Strain Limit at 385 °C 
 

7.4 WESTINGHOUSE UE STRAIN LIMIT DEVELOPMENT 

Fuel performance criteria are evaluated using a conservative application of uncertainties. The 
PAD5 topical report (Reference 2) defines the UB and LB uncertainty bands with a 95/95 basis 
using standard statistical methods. A regression analysis has been performed herein to calculate 
a 95/95 LB strain limit based on the available Westinghouse measured data for ZIRLO and 
Optimized ZIRLO cladding. The NRC guidance on applying statistics (Reference 24) was used 
in the development of the UE strain limit. 

There are [  ]a,c well-characterized data points which contain both measured hydrogen content 
and uniform elongation for ZIRLO and Optimized ZIRLO cladding, as shown in Table 6-3. Some 
of these data points have excess hydrogen, while others do not (i.e., the hydrogen is entirely 
soluble). It is important to model these points differently because the UE behavior changes once 
the cladding exceeds the saturation point and hydrides begin to form. Combining all this data 
would be inappropriate for a regression analysis. Instead, the measured points are sorted based 
on whether the sample in question contains excess hydrogen content. 

a,b,c 



*** This record was final approved on 7/28/2022, 10:50:00 AM. (This statement was added by the PRIME system upon its validation)

 WESTINGHOUSE NON-PROPRIETARY CLASS 3 7-5 

PWROG-21001-NP July 2022 
 Revision 0 

Soluble and excess hydrogen (Hsol and Hex, respectively) were calculated for each data point in 
Table 6-3 based on the cladding temperature (either [  ]a,b,c) and the measured 
hydrogen value. Temperature is only used to determine the ratio of soluble to excess hydrogen. 
Dividing the data points between those with only soluble hydrogen and those with both soluble 
and excess hydrogen eliminates the need to consider the temperature effects when performing 
the regression analysis. A review of the available data determined that within the expected 
temperature range for full power operation, [  ]a,c. 
This is shown in Figure 6-1. Temperature is only used to divide the data points between those 
with and without ZrH platelets. 

[  ]a,c data points contain no excess hydrogen. The remaining [  ]a,c samples all 
exceed the saturation threshold for the formulation of circumferential hydrides. The results are 
shown in Table 7-1 and plotted in Figure 7-3.  

 

Figure 7-3: Soluble and Insoluble (Excess) Hydrogen Measured Test Data 
  

a,b,c 
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[  
 
 
 
 
 

 ]a,c 

 

a,b,c 
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A regression analysis was performed for the [  ]a,c data points which contain excess hydrogen. 
First, a best fit curve was generated with the following equation: 

 

where:  

   
   

An exponential curve provided the best available fit, although the low coefficient of determination 
([  ]a,c) reflects non-negligible scatter between the measured and predicted UEHex values. 
The residual value for each data point is calculated as the difference between the measured 
values in Table 6-3 and the predicted values according to the best fit curve. The measured minus 
predicted (M-P) residual values are shown in Table 7-2. A normality test was performed to 
determine whether the residual data form a normal distribution. 

 

 

a,c 

a,c 

a,b,c 
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The Shapiro-Wilk normality test, also known as the W-test, is discussed in Section 11.9 of 
Reference 24. It is considered an omnibus test and is recommended for small (< 50) sample 
sizes. Its only limitation is that the test is applicable only to sample sizes between 3 and 50 
(Reference 24). This criterion is met, as the sample size for the residual data herein contains  
[  ]a,c data points. When performing the Shapiro-Wilk test, the null hypothesis is rejected 
because the calculated value, [  ]a,c, is slightly smaller than the critical value, [  

 ]a,c. For this case, wq(n) = w1-α(n); where α corresponds to a 95% confidence (α = 0.95; q = 
1 – α = 0.05), and n is the sample size ([  ]a,c). The critical value for [  ]a,c is contained 
in Table T6-b of Reference 24. The Shapiro-Wilk test indicates that the residuals are unlikely to 
have come from a normal distribution. 

For the purposes of this analysis, a normal distribution is assumed in the development of the LB 
confidence interval (although normality tests appear to indicate that this is not the case) and is 
justified, as shown below. Assuming a normal distribution, the LB strain curve can be calculated 
as a one-sided 95/95 tolerance limit, per Section 9.12 of Reference 24. 

 

where:  

   
  

   
   

The standard deviation of the residuals in Table 7-2 is [  ]a,c. The one-sided tolerance limit 
factor for a sample size of [  ]a,c with 95% confidence and 95% probability ([  ]a,c) is in Table 
T-11b of Reference 24. This value matches the appropriate Owen’s factor in Reference 25. 
Multiplying the one-sided tolerance limit ([  ]a,c) by the standard deviation  
([  ]a,c) yields a lower bound 95/95 strain uncertainty of [  ]a,c. Thus, the UE 
limit for the cladding above the hydrogen saturation point is: 

 

The best estimate and lower bound Westinghouse UEHex limits are plotted in Figure 7-4.  

a,c 

a,c 

a,c 
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Figure 7-4: Westinghouse LB UEHex Strain Limit 
 

This UEHex model assumes a normal distribution of the residual data, even though the 
Shapiro-Wilk test rejects the normality hypothesis. To determine the robustness of the lower limit 
above, a Johnson Transformation was applied to the residuals data to obtain a normal distribution. 
Johnson Transformations have previously been used for other fuel performance evaluations, as 
discussed in the response to NRC RAI 6a on the PAD5 topical report (Reference 2). 

The Johnson Transformation function for the residual data is: 

where:  

x = Residual data 
y = Transformed residual data 

a,c 

a,c 
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A Shapiro-Wilk test was performed for the transformed residual data. The calculated value of the 
transformed residuals, [  ]a,c, is greater than the critical value, [  ]a,c. It 
is acceptable to assume a normal distribution for the transformed residuals. 

To calculate the transformed LB value, the standard deviation of the transformed residuals ([  
 ]a,c) is multiplied by the previously determined one-sided tolerance factor ([  ]a,c) 

and subtracted from the average of the transformed residuals. This lower bound is transformed 
back to the original form of the equation using the inverse of the Johnson Transformation. 

A comparison between the Westinghouse UE strain limit and the lower bound limit obtained using 
the Johnson Transformation is shown in Figure 7-5. The more conservative non-transformed UE 
strain limit will be used for the calculation of LB UEHex with no credit taken for the Johnson 
Transformation, which was only utilized to demonstrate the conservatism of the LB curve. 

 

Figure 7-5: Johnson Transformation for LB UEHex Strain Limit 

 

a,c 
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With respect to the UE strain limit for no excess hydrogen (UE0), i.e., when all hydrogen absorbed 
by the cladding is soluble, [   

 ]a,c. A different approach is used instead. The hydrogen content prior to the formation of 
ZrH platelets (i.e., the saturation limit) does not affect the material ductility, thus the UE0 limit is a 
constant value. This is consistent with the PNNL model, as shown in Figure 2-2, which shows a 
steady UE strain limit until the excess hydrogen content is greater than zero (Hex > 0). 

The measured data show a division between samples with and without hydrides (Hex > 0 and  
Hex = 0, respectively) at a total hydrogen concentration of approximately [  ]a,c (see Figure 
7-3). The standard range of average cladding temperatures is generally from [   

 ]a,c during steady-state operation. Using the solubility limit calculation in 
Section 3.1, the TSS at the upper end of the measured temperature range [  ]a,c 
is [  ]a,c. This corresponds well with the [  ]a,c breakpoint shown in Figure 7-3. 

The lowest hydrogen measured data point in Table 6-3 which exceeds the saturation level is [  
 ]a,b,c. This point 

corresponds to a UE strain of [  ]a,c based on the LB strain equation above and can be 
used as the basis for the UE0 limit of all points with no excess hydrogen. It is slightly conservative 
to base the UE0 limit on the point of minimum measured data [  ]a,b,c instead of a lower 
calculated value. Using a lower hydrogen value [  ]a,c to determine the breakpoint 
would extrapolate the curved portion of the UE limit, resulting in a higher (non-conservative) UE0 
value. 

The UEHex and UE0 limits are plotted against the measured data in Figure 7-6. [  
 

 ]a,c. 

The Westinghouse UE strain limit is compared against the PNNL UE strain limits at [  
 ]a,b,c in Figure 7-7. Note that the figure only includes a total hydrogen content up to  

[  ]a,c because that is the NRC-approved design limit for PAD5 (see Section 7.4.6 of 
Reference 2). The hydrogen content for Westinghouse fuel is not permitted to exceed  
[  ]a,c. Any comparison in the behavior between the Westinghouse and PNNL models after 
that point would be irrelevant. 

The UE0 portion of the Westinghouse limit is [  ]a,c than the PNNL 
limit, which is acceptable. This is because the PNNL model is a best estimate UE limit, while the 
Westinghouse model is a lower bound UE limit. The UEHex portion of the LB Westinghouse UE 
limit [  ]a,c to the BE PNNL limit, although the Westinghouse curve [  

 ]a,c relative to that of PNNL. This is expected because of the improved performance of 
ZIRLO and Optimized ZIRLO cladding due to effects of [  ]a,c (see Section 
3.4). Overall, both PNNL and Westinghouse data show good agreement with respect to the 
physical behavior of the cladding. The UE of zirconium-based cladding is steady at low hydrogen 
concentrations and slowly degrades as hydrides form. The final form of the model is discussed in 
Section 7.5. 
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Figure 7-6: Westinghouse UE0 and UEHex Strain Limit 
 

 

 

a,c 
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Figure 7-7: LB Westinghouse and BE PNNL UE Strain Limits  
 

  

a,c 
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7.5 FINAL WESTINGHOUSE HYDROGEN-BASED STRAIN LIMIT 

The final form of the hydrogen-based strain limit is shown below. Until the hydrogen reaches the 
saturation limit, the UE strain limit is held steady at [  ]a,c. After the saturation limit, when 
excess hydrogen is present in the cladding in the form of circumferential hydrides, the strain limit 
steadily decreases at an exponential decay. This is a conservative limit which bounds all 
measured ZIRLO and Optimized ZIRLO cladding data points and satisfies the 95/95 
requirements for fuel performance evaluations performed using PAD5 (Reference 2). 

The following strain limit correlation is applicable to ZIRLO and Optimized ZIRLO cladding with 
PAD5 fuel performance models (Reference 2): 

 

where: 

   
   

  
   
   
   

   
 

The UE is a calculated strain limit for ZIRLO and Optimized ZIRLO cladding material which can 
be used as an alternative to the current 1% cladding strain limit. A comparison between the 
alternative, hydrogen-based UE strain limit and the current 1% cladding strain limit contained in 
Section 4.2 of the SRP (Reference 1) is shown in Figure 7-8. 

a,c 

a,c 
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Figure 7-8: 1% and Alternative Hydrogen-Based UE Strain Limit 
 

A sample analysis was performed to simulate the impact of a hydrogen-based transient cladding 
strain limit. The demonstration plant, which was selected because it is historically very limiting for 
transient cladding stress and strain, is a 3-loop, uprated core with high core average linear power 
(6.70 kW/ft). The plant uses 15x15 Upgrade fuel with Optimized ZIRLO cladding. The fuel rods 
contain both IFBA-coated and uncoated UO2 fuel pellets. 

As shown in Figure 7-9 below, the demonstration plant would experience [  
 ]a,c. With the 

hydrogen-based limit, the design criterion [  ]a,c. Note that the 
degradation of the UE strain limit can be seen starting at approximately [  ]a,c. 
This reflects the time in life when circumferential hydrides begin to form and the UE limit 
subsequently degrades. As discussed in Section 2.2, the decrease in LB strain limit coincides with 
a reduction in the UB strain because, as it depletes, the fuel experiences lower transient powers 
(and less thermal swelling) during a Condition II overpower transient. It should be noted that for 
this example, that the hydrogen-based strain limit [  ]a,c. 

a,c 
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Figure 7-9: Sample Strain Analysis for 1% and Hydrogen-Based Strain Limits 
 

a,c 
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8 CONCLUSION 

As the nuclear industry continues to increase fuel duty, optimize loading pattern development and 
incorporate new test data, there is often an unintended reduction in fuel performance margin. 
Design limits such as transient cladding strain should be data-driven and performance-based to 
optimize loading pattern development and preclude the implementation of burdensome 
operational limitations. The hydrogen-based transient cladding strain accomplishes these 
objectives. 

A hydrogen-based strain limit meets the NRC requirement for maintaining cladding integrity during 
Condition II overpower transient events, recovers margin at the historically limiting time in life, and 
explicitly accounts for the cladding strength and ductility loss with hydrogen pickup. 

The hydrogen-based strain limit developed in this topical report is comparable to the UE strain 
limit developed by PNNL in Reference 3. However, the proposed hydrogen-based strain limit was 
developed using only measured data for Westinghouse cladding materials. This hydrogen-based 
strain limit would be an alternative to the current transient cladding strain limit of 1%, as discussed 
previously, which can be applied to ZIRLO and Optimized ZIRLO cladding when using the PAD5 
fuel performance models in Reference 2. 
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