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Acronym

AFM
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DNB

EOL

FCM
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LHGR
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M-C
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uB

Nomenclature

Definition
Advanced Fuel Management
Anticipated Operational Occurrence

Combustion Engineering
Calculated-minus-measured

Departure of Nucleate Boiling

End of Life

Fuel Centerline Melt
Fission Gas Release

gadolinia-bearing UO2; Gadolinia-UO;, Gd203
Gigawatt Days per Metric Ton Uranium

Linear Heat Generation Rate

Mean Linear Intercept
Megawatt Days per Metric Ton Uranium
Measured-minus-calculated

United States Nuclear Regulatory Commission
Rod Internal Pressure

Specified Acceptable Fuel Design Limit
Safety Evaluation Report

Standard Review Plan

Square Root of the Sum of the Square
Steady-State

Transient Cladding Strain
Thermal-Hydraulic

Upper Bound
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ABSTRACT

The GALILEO licensing topical report is described in ANP-10323P-A (Reference 1) and
is intended to work within a complete suite of Framatome advanced codes and methods.
In pursuit of methods qualified for a variety of high burnup and high enrichment fuel
designs, four (4) GALILEO application methodologies, which are independent
(i.e., stand-alone, or decoupled) from other Framatome advanced codes and methods,
are presented in this supplement. The four methodologies are: fuel rod internal pressure,

cladding oxide thickness, fuel centerline melt limits, and transient cladding strain limits.

The development of these methodologies is [

] Demonstration

cases include a variety of Framatome fuel designs, namely, Advanced Fuel Management
(AFM) high burnup featured W17x17 (referred as AFM hereafter), W17x17, CE14x14,
and CE16x16.

The methods in this supplement provide a straightforward and efficient analysis process

with the results aligning with expectations.
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1.0 INTRODUCTION
The GALILEO code methodology is described in ANP-10323P-A (Reference 1). This

supplement presents the governing application methodologies [

] for:

rod internal pressure (RIP),

cladding oxide thickness,

fuel centerline melt (FCM), and

transient cladding strain (TCS).

These methodologies are independent (also referred to as “One GALILEO”) from other

Framatome advanced codes and methods. This supplement does not change the

approved GALILEO code models (Reference 1). [

Other fuel rod performance analyses that are used to demonstrate compliance of the
specified acceptable fuel design limits (SAFDLs) required by the regulation will not
change, including but not limited to cladding stress, cladding fatigue, and cladding creep
collapse.

1.1 Roadmap of One GALILEO Supplement

The following sections detail One GALILEO application methodology for fuel rod

analysis.
e RIP and cladding oxide thickness (Section 4.0)
e FCM (Section 5.0)

e TCS (Section 6.0)
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Included in each of the sections are [

] Each section ends with application examples to demonstrate the

analysis process for several PWR reactors [

]

1.2 Range of Applicability

Range of applicability for GALILEO was originally approved in Section 4.6 of

Reference 1 and extended to include higher uranium enrichment [
] to support applications of increased enrichment (Reference 16) and

[ ] This range of applicability remains

unchanged for One GALILEO methodologies.
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2.0 SUMMARY

This supplement provides general description and justification of analytical
methodologies for evaluating rod internal pressure, cladding oxide thickness, fuel
centerline melt, and transient cladding strain which are independent from other

Framatome advanced codes and methods.

Rod internal pressure and cladding oxide thickness analyses are performed [

] Demonstration cases are performed for four Framatome fuel designs,

namely, AFM, W17x17, CE14%x14, and CE16x16. This new method provides a

straightforward and efficient analysis process.

] Demonstration cases for two fuel designs, AFM and

CE14x14, are performed. The results align with expectations and confirm appropriate

analytical choices in the methodology.
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3.0 REGULATORY REQUIREMENTS AND ACCEPTANCE CRITERIA
3.1 Rod Internal Pressure

The United States Nuclear Regulatory Commission (NRC) Standard Review Plan

(SRP, Reference 3), Chapter 4.2, SRP Acceptance Criteria 1.A.vi defines the regulatory
requirements for fuel rod internal pressure (RIP). The allowable rod internal pressure
limit for normal operation is defined in Section 3.1 of Reference 1. The limit is set to

ensure that the following criteria are met:
e No clad liftoff during normal operation
¢ No reorientation of the hydrides in the radial direction the cladding

e A description of any additional failures resulting from departure of nucleate boiling

(DNB) caused by fuel rod overpressure during transients and postulated accidents

The third criterion applies to accident conditions (DNB) and follows a separate method,
which references other existing NRC approved Topical Reports as discussed in
Section 4.5.

The supplement does not address rod pressure limits when fuel assemblies are out of

the reactor, such as rod pressure in a spent fuel pool or dry storage conditions.

3.2 Cladding Oxide Thickness

The NRC SRP (Reference 3), Chapter 4.2, SRP Acceptance Criteria 1.A.iv defines the
regulatory requirements for oxidation, hydriding, and the buildup of the corrosion

products. GALILEO topical report in Reference 1 specifies oxide thickness (also known
as corrosion) limit for M5framatome cladding is [ ] for normal operation

(Section 3.1 of Reference 1).
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3.3 Fuel Centerline Melt

The NRC SRP (Reference 3), Chapter 4.2, SRP Acceptance Criteria 1.B.iv defines the
regulatory requirements for overheating of fuel pellets. For normal operations and

AQOQOs, centerline fuel melting is not permitted.

3.4 Transient Cladding Strain

The NRC SRP (Reference 3), Chapter 4.2, SRP Acceptance Criteria 1.B.vi defines the
regulatory requirements for pellet/cladding interaction. Two related criteria should be
applied. The first criterion limits uniform strain of the cladding to no more than 1% as
established in M5rramatome cladding Topical Report (Reference 4). In this context, uniform
strain (elastic and inelastic) is defined as transient-induced deformation with gauge
lengths corresponding to cladding dimensions; steady-state creep down and irradiation

growth are excluded. The second criterion states that fuel melting should be avoided.
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4.0 ROD INTERNAL PRESSURE AND CLADDING OXIDE THICKNESS

The statistical methodology to evaluate the fuel rod internal pressure and cladding

corrosion using GALILEO is described in Section 3.4 of Reference 1. The methodology

is constructed to [ ]

The methodology developed herein [

For each fuel batch that will be operated in the cycle of interest, [
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Table 4-1 describes the analytical methodology and the technical basis supporting each
calculation action. Additional discussions for certain actions as needed are provided in

the sections that follow.
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Table 4-1
Rod Internal Pressure and Corrosion Methodology and Technical Basis
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4.1 Power Uncertainty Application

Power uncertainties of reactor power measurement and local power distribution

uncertainties are required for GALILEO statistical analyses as discussed in

Section 5.2.2 of Reference 1. The local power distribution uncertainty [

] Each of the three

power uncertainties are addressed below for One GALILEO method development.

41.1 Reactor Power Measurement Uncertainty

The overall reactor power measurement uncertainty depends on the core monitoring

equipment and is typically obtained from the reactor utility. A [

41.2 Local Power Distribution Uncertainties

As stated in Section 5.2.2.2 of Reference 1, local power distribution uncertainties are

[
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41.3 Total Power Uncertainty Allowance

The impacts of uncertainties from core power measurement and local radial power

distribution on rod power [



Framatome Inc. ANP-10323, Revision 1
Supplement 1NP, Revision 0

One GALILEO Fuel Rod Thermal-Mechanical Methodology for Pressurized Water Reactors

Topical Report Page 4-8

Table 4-2
Typical Total Power Uncertainty Allowance
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4.2 Upper Bound FGR Model Combined with Power Uncertainties

Plots in Figure 4-1 and Figure 4-2 demonstrate the extent of this conservative approach,

where:
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Figure 4-1
C-M RIP with Only ADIFF123
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Figure 4-2
C-M RIP with ADIFF123 and Power Uncertainty
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4.3 Fuel Rod Design Parameters

The impact of manufacturing uncertainties and tolerances on the rod pressure [

Fuel grain size range that is approved by NRC in Reference 1 is from [ ]

microns (mean line intercept (MLI), Section 1.2 of the SER of Reference 1). The current

Framatome product design specifications define the pellet grain size to a range of
[ ] microns and is typically around [ ] microns based on historical

measurement data collected since the past decade.
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Table 4-3
Comparsion of RIP (MPa): Applying Individual Uncertainty and One
GALILEO
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4.4 Application Examples

Application examples are provided to demonstrate the One GALILEO methodology to

evaluate fuel rod internal pressure and cladding oxide thickness for several PWR

reactors [ ]

The sample cases are selected to represent a wide range of fuel rod designs and
reactor core operating conditions. All fuel rods use M5framatome cladding.
Four cases are presented.

e 14x14 fuel rod for up to three 24-month cycles in a Combustion Engineering (CE)

reactor
e 16x%16 fuel rod for up to three 24-month cycles in a CE reactor

e 17x17 GAIA design fuel rod for up to three 18-month cycles in a Westinghouse (W)

reactor

e 17x17 with Framatome’s AFM GAIA design fuel rod for up to three 18-month cycles

in a W reactor

Representative core design parameters and fuel rod characteristices for CE,
Westinghouse, and AFM designs can be found in Sections 6.1.1, 6.1.3, and 6.1.4,

respectively, of Reference 1. [
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[

] the corresponding One GALILEO base model is constructed using [
] Appropriate model and power

uncertainties [ ] are incorporated

into the base model to build One GALILEO input file following the calculation methods
outlined in Table 4-1.

Each figure shown in Figure 4-4 through Figure 4-7 represents [

] for the selected fuel designs listed

above. Limiting results of RIP and cladding oxide thickness for UO2 rods are
summarized in Table 4-4 and Table 4-5, respectively. Plots of fuel fission gas release

and rod internal pressure as a function of rod average burnup are provided in Figure 4-8

through Figure 4-15 [ ]
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Table 4-4
UO:2 Rod Internal Pressure Results
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Table 4-5
UO:2 Rod Cladding Oxide Thickness Results
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Figure 4-3
M5Framatome Corrosion Validation Database
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Figure 4-4
Limiting UO2 Rod Power History for AFM
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Figure 4-5
Limiting UO2 Rod Power History for CE14x14
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Figure 4-6
Limiting Gad Rod Power History for AFM
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Figure 4-7
Limiting Gad Rod Power History for CE14x14
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Figure 4-8
AFM: UO2 Rod FGR as Function of Rod Average Burnup
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Figure 4-9
AFM: UO2 Rod RIP as Function of Rod Average Burnup
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Figure 4-10
AFM: Gad Rod FGR as Function of Rod Average Burnup
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Figure 4-11
AFM: Gad Rod RIP as Function of Rod Average Burnup
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Figure 4-12
CE14x14: UO2 Rod FGR as Function of Rod Average Burnup
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Figure 4-13
CE14x14: UO2 Rod RIP as Function of Rod Average Burnup
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Figure 4-14
CE14x14: Gad Rod FGR as Function of Rod Average Burnup
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Figure 4-15
CE14x14: Gad Rod RIP as Function of Rod Average Burnup
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4.5 DNB Propagation

Section 4.2 of SRP guidance (Reference 3) specifies the assessment of DNB

propagation.

DNB propagation occurs when a fuel rod enters DNB and its internal pressure exceeds
system pressure by a sufficient amount that is dependent on the cladding temperature,
potentially causing overheating, cladding ballooning, and restricted coolant flow, leading
to additional fuel failures. However, DNB propagation is limited by factors such as the
severity of rod swelling, increased cooling surface due to swelling, adjacent rods being
near the critical heat flux (CHF) limit, and the time delay before failure, allowing reactor

trip to mitigate risks.

Framatome’s DNB propagation methodologies are described in Section 6.8.4 of
Reference 13 and Section 9.1.4.5 of Reference 15. This conservative methodology is
independent of the magnitude of fuel rod overpressure. In addition, for Framatome’s fuel

rod designs, particular in high burnup fuel management plans, the predicted rod

pressure [

] This reinforces the degree of

conservatism in the methods from Reference 13 and Reference 15.

To evaluate DNB propagation for postulated accidents, approved DNB propagation
methods such as Reference 15 may be used. Alternatively, the existing facility-owned
DNB propagation analysis of record may continue to be used with NRC’s approval of
the Licensee’s Licensing Amendment Request and the like process for established

plants.
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5.0 FUEL CENTERLINE MELT

[ ] are

calculated for all fuel types - UO2 and gadolinia (one gad concentration is counted as

one fuel type) in the core across the licensed burnup range.

Key aspects of the methodology include:

e Steady-state power history selection

e Fuel design and thermal-hydraulic conditions
e Transient power ramp conditions

e Fuel melt temperature

e Uncertainty application

These aspects are defined in the following sections, followed by application examples to

demonstrate the FCM method and calcuaiton process.

5.1 Steady-state Power History

Consistent with sample case calculation from [ ] method in

Reference 2 (Section 12.3.2), [
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Fuel melt temperatures are dependent on the local burnup and maximizing the local

burnup produces conservative fuel melt limits. To assure that conservative LHGR to

melt limits are always calculated, [
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Figure 5-1
Generic Steady-State Axial Power Shape
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5.2 Fuel Design and Thermal-Hydraulic Conditions

[

] are primarily a function of the local burnup

and fuel thermal conductivity. Small variations in fuel design data and TH conditions do

not significantly impact [ ] Experience has also shown the [
This further supports the use of [ ]
5.3 Transient Power Ramp

With the SS power history [
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Figure 5-2
Generic Transient Axial Power Shape
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54 Fuel Melt Temperature

GALILEO fuel melt temperatures are defined in the theory manual of the GALILEO
code. These are the best-estimate melt temperatures. Uncertainty application is

discussed in Section 5.5.

For UOz2 fuel the equation is:

_For gadolinia fuels the following equations are used:

In the case that One GALILEO is used in conjunction with Reference 17 to support
application of Chromia-doped fuel, fuel melt temperatures and the uncertainty specified

in Reference 17 should be used.

5.5 Uncertainty Application

[ ] uncertainty factors are applied in the calculation of the LHGR to melt limits:
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This temperature prediction uncertainty [ ] is applied to reduce

the uncertainty adjusted fuel melt temperature (in Kelvin). The following example shows

the application for UOz2 fuel.

I |

[

] Using the same GALILEO

calibration/validation database, [

] It can be observed that there is a very good agreement
between [ ] prediction and the experimental data as stated in

Section 4.3.2 of Reference 1. [
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This uncertainty approach aligns with [

] (Reference 2 Section 4.6.3). It also aligns with the approved

methodology for [



Framatome Inc. ANP-10323, Revision 1
Supplement 1NP, Revision 0

One GALILEO Fuel Rod Thermal-Mechanical Methodology for Pressurized Water Reactors

Topical Report Page 5-9

Figure 5-3
[ ] Uncertainty for FCM Method
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Figure 5-4
Comparison to Fuel Melt Experiment (UO2)
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Figure 5-5
Comparison to Fuel Melt Experiment (Gad)
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5.6 Application Examples

To test and demonstrate the FCM method, two different fuel designs are evaluated,

CE 14x14 and AFM W17x17, which are representative of [

] among Framatome’s PWR reactors. Descriptions of the core

design parameters and fuel rod characteristics can be found in the application examples

performed for rod internal pressure and corrosion documented in Section 4.4.

] the corresponding One GALILEO base model is constructed [

] The fuel melt limit and uncertainties are discussed in

Sections 5.4 and 5.5. Both UO2 and gad rods are analyzed for the two designs.

The FCM limit analysis closely follows the calculation process used [
] The calculation is performed at a series of
burnup steps by [
] The process is carried out at specified burnup

intervals over the approved burnup range [

Figure 5-6 and Figure 5-7 present calculated FCM limits (short for LHGR to melt limits)
for AFM and CE14x14 designs, respectively. Figure 5-8 [
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Figure 5-6
Calculated FCM Limits for AFM
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Figure 5-7
Calculated FCM Limits CE14x14
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Figure 5-8
Comparison of UO2 FCM Limits
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6.0 TRANSIENT CLADDING STRAIN

[

] - UO2 and gadolinia (one gad

concentration is counted as one fuel type) [

Key aspects of the methodology include:

Steady-state power history selection

e Fuel design and thermal-hydraulic conditions
e Transient power ramp conditions

e Cladding strain limit

e Uncertainty application
These aspects are defined in the following sections.

6.1 Steady-State Power History

Consistent with sample case calculation from the COPERNIC TCS method in

Reference 2 (Section 12.4.2), |
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To assure that conservative TCS limits are always calculated, [

] This
application along with the technical basis are identical to that described in Section 5.1
for [ ]

6.2 Fuel Design and Thermal-Hydraulic Conditions

Consistent with the fuel melt method described in Section 5.2, [

6.3 Transient Power Ramp

With the SS power history [
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Due to the strong temperature dependence of fuel creep and dish filling, [
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Figure 6-1
Additional Transient APS for TCS Analysis
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6.4 TCS Limit

The TCS limit for M5rramatome cladding is 1% (Section 3.4). For comparison to this limit,

__the clad strain is calculated with the following equation:

The strain increment due to irradiation growth and creep is negligible across the short

time frame of the transient ramp [

For some combinations of burnup and initial power, the fuel melt limits are more
restrictive than the cladding strain limits. When this occurs the nodal power change
limits are based on the LHGR to melt limits. This is conservative and meets the dual

criteria for the pellet-to-cladding interaction discussed in Section 3.4.
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6.5 Uncertainty Application

Like the FCM method described in Section 5.5, the uncertainty application for the TCS
limits is based on the GALILEO code prediction uncertainty. [

This uncertainty is added to [

]




Framatome Inc. ANP-10323, Revision 1
Supplement 1NP, Revision 0

One GALILEO Fuel Rod Thermal-Mechanical Methodology for Pressurized Water Reactors

Topical Report Page 6-7

Figure 6-2
[ ] Uncertainty for Clad Strain Application
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6.6 Application Examples

Evaluation of the TCS limits begins with the FCM limits calculation described in

Section 5.6. [

The next step of the process begins to [

The process described above must be performed [
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Figure 6-3 through Figure 6-7 show [

Figure 6-7 [

] The AFM with higher burnup is slightly lower as expected.



Framatome Inc. ANP-10323, Revision 1
Supplement 1NP, Revision 0

One GALILEO Fuel Rod Thermal-Mechanical Methodology for Pressurized Water Reactors

Topical Report Page 6-10

Figure 6-3
AFM UO:2 TCS Limits
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Figure 6-4
AFM 10wt% GAD TCS Limits
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Figure 6-5
CE14x14 UO2 TCS Limits
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Figure 6-6
CE14x14 8wt% GAD TCS Limits
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Figure 6-7
Comparison of UO2 TCS Limits at End of Life
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