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Recommendations for Revision to MRP-227 Requirements 
for Westinghouse Plants Implementing Flexible Operation 

1 Background and Introduction 

Wind and solar electric power generation penetration into the electric grid of a number of domestic and 

foreign utilities operating nuclear power plants has occurred in recent years, to the extent that these 

utilities have considered operating their nuclear power plants as load-following units. Several plants have 

already begun flexible operation, reducing power output in response to the needs of the local electric grid. 

This new operational characteristic is in response to the intermittent nature of electric power generation of 

renewables, such as wind and solar without energy storage. Prior to this, most nuclear plants operated as 

base-loaded units-that is, they supplied electricity at a constant rate for a lengthy period of time (months 

to years). 

Even though domestic nuclear power plants were originally designed to be load-following units, this was 

assuming a 40-year design life for the plants. Now, most plants will be operated up to 60 years, and some 

utilities are considering operating select plants to 80 years. To support the first period of extended 

operation (PEO) the Electric Power Research Institute's (EPRI) Materials Reliability Program (MRP) 

developed inspection and evaluation (I&E) guidelines for the reactor vessel internals. These l&E 

Guidelines exist as both a Nuclear Regulatory Commission approved version (MRP-227-A [I]) and an 

updated MRP-227, Revision I [2]. These two documents specifically limit their applicability to plants 

that have operated and continue to operate as base load units (see Section 2.4 of either document). 

For a plant where flexible operation has been implemented either currently or in the past,,the utility 

currently must either perform a plant-specific justification for why this applicability criterion has been 

met or has to develop its own plant-specific reactor vessel internals aging management program to meet 

the requirements of license renewal. 

The objective of this report is ,to document work that was done by the MRP to provide a more generic 

solution for plants that have implemented or plan to implement flexible operations. The first part of the 

work included evaluations of the existing fatigue calculations for two pilot plants-one 3-loop design 

plant and one 4-loop design plant. The second part of the work scope used simulations performed with 

the MRP-230 functionality analysis finite element model (FEM) of a Westinghouse-designed 3-loop 

downflow plant [3] [ 4] to determine the impact of several flexible operation scenarios on the baffle

former bolts (BFBs). The data gathered from the FEM runs was then processed to evaluate the amount of 

fatigue damage the BFBs would accumulate during flexible operation. 

A previous evaluation [5] concluded that the BFBs are the component in the Wesiinghouse-designed 

reactor internals that is most susceptible to the fatigue effects of flexible operation. The report also 

concluded that the CE-designed reactor vessel internals are substantially less susceptible to flexible 

operation than the Westinghouse-designed internals due to the lack of BFBs and would not be impacted 

by flexibie operation as long as the CE unit operates within its design transient cycles. Based on this 

previous evaluation, the focus of the current work was directed at evaluating the Westinghouse-designed 

BFBs. 
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This report contains a summary of the basis evaluations and simulations performed and recommendations 

for how MRP-227-A/Revision 1 should be modified for use at a plant using flexible operation. This 

includes limitations on the amount and rate of flexible operation that should be implemented. It also 

includes some more restrictive I&E guideline requirements for plants that have used or are using flexible 

operation. 
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Flexible operation has been implemented for plants from both US and international utilities, particularly 

in countries where renewable energy sources like wind and solar have grown to account for a significant 

percentage of the electricity used [5]. For this report, base load operation is defined as operation without 

any power reductions for the purpose of following the needs of the grid, whether those operations are 

daily, weekly, monthly, or some other frequency. Power reductions due to reactor trips, fuel outages, and 

other transients covered in the design basis are included in this definition of base load. 

Three different flexible operation transients were evaluated in the work documented in this report: 

1. Power range for load change: 100% - 80%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 80% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 

2. Power range for load change: 100% - 70%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 70% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 

3. Power range for load change: 100%- 30%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 30% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 

The first two transients represent potential electrical grid related requirements that could be placed on 

plants that have previously operated as base load generating units [5]. Flexible operation consistent with 

the 100% to 80% and 100% to 70% cases has already been implemented at some utilities. Note that the 

rate of change in thermal power for both decrease and increase used for the test cases in this work bounds 

that expected in actual operation-up to 2% thermal power per minute.[ 5]. 

The third transient is somewhat based on recent Organization for Economic Cooperation and 

Development (OECD) documentation discussing load control issues for the European electrical grid. In 

this case, the significant implementation of renewable resources could lead to a need for larger range 

flexible operations. 

The hold times assumed at either the peak power or the minimum power of each transient are not critical 

variables to the evaluation as long as the hold time is sufficient to achieve the full impact of the flexible 

operation event [5]. The previous evaluation of flexible operation documented in [5] concluded that hold 

times of six hours were sufficient to achieve the full impact. It is likely that shorter times are also 

adequate, and it is conservative to assume that even short dwell times result in the full impact of the 

flexible operation event. 

The first and third transients are similar to those evaluated in a previous EPRI report [5]. In that report, 

the exact transients considered were as follows: 

1. Power range/or load change is limited to (100% - 80%) thermal power at a rate of 1% thermal 

power/min to 2% thermal power/min. Plant remains at 80% thermal power for a minimum of 6 

hours before rising in power to 100%. 

••• This record was final approved on 12/5/2018 1 :27:48 PM. (This statement was added by the PRIME system upon its validation) 
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2. The unit shall drop load from 100% thermal power to a minimum load of 30% thermal power 

(the lowest power from which minimal plant actions are needed to rise to JOO% thermal power) 

at a rate of 5% of thermal power/min, hold at 3 0% thermal power for 6 hours, then rise to J 00% 

thermal,· power at 5% of thermal power/min. 

That previous report [5] also documented the results of an investigation of the design documents for the 

Westinghouse and CE operating fleet to determine if flexible operation transients were accounted for in 

the plant design. This report concluded that flexible operation (unit loading and unloading) and extended 

reduced power operation are not new to the nuclear industry. Plant Updated Final Safety Analysis 

Reports (UFSAR) record that the original conservative design basis assumption for the majority of the 

Westinghouse and CE fleet was that the units would undergo flexible operation from 15% or 50% to 

100%, at a maximum rate of 5% per minute, remain at 100% power for a period of time, reduce power 

from 100% to 50% or 15% and remain at 50% or 15% for a period of time, typically 6 hours, and then 

return to 100% power. This cycle could be repeated on a daily basis. 

In the United States, even though the Westinghouse and CE units were designed for flexible operation, 

they have operated at 100% rated thermal power for the majority of the plant operating life. Based on a 

40-year plant life and depending on the vintage of the plant, either 18,300 (Westinghouse fleet), 15,000 

(CE fleet) or 13,200 (Westinghouse fleet) flexible operation cycles were typically accounted for in the 

structural stress and fatigue analyses. This corresponds to a plant availability factor of 90% or greater for 

40 years. Because the plants in the U.S. have operated as base load units, very little of this cycle 

allowance has been used. Even in cases where major components such as the steam generators have been 

replaced or where an uprating was performed, the plant design basis was updated to maintain the flexible 

operation capability. 

Reference [5] also evaluated the environmental factors that could change during flexible operation and the 

impact that they could have on the system. The three parameters investigated were the reactor coolant 

system flow rate, pressure, and temperature. The volumetric flow rate is essentially constant during a 

flexible operation unit loading or unloading event, since the reactor coolant pumps are volumetric flow 

devices and maintain a constant flow. Likewise, the pressure is constant during a unit loading or 

unloading event because the pressurizer is designed to maintain a constant pressure in the system. Thus, 

the main parameter changing during flexible operation is the temperature in the vessel (inlet, outlet, or 

average). These temperature changes result in differential thermal loads occurring on components. Near 

the fuel, variations in the local gamma heating can also occur and add to the differential thermal loads. 

For components affected by gamma heating, the core design can have a significant effect. A high leakage 

core will result in more gamma heating in the baffle-former-barrel region of the internals [3], while a low 

leakage core will result in less gamma heating. Essentially all of the Westinghouse and CE fleet has 

incorporated low leakage core designs, which minimize the effects of gamma heating. The smaller 

amount of gamma heating associated with low leakage core designs minimizes changes in gamma heating 

that can occur during flexible operation, causing smaller displacements and stresses in the affected 

components [5]. 

Intuitively, the smaller flexible operations ranges result in smaller impacts on the reactor vessel internals. 

This still leaves the question:. "at what level of power variation and power change rate does the flexible 
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operation have an impact on the reactor vessel internals?" For those cases that have an impact, the next 

question is: "how many cycles can be tolerated without increased concern for fatigue-related aging 

degradation?" These questions were addressed using the FEM during the second part of the work 

described in this report. 

The exact number of transients applicable to a given plant for each of the flexible operation cases will 

vary, as will the plant-specific impact of the transients. The work documented in this report could not 

evaluate every operating plant, so the results presented here cannot be considered bounding and is not 

intended to change plant design basis. Conservatism was applied to the evaluations conducted under each 

of these cases so that they can be considered conservative indications of the effect of flexible operation. 

A plant using flexible operation can use the thresholds for increased fatigue-related degradation potential 

provided in this report to manage aging degradation of the reactor vessel internals. 

••• This record was final approved on 12/5/2018 1 :27:48 PM. (This statement was added by the PRIME system upon its validation) 
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As discussed in Section 1, both MRP-227-A [1] and MRP-227, Revision 1 [2] limit the applicability of 

the reactor vessel internals I&E guidelines to plants that have operated as base load units. This is 

described in the guidelines applicability portion of each document, contained in Section 2.4: 

MRP-227-A, Section 2.4 [1]: 

The guidelines are based on a broad set of assumptions about plant operation, which 

encompass the range of current plant conditions for the US. domestic fleet of PWRs. The 

functionality assessments and supporting aging management strategies in MRP-231 [6} 

and MRP-232 [7} provide the basis/or these guidelines. These evaluations were based 

on representative configurations and operational histories, which were generally 

conservative, but not necessarily bounding in every parameter. 

General assumptio1J,s used in the analysis include: 

• Base load operation, i.e., typically operates at fixed power levels and does not 

usually vary power on a calendar or load demand schedule 

MRP-227, Revision 1, Section 2.4 [2]: 

The guidelines are based on a broad set of assumptions about plant operation, which 

encompass the range of current plant conditions for the domestic fleet of PWRs. The 

engineering evaluations and assessments and the resultant supporting aging management 

strategies in MRP-231 [6} and MRP-232 [7} provide the basis for these guidelines. These 

evaluations were based on representative configurations and operational histories, which 

were generally conservative, but not necessarily bounding in every parameter. 

Users of these guidelines are expected to confirm with reasonable assurance that each 

reactor managed with the guidelines satisfies the assumptions discussed as follows. 

General assumptions used in the analysis include: 

• The power plant has operated for the majority of its lifetime as a base-loaded unit 

and is currently operating as a base loaded power plant, in that the unit operates at 

fixed thermal power levels and does not usually vary power on a calendar or load 

demand schedule; 

These requirements were intended to address the potential for increased fatigue damage to those 

components susceptible to fatigue. The fatigue susceptibility of the reactor vessel internals components 

was determined through the screening evaluation documented in MRP-191 [8]. The components screened 

in for fatigue for the Westinghouse internals are summarized in Table 3-1. These tables also list the final 

categorization applied to the components by the expert panel. The panel determined that among these 

components subject to potential fatigue degradation, only a limited list of components should be assigned 

to the highest risk category, "C". For the Westinghouse internals, the guide plates/cards, Alloy X-750 

guide tube support pins, baffle-edge bolts, BFBs, and barrel-former bolts were assigned to Category C. 
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Table 3-1: Westine:house Reactor Vessel Internals Components Screened in for Fatie:ue I 8] 
Component Material MRP-191 Category 

Control rod f!Uide tube (CRGT) assemblies and/low downcomers 

Flanges, intermediate 
304SS A 
CF8 A 

Flanges, lower 
304SS A 
CF8 B 
304SS C 

Guide plates/cards 316LSS C 
CF8 C 

Guide tube support pins 
X-750 C 
316SS A 

Uooer core plate and fuel alif(nment pins 
Upper core plate 304SS B 

Protective skirt bolts 316SS A 

Uooer suooort column assemblies 
Bolts 316SS A 

Unner sunnort plate assemblv 
Inverted top hat flange 304SS A 

Upper support ring or skirt 
304SS B 
CF8 B 

Baffle and Former assembly 

Baffle-edge bolts 
316SS C 
347SS C 

Baffle-former bolts 
316SS C 
347SS C 

Barrel-former bolts 
316SS C 
347SS C 

Bottom-mounted instrumentation (BM/) column assemblies 
BMI column bodies 304SS B 

BMI column bolts 316SS A 

BMI column extension tubes 304SS B 

BMI column nuts 304SS A 

Core barrel 
Core barrel outlet nozzles 304SS B 

Irradiation specimen f!Uides 
Irradiation specimen guide bolts 316SS A 

Lower core plate and fuel alif(nment pins 
Lower core plate, fuel alignment pin bolts 316SS A 

Lower core plate 304SS B 

XL lower core plate 304SS B 

Lower supoort column assemblies 

Lower support column bolts 
304SS B 
316SS B 

Neutron panels/thermal shield 
Neutron panel bolts 316SS A 

Thermal shield bolts 316SS A 

Thermal shield flexures 
304SS B 
316SS B 
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The screening and categorization performed by the expert panel and documented in MRP-191 [8] was 

used in MRP-232 [7] and MRP-227 [1] [2] to create a reduced list ofreactor vessel internals components 

that require further aging management due to potential degradation. Table 3-2 in MRP-227 provides a 

summary of the final disposition of the CE internals components and Table 3-3 in MRP-227 provides the 

same for the Westinghouse internals components. These tables list the highest risk components and show 

which degradation mechanisms are applicable for those components. The tables further rank the 

components and their degradation mechanisms by listing which degradation mechanisms are considered 

leading indicators (Primary) or trailing indicators (Expansion) or no additional measures. 

The following Westinghouse internals components were categorized for fatigue in MRP-227 [1] [2]: 

• Primary Components for fatigue 

0 CRGT lower flanges 

0 Baffle-edge bolts 

0 Baffle-former bolts 

0 Thermal shield flexures 

• Expansion Components for fatigue 

0 Upper core plate 

0 Barrel-former bolts 

0 BMI column bodies 

0 Core barrel outlet nozzle welds 

0 Lower support column bolts 

• Existing Components for fatigue 

0 Guide tube support pins (X-750) 

0 Upper support ring or skirt 

0 Lower core plate 

0 XL lower core plate 

Impacts to these lead components for fatigue must be considered ifMRP-227 is to be updated to address 

plants that do not meet the base load applicability criterion. The results of the pilot plant study and the 

modeling of the BFBs will be used in this report to draw conclusions about the effects of flexible 

operation on these components and their MRP-227 I&E requirements. 

Note that efforts are currently underway to update MRP-227 for subsequent license renewal (SLR). Since 

most of this work has not yet been published, it has not been considered for the evaluations here. The 

only part of the SLR work that has been published so far is the screening threshold document, MRP-175, 

Revision 1 [11]. The screening threshold for fatigue was changed in MRP-175, Revision 1 to account for 

the potential impact of environmental effects. The screening threshold in MRP-175, Revision O [1 OJ was 

a cumulative usage factor (CUF) of 0.1 at 40 years (for evaluations for the first period of extended 

operation to 60 years). The potential effects of environmentally-assisted fatigue (EAF) could reduce the 

fatigue life of reactor vessel internals components by a factor of 14. This resulted in the fatigue screening 

threshold being a CUF at 40 years of 0.036, when considering 80 years of operation. Significantly more 

components will be screened in for fatigue because of this smaller screening threshold. However, the lead 

components listed in this section will also be affected by EAF and are expected to remain the lead 

components. Thus, it is not necessary to consider the effect of EAF when determining the lead 

*** This record was final approved on 12/5/20181:27:48 PM. (This statement was added by the PRIME system upon its validation) 



Westinghouse Non-Proprietary Class 3 
Enclosure to MRP 2019-002 

Page 10 of35 
LTR-AMLR-17-39, Rev. 1 

March 6, 2019 

component affected by flexible operation. Consideration ofEAF as done for the screening criteria of 
MRP-175, Revision 1 also provides conservatism to the evaluations documented in this report, which can 

account for design differences. 
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4 Description of the Work Performed and Summary of Results 

As noted in Section 1, this work scope was divided into two subtasks. The first part of the work scope, 

Subtask A, evaluated existing fatigue calculations for a 3-loop and a 4-loop plant. The second part of the 

work scope, Subtask B, simulated the impact of hypothetical flexible operation events on the BFBs using 

the MRP-230 functionality analysis finite element model (FEM) of a 3-loop downflow configuration 

plant [3] [ 4]. The approach and the results from these tasks will be described in this section. 

4.1 Results of Subtask A 

The purpose of this subtask is to determine which reactor vessel internals components could be affected 

by flexible operation and to what extent they may be affected. This was achieved by evaluating the 

available CUF data for two 3-loop plants and one 4-loop plant [9]. The 3-loop plants were included to let 

the results of Subtask A directly support the finite element modeling conducted on the 3-loop 

functionality analysis model for Subtask B. One of the 3-loop plants considered has performed a large 

extended power uprate, so this evaluation also included the impacts of that power uprate. The 4-loop 

plant used in the pilot plant evaluation was selected to represent the known 4-loop plants that have 

already implemented flexible operations. 

The first step was to gather the existing CUF information from the selected pilot plants. The results of 

this data gathering is summarized in Table 4-1 for 3-loop Plant A, Table 4-2 for 3-loop Plant B, and Table 

4-3 for the 4-loop plant. Each of these has specific characteristics that it contributes to the information 

needed to update MRP-227. Plant A represents a base 3-loop case without a power uprate. Plant B 

includes data for two components, the upper core plate and lower core plate, which were evaluated for an 

extended power uprate. Finally, the 4-loop plant represents plants that have already implemented flexible 

operation. The 4-loop plant also provides data for 60 years of operation when the margin in the original 

fatigue calculations has been reduced by projecting future fatigue usage based on past experience. 

The data in Table 4-1, Table 4-2, and Table 4-3 do not provide the actual calculated CUF values. Rather 

the components have been assigned to CUF bins: 

• CUF at 40 years~ 0.7 

• 0.7 > CUF at 40 years~ 0.4 

• 0.4 > CUF at 40 years~ 0.1 (based on MRP-175, Revision O screening criterion [10]) 

• 0.1 > CUF at 40 years~ 0.036 (based on MRP-175, Revision 1 screening criterion [11]) 

• CUF at 40 years< 0.036 

These bins are essentially arbitrary, since the Revision O number supports screening to 60 years of 

operation and includes less effect from EAF, while the Revision 1 number supports screening for 80 years 

of operation and includes EAF per the guidance ofNUREG-6909 [12]. However, applying these bins is 

still useful because it provides some differentiation between lead and trailing items for fatigue and 

because it is consistent with the CUF values that have been or will be used in the various versions of 

MRP-227. Note that the values presented in these three tables are for specific plants meant to be 

representative of the operating PWR fleet but are not meant to be generically bounding. The results in the 

tables provide some relative information between the plant cases evaluated, and more importantly provide 

relative information on the fatigue usage for components within a given plant. 

*** This record was final approved on 12/5/2018 1 :27:48 PM. (This statement was added by the PRIME system upon its validation) 
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Table 4-1: Cumulative Fatigue Usage for Pilot 3-Loop Plant A [9] 

Item Component /Location (Section) 
No. 

1 Lower Core Support Plate - Inner Perforated Region 

Transition Region 

Lower Support Plate/Core Barrel Weld Joint 

2 Lower Core Plate - Perforated Region 

Lower Core Plate - Screws 

Fuel Guide Pins 

3 Lower Support Column - Body 

Lower Support Column - Screws 

Lower Support Column - Extension 

4 Core Barrel 

- Middle Barrel Middle Girth Welds 

- Upper Barrel- Upper Girth Weld 

- Barrel Nozzle 

- Barrel Flange 

5 Baffle Assembly 

Former 

Baffle Former Bolts 

6 Lower Radial Key - Key base 

Key ( 45° Plane) 

Bearing Area 

Weld 

Clevis Insert Flange 

Dowel Pin 

Clevis Insert 

Bolts 

7 Upper Support Assembly 

Perforated Plate ( center) 

Perforated Plate (outmost ligament) 

Skirt Cylinder 

Flange bearing area 

8 Upper Core Plate and Fuel Pins 

Upper Core Plate Rim Section 0° and 180° 

Fuel Pins 
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Usage Factor Range 

< 0.036 
<0.036 

0.036 - 0.1 

> 0.7 

<0.036 

< 0.036 

0.4 - 0.7 

:'.S0.036 

< 0.036 

<0.036 

0.1 -0.4 
> 0.7 

0.036 - 0.1 

0.036 - 0.1 

<0.036 

< 1.0 bv test 

0.036 - 0.1 

< 0.036 

< 0.036 

0.036 - 0.1 

< 0.036 

:'.S0.036 

0.036 - 0.1 

< 0.036 

0.036 - 0.1 

< 0.036 

> 0.7 

< 0.036 

<0.036 

0.036 - 0.1 
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Table 4-1: Cumulative Fatigue Usage for Pilot 3-Loop Plant A (9] (cont.) 

Item Component /Location (Section) 
No. 

9 Upper Support Columns 

Base Leg Column Body to Leg 

Column Body to Base Weld 

Column Body to Top Weld 

Base Bolts & Bearing Areas Bolt Shank 

Base Bolts & Bearing Areas Bolt Threads 

Column Top & Extension Top to Extension Weld 

Column Top & Extension Bottom of2.25" I.D. 

Column Top & Extension Top of 2.25" I.D. 

Column Top & Extension Top of Thread Relief 

Column Top & Extension Thread 

10 Instrumentation and Secondary Core Support Structure 

Weld 

Bolts 

11 Core Plate Alignment Pin 

Pin Body 

Barrel W eldment 

Barrel Pad Weld 

12 Neutron Panel/Thermal Shield 

Neutron Panel Barrel Bolts 

13 Guide Tubes 

Bottom Flange - 90° Sheath Weld 

Lower Guide Plate - 90° Sheath Weld 

Bottom Flange - Split Tube Weld 

Intermediate Guide Plate- Enclosure Weld 

Lower Guide Plate - Enclosure Weld 

Bottom Flange - Enclosure Weld 

Intermediate Flange - Enclosure Weld 

Support Pin, Leaf 

Support Pin, Pin Shank 

Mating Flow Slot Corner Beams 

Mating Flow Slot 2" Ligament 

Enclosure Seam Weld 

Enclosure at Guide Plate Cutout 

Enclosure Solid Section 
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Usage Factor Range 

< 0.036 
< 0.036 

:S 0.036 

< 0.036 

< 0.036 
<0.036 

< 0.036 

< 0.036 

< 0.036 

< 0.036 

0.036 - 0.1 

< 0.036 

0.4-0.7 

0.1 - 0.4 

0.036 - 0.1 

< 0.036 

> 0.7 

> 0.7 

0.4- 0.7 

0.4-0.7 

> 0.7 

0.1 -0.4 

0.4- 0.7 

> 0.7 

> 0.7 

0.1-0.4 

<0.036 

< 0.036 

0.036 - 0.1 

0.036 - 0.1 

0.036 - 0.1 

*** This record was final approved on 12/5/20181:27:48 PM. (This statement was added by the PRIME system upon its validation) 
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Table 4-1: Cumulative Fatigue Usage for Pilot 3-Loop Plant A [9] (cont.) 

Item Component /Location (Section) 
No. 
13 Guide Tubes (cont.) 

Lower Guide Plate 

Intermediate Guide Plate 

Bottom Flange 

Intermediate Flange 

Upper Guide Tube Guide Plate 

Upper Guide Tube Enclosure Pin 

Upper Guide Tube Enclosure Pin Weld 

Upper and Lower Guide Tube Flange Bolts 

Support Pin, Bolt Shank 

Support Pin, Bolt Threads 

14 Hold Down Spring 

Table 4-2: Cumulative Fatigue Usage for Pilot 3-Loop Plant B* [9] 

Item No. Component 

1 Lower Core Plate 

2 Upper Core Plate 

3 Lower Core Support Assembly - Core Barrel Nozzle 

4 Core Barrel Flange 

5 Lower Core Support Plate - Core Barrel Weld Joint 

6 Lower Support Columns 

7 Upper Core Plate Alignment Pins 

8 Lower Radial Restraints 

9 Upper Support Assembly- Upper Support Plate 

10 Upper Support Columns 

11 Upper Support Column - Bolts 

12 Deep Beam Structure 

13 Guide Tubes 
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Usage Factor Range 

<0.036 

0.036 - 0.1 

<0.036 

< 0.036 

0.036- 0.1 

< 0.036 

0.036 - 0.1 

<0.036 

0.1- 0.4 

> 0.7 

0.036 - 0.1 

Usage Factor Range 

0.1 - 0.4 

0.1 -0.4 

0.1 - 0.4 

0.036 - 0.1 

0.1 - 0.4 

0.036 - 0.1 

0.4-0.7 

0.1- 0.4 

0.1 - 0.4 

<0.036 

<0.036 

< 0.036 

<0.036 

* Results for the lower core plate and upper core plate are from calculations including the plant uprate. 

The values for the other components are from the original design basis. 
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Table 4-3: Cumulative Fatigue Usage for a Pilot 4-Loop Plant-60-Year Values Based on Projected 
1 Cycles [91 

Component Fatigue Analysis Condition Usage Factor Range 

Upper Support Plate Extended Design Life (60 Years) 0.036 - 0.1 

Upper Support Plate Flange Extended Design Life (60 Years) 0.036 - 0.1 

Lower Support Columns Extended Design Life (60 Years) <0.036 

Upper Core Plate Alignment Pin Extended Design Life (60 Years) < 0.036 

Core Barrel Nozzle Extended Design Life (60 Years) 0.036 - 0.1 

Lower Radial Supports Extended Design Life (60 Years) < 0.036 

Upper Core Plate Extended Design Life ( 60 Years) 0.036 - 0.1 

Baffle Plate Extended Design Life (60 Years) :S 0.036 

Baffle-Former Bolts Extended Design Life ( 60 Years) 2 

Lower Core Plate Extended Design Life (60 Years) :S 0.036 

1. Margin was reduced in these calculated fatigue usages by projecting cycles to 60 years based on past 

operation. 
2. The BFBs were qualified for operation by testing. 

The data in these tables and the underlying CUF values reveal several key pieces of information: 

• BFBs had to be qualified by testing [5] [9] because the calculated CUF values were greater than 1 

• The components listed as leading items for fatigue match well with the components screened in 

for fatigue in MRP-191, Revision 1 [8] (see Table 4-4)-differences are due to the limitations of 

existing fatigue calculations and decisions made in the expert panel process of MRP-191 

• The CUFs calculated for the lower and upper core plates on Plant B (Table 4-2), assuming an 

extended power uprate, still do not exceed 1 

• The CUF results provided in Table 4-3 demonstrate that there is a substantial amount of margin 

available in the original 40-year usage factors calculated for the plants 

Much of the available margin in the CUF calculations from the example 4-loop plant comes from the unit 

loading and unloading cycles allowed in the plant's design basis. Few of these have been used at U.S. 

plants because they have operated as base load units. If a plant switches to regular flexible operation, 

more of the margin will be used and at a higher rate. It is expected that a plant using flexible operation 

will need to perform any plant-specific fatigue analyses using reduced transient counts based on actual 

past and projected future operation. 

The data in Table 4-1, Table 4-2, and Table 4-3 show which components are most susceptible to fatigue 

and which components have less susceptibility. Since the unit loading and unloading built into the CUF 

calculations represents the cycles that would be used during flexible operation, those components with the 

highest fatigue usage in these tables are most susceptible to the effects of long-term flexible operation. 

These components (see Table 4-4) have the least margin available for long-term implementation of 

flexible operation. This is not to say that the original design basis did not account for and allow unit 

loading and unloading transients for flexible operation. However, this was not accounted for in the 

development ofMRP-227-A and Revision 1 [1] [2], so further evaluation is required to justify application 

of MRP-227 for plants that are actively using flexible operation or have used it extensively in the past. 
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Table 4-4: Components with CUF Greater than or Equal to 0.1 and Corresponding MRP-227, 

Revision 1 Component and Category 

Component MRP-227, Revision 1 [2] MRP-227, Revision 1 [2] 

Component1 Category2 

Lower Core Plate - Perforated Region Lower core plate Existing 

Core Plate Alignment Pin Body UCP Alignment Pins N 

Core Plate Alignment Pin Barrel Weldment UCP Alignment Pins N 

Lower Support Column - Body Lower support column body Expansion 

Core Barrel - Upper Girth Weld Uooer core barrel (UGW) Expansion 

Core Barrel - Nozzle Core barrel outlet nozzles N 

Baffle-Former Bolts Baffle-former bolts Primary 

Upper Support Skirt Upper support ring or skirt Existing 

Neutron Panel Barrel Bolts Neutron panel bolts N 

CRGT Bottom Flange and Welds CRGT lower flanges Primary 

CRGT Guide Plates and Welds Guide plates/cards Primary 

CRGT Support Pins Guide Tube Support Pins 
Existing (X-750) 

N (316SS) 

Upper Core Plate Uooer core plate Expansion 

Lower Radial Restraints 
Radial support keys N 

Clevis inserts Existing 

Upper Support Plate Upper support plate N 

1. For some components which are not listed directly in MRP-227,Revision 1, the component name from 

MRP-191, Re~ision 1 [8] is used. 

2. N = no additional measures 

An evaluation of the impact of flexible operation on the calculated CUF values relative to the expected 

CUF accumulation due to base load operation was conducted [9]. The relative effect from flexible 

operation on reactor internals was determined by comparing an evaluation of recent fatigue calculations 

created to address the potential for EAF to previous low cycle fatigue design basis calculations. In order 

to accommodate the reduced fatigue usage available when considering EAF, the recent fatigue 

calculations used a more realistic evaluation of actual plant operating cycles and transients. The past 

cycles and transients of the plant were gathered and used to project the likely fatigue usage to 60 years. 

Several similar calculations for different plants were compared, and the one with the most conservative 

past operation (and therefore the most conservative projection into the future) was selected for this 

relative impact evaluation. 

The relative impact of flexible operation to base load operation was calculated by taking the ratio of the 

design basis fatigue CUF to the projected base load CUF. The ratios resulting from this calculation are 

provided in Table 4-5 for a 4-loop plant. Reduced fatigue usage factors were only available for the 4-loop 

design at this time, so the same calculation could not be performed directly for a 3-loop plant. However, 

the fatigue usage factors found for the 4-loop plant and those found for the 3-loop plant were compared 

and the 4-loop ratio adjusted for a 3-loop plant. These adjusted results for a 3-loop plant are shown in 

Table 4-6. These ratios of CUFs between previous design and recent environmental CUFs provide an 
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indication of the margin that is available for flexible operation. Looked at another way, these ratios give 

an indication of how much impact a plant switching to flexible operation might have on their internals 

fatigue usage. 

Note that the 4-loop and 3-loop ratios provided here can be used as a representative indication for the rest 

of the fleet but are not necessarily bounding. The ratio approach considered only the limiting components 

identified in the pilot plants. The remaining components with lower CUFs were assumed to be bounded. 

MRP-227-A and Revision 1 are based on a lead component approach to managing aging. This same 

approach can be applied to managing the fatigue that would be induced by flexible operations. Based on 

the fatigue CUF values found for these components, the BFBs are expected to be the lead item for 

indicating an impact due to flexible operation at a plant. 

This basis for using the BFBs as the lead component for indicating the effects of flexible operations will 

be used later in this report along with the relative impact calculations performed under Subtask A and the 

finite element modeling conducted under Subtask B, to develop recommendations for revision to MRP-

227 to address flexible operation. 

Table 4-5: 4-Loop Plant Relative Impact of Flexible Operation on CUF Values as Compared to 

Base Load Usage Projected to 60 Years [9] 

4-Loop Plant Relative Impact of Flexible Operation 

Component (40 year design CUF (includes flexible operation)) 

60 year base load CU F 

Upper Core Plate 1.9 

Upper Core Plate AligJlt11ent Pins 24.1 

Upper Support Plate 2.1 

Core Barrel Nozzle 9.8 

Lower Radial Restraints 95.6 

Lower Support Columns 11.6 

Table 4-6: 3-Loop Plant Relative Impact of Flexible Operation on CUF Values as Compared to 

Base Load Usage [9] 

3-Loop Plant Relative Impact of Flexible 
Component Operation (Estimated from 4-Loop Results) 

Upper Core Plate 1.9 

Upper Core Plate AliQlllllent Pins 3.6 

Upper Support Plate 2.1 

Core Barrel Nozzle 4.2 

Lower Radial Restraints 95.6 

Lower Support Columns 6.5 
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The work conducted under Subtask A confirmed that the Westinghouse BFBs should be designated as the 

lead components for indicating degradation due to flexible operation in the Westinghouse-designed 

reactor vessel internals. High usage factors have been calculated for multiple other components, as 

shown in Table 4-4, and when considering combinations of flexible operation and potential effects of 

EAF, these components could also be detrimentally impacted by flexible operation. However, consistent 

with the lead component approach ofMRP-227-A/Revision 1 [1] [2], aging degradation due to increased 

fatigue damage during flexible operations can be effectively managed using the BFBs as a leading 

indicator. 

During the original design, the BFBs were qualified to the postulated design transients by testing [5]. The 

testing closely simulated the forces and displacements to which the bolts are subjected during reactor 

operation. The significant variable in the test was the amplitude of deflection cycling of the bolts due to a 

postulated operational transient. As noted in Section 4.1, the unit loading/unloading transients, 

representing flexible operation, make up a significant portion of the postulated fatigue damage that can 

occur. The qualification testing concluded that the BFBs were adequate for anticipated operation [5]. 

To further investigate the impact of flexible operation, the functionality analysis FEM developed by EPRI 

MRP and documented in MRP-230 [3] [4] was used to model the impact of three flexible operation cases 

on the BFBs [13]: 

1. Power range for load change: 100%- 80%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 80% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 
2. Power range for load change: 100% - 70%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 70% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 
3. Power range for load change: 100%- 30%; rate of thermal power reduction: 5% thermal power 

per minute; dwell time at 30% power: 12 hours; rate of thermal power increase: 5% thermal 

power per minute 

Cases 1 and 3 were based on the cases considered in [5]; though, the rate of power change for Case 1 was 

increased to match the higher rate of Case 3. Case 2 was similar to the other two but intended to cover 

the possibility of a plant implementing flexible operation down to 70% thermal power rather than just 

80%. 

The FEM is an ANSYS®1 model for the baffle-barrel region that was documented in [3] [4]. The model 

consists of a one-eighth symmetry solid model of a 3-loop Westinghouse-designed baffle-former-barrel 

assembly. It is representative of a typical three-loop Westinghouse baffle-barrel region. An overview of 

the section modeled is shown in Figure 4-1. 

1 ANSYS is a registered trademark of ANSYS, Inc. or its subsidiaries in the United States or other countries. All other brand, 

product, service and feature names or trademarks are the property of their respective owners. 
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Figure 4-1: Baffle-Former-Barrel l/81
h Sector Model- Full View, Elements 

Included in the model are the baffle plates, former plates, core barrel, BFBs, barrel-former bolts, and 
baffle-edge bolts. All components are modeled with solid elements except for the baffle-edge bolts, 

which utilize beam elements. Two ANSYS models were originally constructed: a thermal model used to 
calculate temperatures and a structural model used to calculate displacements and stresses. 

It should be clarified that the baffle-barrel region functionality analysis is not based on a single plant's 
core conditions or operating history. Instead, the loading conditions for the baffle-barrel region 
functionality analysis are taken from a representative survey of gamma heating and irradiation conditions 
from a variety of Westinghouse three-loop plants. The core conditions analyzed herein are meant to 
represent the most severe core conditions for Westinghouse plants from available surveillance capsule 
data. Therefore, it cannot be said that these conditions are bounding, since inputs for all plants were not 
available. However, the resulting core conditions analyzed in this calculation are representative of the 
"upper-end" of severity of Westinghouse plant conditions. Thermal transient effects were not analyzed in 
this calculation, other than effects of flexible operation. 
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The first step in performing the functionality analysis was running an ANSYS thermal model to calculate 
temperatures [13]. This thermal analysis incorporated the effects of the coolant temperature and heat 
transfer and the effects of gamma heating due to neutron irradiation from the fuel. Two different thermal 
cases were run, one for an out-in fuel loading pattern and the second for a low-leakage fuel loading 
pattern. The out-in pattern was taken to be applicable to the first seven fuel cycles, while the low leakage 
pattern was applicable for fuel cycles 8 and onward. This is consistent with previous work documented in 
[3] and [4]. For each core loading pattern, three sets of data were provided: beginning of cycle (BOC), 
middle of cycle (MOC), and end of cycle (EOC). These terms refer to an 18-month fuel cycle, in that 
BOC refers to the first six months of a fuel cycle, MOC to the middle six months, and EOC to the final 
six months. For the original functionality analysis runs, six sets of thermal model outputs were used as 
inputs to the rest of the modeling: out-in core loading pattern for BOC, MOC, and EOC and low leakage 
core loading pattern for BOC, MOC, and EOC. The results of these six steady-state thermal analyses 
documented in [3] and [ 4] were reused for the flexible operations analysis. Examples of the gamma 
heating generation rates for out-in and low leakage core loading patterns at MOC are shown in Figure 4-2 
and Figure 4-3 . Similarly, examples of the thermal inputs from the coolant are shown in Figure 4-4 and 
Figure 4-5. 

The structural analysis was then performed following the thermal analysis [13]. After preloading the 
baffle-former, barrel-former, and baffle-edge bolts and applying various pressures to the baffles, formers , 
and barrel, the out-in BOC temperatures were read in, followed by the corresponding set of irradiation 
data. Several solutions were solved using this data to allow the model to calculate gradual aging effects. 
At six months, the inputs were changed to the out-in MOC temperatures and irradiation rates. Finally, at 
12 months, the EOC temperatures and irradiation rates were input and the model was solved to a time of 
18 months, which corresponds to the end of the first fuel cycle. This process was repeated until the 
completion of fuel cycle 7 at 10.5 years. Starting with fuel cycle 8, the low-leakage set of temperatures 
and irradiation rate data were used. 

The structural model included the edge bolts; however, edge bolts are not present in all plants and could 
have an impact on the fatigue damage accumulated by the BFBs. To evaluate the impact of the edge 
bolts, the nodes, elements, and constraints in the FEM representing edge bolts were removed and 
additional simulation runs conducted. The same set of simulations performed with edge bolts were 
repeated with the edge bolts removed to analyze the impact of the edge bolts on fatigue damage. The 
results with and without edge bolts are provided in this report and showed that the removing the edge 
bolts caused on the order of a 10% decrease in the flexible operation life for the 97th percentile location. 

To simulate the impact of flexible operation, the analysis methodology described above was modified to 
consider periodic changes in the thermal power output of the plant. Due to excessive computer run time 
and management of large file sizes, the total number of flexible operation events had to be limited. To 
address this problem while still obtaining simulation data out to 60 years of operation, one fatigue cycle 
was simulated for each six months of operation modeled. This provided the fatigue damage for one 
fatigue event during each thermal case in a fuel cycle (BOC, MOC, and EOC). Two 60-year runs were 
performed for each of the flexible operation cases: one with edge bolts in place and the other without 
edge bolts. These two types of runs investigated the relative impact of edge bolts on fatigue. 
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The 60-year runs addressed the potential impact of long-term aging effects on fatigue damage 
accumulation from flexible operation, but they did not address the potential for ratcheting effects over 
multiple sequential events. To address potential ratcheting, a 15-cycle simulation with monthly cycling 
was run. Additionally, a two-month simulation that considered daily flexible operation events was also 
considered. These simulation cases confirmed that ratcheting effects did not occur in the simulation 
results . This was particularly evident in the two months of daily cycling simulation. 

Each flexible operation event was simulated to lower the plant power at a rate of 5% per minute. Both the 
applied neutron fluences and the applied temperatures were scaled down at this rate. For the neutron 
fluence , the overall fluence rate was scaled down by a factor of 0.8, 0.7, or 0.3, for Case 1, Case 2, and 
Case 3, respectively, as shown in Figure 4-6 (which illustrates the 30% flexible operation case). The 
applied temperatures were also scaled, relative to the cold leg temperature, by the same factor, as shown 
in Figure 4-7 (which illustrates the 30% flexible operation case) . This is consistent with the temperature 
variation shown in [5] , Figure 3-1 for a plant that maintains a constant inlet temperature during flexible 
operation. At each flexible operation cycle, the simulation was held at reduced power for 12 hours, after 
which the loading was scaled back up to full power at the same rate of 5% per minute. 
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Figure 4-2: Heat Generation Rates- Out-In, MOC Conditions (BTU/in3-s) 

••• This record was final approved on 12/5/2018 1 :27:48 PM. (This statement was added by the PRIME system upon its validation) 



Westinghouse Non-Proprietary Class 3 

1 

Enclosure to MRP 2019-002 

Page 22 of35 
LTR-AMLR-17-39, Rev. 1 

March 6, 2019 

ANSYS 10.0Al 
JUN 27 2007 
11:13:16 
ELEMENTS 
HGEN RATES 
QMIN= .1 32 E-03 
QMAX= . 096272 

xv = .26126 
YV = . 45 12 
zv =. 85332 

*DIST=89 .11 7 
*XF =2 4.451 
*YF =81. 015 
*ZF =-53 . 638 
A- ZS=2 . 405 
Z-BUFFER 
EDGE 
- . 132E-03 
- .00614 
- .011398 
- .017407 

. 022665 

. 028673 

.033931 
- .03994 
- .0451 97 
- .051206 
c::J . 056 464 
c::J . 062473 
c::J . 06773 
[:=:J . 073739 
c::J . 078997 
C3 . 085005 
- . 090263 

~R_o_b_in_s_o_n_BF_B_M_o _de_l_ - _L_o_w_L_ea_k_a~g_e ~· _M_O_C_T_h_e_rm_a_l_R_un ___ ___, - . o 9 6272 

Figure 4-3: Heat Generation Rates - Low Leakage, MOC Conditions (BTU/in3-s) 

Figure 4-4: Thermal Results - Out-In, MOC Conditions (°F) 
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Figure 4-6: Plot Demonstrating the Reduction in Fluence Rate Imposed to Simulate Flexible 
Operation (Out-in BOC Conditions, 30% Flexible Operation) (dpa/s) 
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Figure 4-7: Plot Demonstrating the Reduction in Temperature Relative to the Cold Leg 
Temperature Imposed to Simulate Flexible Operation (Out-In BOC Conditions 30% Flexible 
Operation) (°F) 

Many different state variables can be extracted from the simulation results [13]. For previous modeling 
efforts [3] [4] , the effective stress was of particular interest. For comparison purposes, an example output 
for the effective stress is shown in Figure 4-8. The overall behavior of the effective stress is similar to 
that observed in the previous work, generally decreasing as irradiation-induced stress relaxation reduces 
the stress in most bolts. The main difference from previous work that is shown in this plot is the periodic 
cycling of the stress due to the simulated flexible operation events. 

The effect of flexible operation on the BFBs in the simulation was evaluated by extracting the 
displacement that each bolt experienced during each flexible operation event [13]. By nature, flexible 
operation events only potentially introduce low-cycle fatigue of the BFBs rather than high-cycle fatigue , 
which requires many more occurrences. The BFB displacement values were used as an input to a fatigue 
evaluation where alternating displacements due to a transient event were translated into an allowable 
number of cycles using a displacement-based fatigue curve. Various fatigue curves were previously 
developed through extensive testing of various baffle-former assembly configurations. This fatigue 
analysis conservatively utilized the limiting fatigue curve from those test results. 

Figure 4-10 generalizes the sequence for a flexible operation event from the simulation. Initially the plant 
is at 100% power with a given bolt displacement C<>max1). Then, power is ramped down (80% for this 
example) with a corresponding bolt displacement (<>min)- Finally, the plant ramps back up to 100% power 
with a given bolt displacement (<>mad- Due to certain aging effects on the model as described previously, 
<>maxi is not always the same as <>max2 -
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It is important to note that the bolt displacements were relative displacements between the bolt head and 
centerline of the core barrel, which correspond to the bending displacement of the bolt. Bolt 
displacements are relative to the core barrel displacement in order to match the configuration of the test 
assembly originally used to obtain the displacement-based fatigue curves. Additionally, only vertical 
displacements were used in this calculation because they are the dominant direction and are most 
applicable to the test assembly configuration. 

Low-cycle fatigue for a given flexible operation event was calculated by using the alternating 
displacement for the bolt, the aforementioned fatigue curve, and Miner' s rule to determine the amount of 
fatigue damage accumulated by that event. Three fatigue events occurred during each cycle ( one for each 
of BOC, MOC, and EOC). These were averaged together at each bolt location to obtain the average 
fatigue damage for that particular fuel cycle. For the purpose of determining allowable numbers of 
flexible operation events for MRP-227 aging management, the damage at the 97th percentile bolt in each 
fuel cycle was evaluated. Using the 97th percentile bolt rather than a maximum value eliminates the 
potential effect of extreme outliers while still being consistent with the screening criterion for downflow 
plants in the baffle-former bolt interim guidance, MRP 2017-009 [14]. 

Many of the alternating displacements extracted from the simulation exceeded the endurance limit 
determined by testing. The top former level was limiting for each of the flexible operation cases, as 
would be expected due to the low level of irradiation-induced stress relaxation and the larger impact of 
thermal growth. The fatigue damage increases with power reduction-the displacement range is largest 
from 100% to 30% power. 
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The 97th percentile bolt fatigue damage calculated from the simulation displacement results was used to 

evaluate the accumulation of fatigue in the assembly. The data were divided by core loading type ( out-in 

versus low leakage) and the presence or absence of edge bolts. The maximum of the 97th percentile bolt 

fatigue damage values for a single flexible operation event was extracted and used in later steps to 

determine the allowable number of events. 

Section 4.1 presented the relative impact of flexible operation on the CUF calculated for components in 

the Westinghouse-designed pilot plants considered. These relative impact values were only for the pilot 

plants, but they do provide an indication of the impact that other plants in the fleet would experience 

when implementing flexible operation. The smallest relative impact of flexible operation calculated for 

the pilot plants was a factor of L9 (see Table 4-5 and Table 4-6). This means that base load operation 

. was approximately 53% of the projected usage, accounting for the other expected transients in the 

internals. Flexible operation was approximately 47% of the projected usage. Due to the fact that these 

ratios were calculated for representative pilot plants, some additional conservatism will be added here to 

provide some margin by reducing the ratio assumed in the following analyses to 1.5. This assumes that 

two-thirds of the cycles are accumulated from base load operation and the remaining third are due to 

flexible operation. Using these ratios is expected to be conservative not only because of this reduction but 

also because the flexible operation transients assumed in the plant design basis calculations use unit 

loading/unloading cycles that are larger than all three of the flexible operation cases studied here [9]. 

By definition, the screening criterion for a CUF value is for it to be less than or equal to 1. However, for 

the reactor vessel internals, this should be reduced by an environmental factor to account for potential 

environmental effects. Per MRP-175, Revision 1 [11] this environmental factor is approximately 14. 

Dividing 1 by 14 results in an acceptable CUF of 0.071, regardless of the period of operation ( 40 years, 

60 years, 80 years, etc.). Using the relative impact of flexible operation (one-third from Section 4.1), the 

CUF screening criterion for the flexible operation portion of fatigue usage is 0.024 (33% of 0.071 ). Once 

this value has been reached, increased concern for the BFBs is warranted. 

Using this information and the 97th percentile fatigue damage per flexible operation event, the number of 

flexible operation events was calculated for each case and each core loading pattern. The effective full

power years (EFPY) corresponding to weekly cycling and daily cycling were also calculated. These are 

provided in Table 4-7 for the case with edge bolts installed and in Table 4-8 for the case without edge 

bolts installed. The case without edge bolts installed resulted in slightly higher fatigue damage and lower 

numbers of allowable flexible operation events. The numbers of cycles and EFPY in Table 4-7 and Table 

4-8 should be treated as conservative indications of the expected fatigue aging degradation behavior of 

the BFBs. Sources of conservatism include the inputs used in the functionality analysis, the application 

of the maximum EAF reduction factor, the use of the maximum fatigue displacement ranges calculated by 

the simulation, and the reduction of the relative impact of flexible operation developed in Subtask A. 

These conservatisms result in relatively low numbers of allowable fatigue cycles, particularly for the 

100% to 30% flexible operation case. The low values were calculated with these conservatisms to 

provide screening criteria for managing aging degradation and not as a revision to the licensing or design 

basis for any plant. These numbers should be used as screening criteria for Westinghouse-designed plants 

implementing flexible operation in determining whether the MRP-227 aging management guidelines can 

be used or require further evaluation prior to application. 
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Fatigue Operational Limits for Cases with Edge Bolts Installed 

Flexible Number of EFPY with Weekly EFPY with Daily 
Operation Allowable Fatigue 

Case Cycles 
Cycling Cycling 

100%to 80% 
Below Endurance Below Endurance Below Endurance 

Limit Limit Limit 

100%to 70% 4879 93.8 13.4 

100% to 30% 81 1.6 0.2 

100% to 80% 
Below Endurance Below Endurance Below Endurance 

Limit Limit Limit 

100%to 70% 7246 139.3 19.8 

100% to 30% 105 2.0 0.3 

Table 4-8 
Fatigue Operational Limits for Cases with No Edge Bolts Installed 

Flexible Number of EFPY with Weekly EFPY with Daily 
Operation Allowable Fatigue 

Case Cycles 
Cycling Cycling 

Below Endurance 
I 

Below Endurance Below Endurance 
100% to 80% 

Limit Limit Limit 

100% to 70% 4174 80.3 11.4 

100% to 30% 74 1.4 0.2 

100% to 80% 
Below Endurance Below Endurance Below Endurance 

Limit Limit Limit 

100%to 70% 6819 131.1 18.7 

100% to 30% 105 2.0 0.3 
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The BFBs are the lead component for fatigue in the Westinghouse-designed reactor vessel internals. This 

is based on the evaluation presented in Section 3 and the previous work documented in [5]. BFBs are 

also expected to be the lead component for fatigue accelerated by flexible operation, due in part to the 

bolts being the lead item for fatigue and in part to the bolts' proximity to the core. 

Section 3 listed the Westinghouse (Table 3-1) reactor vessel internals components subject to fatigue aging 

degradation according to MRP-227. These lead items will be the first affected by flexible operation. The 

cycle limits calculated for the BFBs in Section 4.2 can be used as initial thresholds for application of the 

MRP-227-A/Revision 1/MRP 2017-009 guidance [1] [2] [14]. If plant operations are below these 

thresholds, the MRP-227-A/Revision 1 inspection requirements can still be applied without modification. 

If plant operations are above one of these thresholds, further actions or evaluations are required for 

continued use of the MRP-227-A/Revision 1/MRP 2017-009 guidance as the aging management strategy 

for reactor vessel internals. The components subject to fatigue aging degradation would be the first 

components affected. 

The finite element modeling and subsequent fatigue damage evaluation results presented in Section 4.2 

demonstrate that the accumulation of fatigue damage during flexible operation is highly dependent on the 

depth of the operation and the frequency with which it is used. Each of the three flexible operation cases 

evaluated in the finite element modeling will be considered here for potential impacts on the MRP-227 

requirements. Plants with edge bolts installed should use Table 4-7, while plants without edge bolts 

should use Table 4-8. Note that the flexible operation at a plant can either be evaluated based on the 

number of cycles provided in the tables or based on the relevant EFPY column. For the EFPY columns, 

the flexible operation must have been weekly or less than weekly to apply the weekly column or daily or 

less than daily to apply the daily column. 

The type of inspection and coverage requirements of an MRP-227 inspection intended to monitor for 

fatigue degradation do not need to be changed to address potential degradation due to flexible operation. 

For example, the volumetric ultrasonic test (UT) inspection of 100% of the BFB population currently 

required for Westinghouse plants is appropriate for detecting potential fatigue-related degradation. The 

timing of the inspection and the re-inspection interval could require adjustment based on the accumulated 

fatigue usage due to flexible operation and will be addressed in the next two sections. The expansion 

requirements could also require adjustment and will be addressed in Section 5.3. 

The requirements presented in Sections 5.1, 5.2, and 5.3 are based on the screening criteria provided in 

Table 4-7 or Table 4-8. Plant-specific screening criteria can be developed and justified at a utility's 

discretion and used in place of the criteria provided in the tables. 

5.1 Changes to the Inspection Timing due to Flexible Operation 

Case 1: 100% to 80% thermal power change at 5% thermal power per minute 

Per Table 4-7 and Table 4-8, the Case 1 flexible operation of a 100% to 80% thermal power change at 5% 

thermal power per minute has little impact on the BFBs both in the out-in condition and the low leakage 

condition. A plant that has implemented flexible operation where the reduction in power does not go 
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below 80% and the rate of the reduction or of the increase back to 100% does not exceed 5% per minute 

can continue to implement the MRP-227-A/Revision 1/MRP 2017-009 guidance [1] [2] [14] with no 

changes. This applies whether the plant performed these flexible operations during out-in or low leakage 

operation, and it applies whether the plant has used this type of flexible operation in the past, is currently 

using it, or implements this level of flexible operation in the future. This is applicable to the first PEO up 

to 60 calendar years of operation. These conclusions are consistent with the results documented in [5]. 

Case 2: 100% to 70% thermal power change at 5% thermal power per minute 

Per Table 4-7 and Table 4-8, the Case 2 flexible operation of a 100% to 70% thermal power change at 5% 

thermal power per minute has a larger impact on the BFBs than Case 1, both in the out-in condition and 

the low leakage condition. For weekly cycling, the allowable number ofEFPY is well beyond a plant life 

of 60 years in all combinations considered (out-in or low leakage core loading and with or without edge 

bolts). More frequent cycling can, however, result in the flexible operation screening criterion being 

reached within design life-relevant time frames. The daily cycling EFPY limits demonstrate this in both 

tables. ' 

A plant that has implemented flexible operation where the reduction in power does not go below 70% and 

the rate of the reduction or of the increase back to 100% does not exceed 5% per minute can continue to 

implement the MRP-227-A/Revision 1/MRP 2017-009 guidance [1] [2] [14] with no changes as long as 

the number of cycles or the relevant number of EFPY provided in Table 4-7 or Table 4-8 are not 

exceeded. This is applicable to the first PEO up to 60 calendar years of operation. 

If the allowable number of fatigue cycles or relevant EFPY will be exceeded before the end of plant life, 

including first license extension, additional actions beyond those specified in the MRP-227-A/ 

Revision 1/MRP 2017-009 guidance are required. These additional actions could include a plant-specific 

or boundipg evaluation of the lead components for fatigue listed in Table 3-1, or the action could be to 

perform accelerated inspections of the confirmed lead component for the plant design. For Westinghouse 

plants, this would be an accelerated inspection of the BFBs supported by an evaluation to justify the 

adjusted inspection timing and the re-inspection interval. See Section 5.2 for guidance on determination 

of the re-inspection interval. This is applicable to the first PEO up to 60 calendar years of operation. 

If the allowable number of fatigue cycles or relevant number ofEFPY has already been exceeded, 

additional actions beyond those specified in the MRP-227-A/Revision 1/MRP 2017-009 guidance should 

be completed within a reasonable period after issuance and acceptance of this flexible operations 

guidance. These additional actions could include a plant-specific or bounding evaluation of the lead 

components for fatigue listed in Table 3-1, or the action could be to perform accelerated inspections of the 

confirmed lead component for the plant design. For Westinghouse plants, this would be an accelerated 

inspection of the BFBs supported by an evaluation to justify the adjusted inspection timing and the re

inspection interval. See Section 5.2 for guidance on determination of the re-inspection interval. This is 

applicable to the first PEO up to 60 calendar years of operation. 

Case 3: 100% to 30% thermal power change at 5% thermal power per minute 

Per Table 4-7 and Table 4-8, the Case 3 flexible operation case of 100% to 30% thermal power change at 

5% thermal power per minute has a large impact on the BFBs both in the out-in condition and the low 

leakage condition. For weekly cycling with an out-in core loading pattern, the allowable number of 
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EFPY in all cases is less than 2 EFPY. For daily cycling, the screening criterion is reduced to less than 

0.5 EFPY in all cases shown by the tables. 

A plant that has implemented flexible operation where the reduction in power does not go below 30% and 

the rate of the reduction or of the increase back to 100% does not exceed 5% per minute can continue to 

implement the MRP-227-A/Revision 1/MRP 2017-009 guidance [1] [2] [14] with no changes as long as 

the number of cycles or the relevant number of EFPY provided in Table 4-7 or Table 4-8 are not 

exceeded. This is applicable to the first PEO up to 60 calendar years of operation. 

If the allowable number of fatigue cycles or relevant EFPY will be exceeded before the end of plant life, 

including first license extension, additional actions beyond those specified in the MRP-227-A/ 

Revision 1/MRP 2017-009 guidance are required. These additional actions could include a plant-specific 

or bounding evaluation of the lead components for fatigue listed in Table 3-1, or the action could be to 

perform accelerated inspections of the confirmed lead component for the plant design. For Westinghouse 

plants, this would be an accelerated inspection of the BFBs supported by an evaluation to justify the. 

adjusted inspection timing and the re-inspection interval. See Section 5.2 for guidance on determination 

of the re-inspection interval. This is applicable to the first PEO up to 60 calendar years of operation. 

If the allowable number of fatigue cycles or relevant number ofEFPY has already been exceeded, 

additional actions beyond those specified in the MRP-227-A/Revision 1/MRP 2017-009 guidance should 

be completed within a reasonable period after issuance and acceptance of this flexible operations 

guidance. These additional actions could include a plant-specific or bounding evaluation of the lead 

components for fatigue listed in Table 3-1, or the action could be to perform accelerated inspections of the 

confirmed lead component for the plant design. For Westinghouse plants, this would be an accelerated 

inspection of the BFBs supported by an evaluation to justify the adjusted inspection timing and the re

inspection interval. See Section 5.2 for guidance on determination of the re-inspection interval. This is 

applicable to the first PEO up to 60 calendar years of operation. 

Other Cases 
The following cases are not covered here and require further evaluation to address: 

• Flexible operation that exceeds the 5% per minute thermal power change for any level of overall 

power change 
• Flexible operation for a power change that goes below the 30% power level evaluated in Case 3 

(100% to 30% power change) 

Note also, that given the current information available from this work, any power changes that fall 

between 30% and 70% must be treated in the same way as the 30% case. This is conservative for many 

of those cases in between, but further evaluation would be required to reduce that conservatism. 

5.2 Re-Inspection Interval Requirements 

Westinghouse and CE-designed plants that are not currently using flexible operation can continue to 

implement the re-inspection for the MRP-227-A/Revision 1/MRP 2017-009 [l] [2] [14] components with 

no changes. This applies whether the fatigue damage screening criteria of Section 5 .1 and Table 4-7 or 
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Table 4-8 have been exceeded or have not been exceeded, because re-inspection periods were determined 

based on the rate of damage accumulation, and base load operation was assumed in determining the 

original re-inspection intervals. 

Plants that are currently using flexible operation fall into two categories: 

• Plants that have exceeded the fatigue damage screening criteria of Section 5.1 and Table 4-7 or 

Table 4-8 may have to inspect more frequently than specified in MRP-227-A/Revision 1/ 

MRP 2017-009. A plant-specific or bounding fatigue evaluation consistent with the requirements 

of the MRP-227-A/Revision 1/MRP 2017-009 guidance and NUREG-1801 [15] must be 

performed to determine the revised re-inspection interval for the lead components for fatigue 

listed in Table 3-1 or for the confirmed lead component for the plant design. This revised re

inspection interval cannot exceed 10 years. 

• Plants that have not exceeded the fatigue damage screening criteria of Section 5.1 and Table 4-7 

or Table 4-8 can continue to implement the re-inspection requirements of the MRP-227-A/ 

Revision 1/MRP 2017-009 guidance with no changes as long as the fatigue damage is not 

predicted to exceed the screening criteria before the next scheduled inspection. 

o If the fatigue damage is predicted to exceed the screening criteria before the next 

scheduled inspection, a plant-specific or bounding fatigue evaluation consistent with the 

requirements of the MRP-227-A/Revision 1/MRP 2017-009 guidance and NUREG-1801 

[15] must be performed to determine the revised re-inspection interval for the lead 

components for fatigue listed in Table 3-1 or for the confirmed lead component for the 

plant design. This revised re-inspection interval cannot exceed 10 years. 

5. 3 Expansion Inspection Requirements 

Plants that are not currently using flexible operation can continue to implement the Expansion 

requirements of the MRP-227-A/Revision 1/MRP 2018-002 guidance [l] [2] [16] with no changes. This 

applies whether the fatigue damage screening criteria of Section 5.1 and Table 4-7 or Table 4-8 have been 

exceeded or have not been exceeded, because the Expansion requirements were determined based on a 

base load assumption. 

Plants that are currently using flexible operation will continue to apply the Expansion criteria of the 

MRP-227-A/Revision 1/MRP 2018-002 guidance. However, once degradation exceeding the Expansion 

trigger criterion for the confirmed lead component for fatigue (for Westinghouse-designed plants the 

Expansion trigger for BFBs should be applied as 5% of the total population of BFBs examined containing 

unacceptable volumetric (UT) indications) is observed, a plant-specific or bounding evaluation consistent 

with the requirements ofMRP-227-A/ Revision 1 and NUREG-1801 [15] must be performed for the other 

reactor vessel internals components potentially susceptible to fatigue. The applicable components are 

those components susceptible to fatigue listed in MRP-227-A/Revision 1, Table 3-3 for Westinghouse 

internals (see Table 3-1 in this report). 
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6 Conclusions and Recommendations 

MRP-227-A/Revision 1 [1] [2] originally limited the applicability of the I&E guidelines for license 

renewal to plants operating as base load units. The work documented in this report focused on addressing 

this gap in the I&E guidelines, because flexible operation could become an operational norm for many 

plants. 

A fatigue study was performed for a 3-loop and a 4-loop pilot plant. The data provided in Section 4.1 

from the pilot plant evaluation are indicative of the general fatigue behavior (though not necessarily 

bounding) of the reactor vessel internals components and were used to guide the development of the 

flexible operation screening values provided in Section 4.2. The pilot plant fatigue usage data in 

Section 4.1 should not be used directly in a plant-specific cumulative usage factor evaluation. The results 

from the pilot plant and previous studies showed that the BFBs would be the lead indicator for fatigue 

degradation in plants that are using or have used flexible operation. The evaluation also provided an 

indication of the relative impact of flexible operation as compared to base load operation. Additional 

conservatism was applied to this relative ratio, and it was applied to the results of Subtask B in 

Section 4.2. 

Under Subtask B, the MRP-230 functionality analysis model of a 3-loop plant was modified to simulate 

three different flexible operation cases: 100% to 80% power, 100% to 70% power, and 100% to 30% 

power. Out-in and high leakage core loading patterns and the presence or absence of baffle-edge bolts 

were considered among the various model simulations conducted. Fatigue damage for the BFBs was 

extracted from these runs and used to determine allowable numbers of fatigue cycles or EFPY for each of 

the flexible operation cases evaluated. As noted in Section 4.2, the allowable fatigue cycles and EFPY 

calculated under Subtask B can be used as screening criteria to indicate the potential for accelerated 

fatigue damage due to flexible operation. These screening criteria will allow a plant to determine if the 

base load operation applicability assumption of MRP-227 is still applicable. Note that the analyses 

performed here using a 3-loop plant model were assumed to be applicable to other Westinghouse plant 

designs based on the various conservatisms applied. However, it is recommended that future analyses 

using the 4-loop functionality analysis model under development by the Materials Reliability Program be 

performed to confirm this approach. 

These revised recommendations for MRP-227 for Westinghouse-designed plants are provided in detail in 

Section 5 and summarized here. Per [5], CE-designed reactor vessel internals are substantially less 

susceptible to flexible operation than Westinghouse-designed plants and would not be impacted by 

flexible operation as long as the CE unit operates within its design transient cycles. 

Westinghouse-designed, flexible operation criteria: 

• Case 1: 100% to 80% thermal power change at 5 % thermal power per minute 

o Displacements in the BFBs are calculated to be below the fatigue endurance limit 

o MRP-227-A/Revision 1/MRP 2017-009 inspection and evaluation requirements can be 

applied without modification 
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• Cases 2 and 3: 100% to 70% or 30% thermal power change at 5% thermal power per minute 

o Initial inspection: 

• If the damage does not exceed the screening criterion, the current MRP-227 

requirements are still applicable 

• If accumulated fatigue damage exceeds the screening criteria before end of plant 

life or has already _been exceeded, then the next MRP-227 BFB inspection must 

be conducted earlier than the MRP-227 requirements - this inspection must be 

supported by an evaluation to justify the adjusted inspection timing and 

inspection interval 

o Re-inspection interval: 

• If the plant is NOT currently using flexible operation, the re-inspection intervals 

specified by MRP-227 are applicable 

• If the plant is currently using flexible operation and the fatigue damage screening 

criteria have not been exceeded, the re-inspection intervals specified by MRP-

227 are applicable 

• If accumulated fatigue damage exceeds the screening criteria before end of plant 

life or has already been exceeded, then a plant-specific or bounding fatigue 

evaluation consistent with the requirements ofMRP-227-A/Revision 1 [1] [2] 

and NUREG-1801 [15] must be performed to determine and justify the re

inspection interval 

o Expansion requirements 

• If the plant is NOT currently using flexible operation, the expansion requirements 

specified by MRP-227 are applicable 

• If a plant is currently using flexible operation and the fatigue damage screening 

criteria have not been exceeded, then the expansion requirements specified by 

MRP-227 are applicable 

• If accumulated fatigue damage exceeds the screening criteria before end of plant 

life or has already been exceeded and degradation exceeding the expansion 

criteria of the BFBs is observed, a plant-specific or bounding fatigue evaluation 

consistent with the requirements ofMRP-227-A/Revision 1 [1] [2] and NUREG-

1801 [15] must be performed to determine if additional components subject to 

fatigue damage must be inspected or evaluated 

• Note that the original MRP-227-A/Revision 1/MRP 2018-002 Expansion 

requirements must still be applied even if the fatigue damage screening criterion 

has been exceeded 
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