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Stevens, Gary

From: Ma, Jennifer [jma@epri.com]
Sent: Thursday, January 05, 2012 4:58 PM
To: Csontos, Aladar
Cc: Stevens, Gary; Wells, Tim G.; Demma, Anne; Dingler, Maurice; Mcdevitt, Mike; Hardin, 

Timothy
Subject: MRP 2012-001: Validation of Reactor Pressure Vessel Flange Stresses in Support of 

Revising 10 CFR 50 Appendix G
Attachments: MRP 2012-001 with Attachment.pdf

MRP Materials Reliability Program________________________MRP 2012-001 

(via email) 

January 5, 2012 

Dr. Aladar Csontos 

Chief, Component Integrity Branch 

Division of Engineering 

Office of Nuclear Regulatory Research 

One White Flint North 

11555 Rockville Pike 

Rockville, MD 20852-2738 

Subject: Validation of Reactor Pressure Vessel Flange Stresses in Support of Revising 10 CFR 50 Appendix G 

Dear Dr. Csontos, 

In a Public Meeting to discuss reactor pressure vessel integrity issues for operating nuclear power plants on July 
26, 2011, staff from the Office of Nuclear Regulatory Research solicited industry input for validating flange 
stresses in support of revising 10 CFR 50 Appendix G, as documented in Westinghouse Report WCAP-15315, 
Revision 1, “Reactor Vessel Closure Head/Vessel Flange Requirements Evaluation for Operating PWR and 
BWR Plants” (ADAMS ML021580219). EPRI/MRP contracted with Dominion Engineering, Inc., to review 
and summarize flange stress analyses more recently performed by DEI during the course of flange bolt 
tensioning studies.  

Please find attached the DEI letter report L-5637-00-01, Rev. 0, “Results from DEI Review of RPV Tensioning 
Analyses,” dated December 6, 2011. Please note that this work was not performed under a 10CFR50 Appendix 
B Nuclear Quality Assurance program. Comparing the DEI results to the stresses reported in WCAP-15315 
generally show the stresses to be similar – though not always bounding - for similar vessel types. It is notable 
however that the DEI bending stress results for the most conservative case for flange bending stress - the GE 
BWR Design 2 (B&W) - are lower than the WCAP-15315 bending stress. 
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<<MRP 2012-001 with Attachment.pdf>>  

Sincerely, 

Tim Wells 

Southern Company 

Chairman MRP IC 

cc:     Gary L. Stevens, NRC 

Anne Demma, EPRI 

        Maurice Dingler, WCNOC/MRP 

        Michael J. McDevitt, SCE/MRP 

        Tim Hardin, MRP 
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December 6, 2011 
L-5637-00-01, Rev. 0 

Mr. Tim Hardin 
Electric Power Research Institute 
3420 Hillview Avenue 
P.O. Box 10412 
Palo Alto, CA  94303-0813 

Subject: Results from DEI Review of RPV Tensioning Analyses 

References: [1] Focht, E., “Evaluation of the Minimum Temperature Requirements for the 
RPV Closure Flange Region in 10 CFR 50 Appendix G,” PVP2011-57208, 
2011. 

[2] Westinghouse Report WCAP-15315, Rev. 1, “Reactor Vessel Closure 
Head/Vessel Flange Requirements Evaluation for Operating PWR and BWR 
Plants,” April 2002. 

Dear Mr. Hardin: 

The purpose of this letter is to summarize the results of Dominion Engineering, Inc’s (DEI’s) 
review of the reactor pressure vessel (RPV) flange bending stresses present in the flange region 
after the RPV studs are tensioned.  This letter presents background information regarding the 
source of the flange tensioning data, and summarizes the stress information extracted from DEI 
RPV flange tensioning reports. 

Background 

In a PVP paper [1], the U.S. NRC Office of Nuclear Regulatory Research presents calculations 
that support revised recommendations for alternative minimum temperature requirements for 
normal operation and hydrostatic leak test conditions for the RPV closure head flange.  These 
recommendations may be implemented in NRC Rulemaking governing the minimum 
temperature of the head flange (i.e., a revision to 10 CFR 50 Appendix G).  The minimum 
temperature requirements for the flange region are based on a postulated flaw in the closure head 
flange region highly stressed by bolt preload, and assume a fracture resistance based on the KIC 
fracture toughness curve.  The driving force for the postulated flaw is based on the predominant 
bending stress in the shell adjacent to the top head flange resulting from tensioning of the closure 
flange studs. 

The calculations in the referenced PVP paper use bending stresses provided in Westinghouse 
Report No. lWCAP-15315 [2] for a variety of sizes and thicknesses of the RPV flange and shell 
region from the U.S. reactor fleet.  WCAP-15315 provides geometry and bending stress values 
for eight different RPV designs: Westinghouse 2-loop, 3-loop, and 4-loop pressurized water 
reactors (PWRs); Combustion Engineering (CE) PWR; Babcock & Wilcox (B&W) PWR;  and 
GE boiling water reactor (BWR) with CE, B&W, and Chicago Bridge and Iron (CB&I) RPV 
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designs.  It is noted that, like the GE BWRs, the RPVs for Westinghouse PWRs were designed 
by several vendors, including CE, B&W, CB&I, and Rotterdam Dockyards (RDY). 

Prior to completing the rule making, the NRC desires to confirm that the values in WCAP-15315 
are bounding for the various RPV designs found within the U.S. fleet.  DEI has extensive 
experience with RPV tensioning and has been tasked by EPRI to assist in this effort.  Over the 
past 15 years, DEI has provided RPV head tensioning analyses to both BWRs and PWRs that 
optimize the procedures used to tension the RPV heads.  As part of these analyses, the stresses in 
the vessel, head and studs that result from expanding the range of acceptable stud elongation 
measurements were evaluated.  Therefore, similar to WCAP-15315, the reports available from 
DEI’s tensioning analyses include the bending stresses in the flange as a result of vessel 
tensioning.  Because DEI has performed tensioning analyses for about half of the U.S. PWR fleet 
and about two-thirds of the U.S. BWR fleet, summarized results from the analysis reports can be 
used to support the confirmatory information desired by the NRC. 

RPV Tensioning Report Analysis Data 

The RPV for both PWRs and BWRs comprises, in simplest terms, a removable hemispherical 
closure head atop a cylindrical vessel with an integral hemispherical bottom head.  The closure 
head is attached to the vessel and sealed against the internal pressure within by means of a 
number of studs (48 to 60 studs for PWRs and 60 to 92 studs for BWRs).  To resist the RPV 
internal pressure and prevent leakage of the reactor coolant, the studs are each preloaded (i.e., 
tightened) to a retained force of generally more than one million pounds each.  Preloading the 
studs generates a bending stress in the closure flange region, with the largest bending stresses 
occurring at the transition between the top head flange and the top head shell. 

DEI has performed analyses for a number of operating U.S. plants and assisted them by 
optimizing the process used to tension the RPV closure studs.  As part of these analyses, an 
analytical model was developed of the top head shell, the top head and vessel closure flanges, the 
studs, and the upper vessel.  The model was used to simulate the process of tensioning the vessel 
and calculated the resulting deflection and stresses in the closure studs, the RPV, the flanges, and 
the RPV top head.  The stress results extracted from the model include the stresses in the RPV 
top head closure flange-to-top head shell interface similar to the region of interested identified in 
WCAP-15315. 

An example of the finite element analysis models used to simulate RPV tensioning is shown in 
Figure 1 and Figure 2.  The vessel shell, head and flange regions were modeled using SOLID45 
(3D structural solid) elements with each row of elements corresponding to one stud pitch.  
Approximately 200 SOLID45 elements are used for each model cross section plane.  Studs were 
modeled using BEAM4 (3D beam) elements which resist tensile loads and bending moments.  
The beam elements representing the studs were attached to the structural solid elements by 
connecting them to “tie-bar” elements at the top and bottom of the stud.  The tie-bar beam 
properties were selected to be rigid only in bending, so that the rotation of the flanges is imposed 
on the ends of the studs without affecting the stiffness of the adjacent solid elements. 

A key assumption for the analytical model is that the head flange and the vessel flange are 
assumed to pivot at a single point location.  The location of this point, referred to as the “reaction 
radius,” is determined by tuning the model against past stud tensioning elongation measurement 
data.  For each analysis that has been performed, the plant tensioning procedure is simulated 
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using the analytical model, and the predicted stud elongations are compared to the measurement 
data.  The amount of relaxation caused by subsequent tensioning passes is affected by the 
reaction radius, so adjusting this location affects the elongation results predicted by the model.   

Stresses in the head flange and vessel flange are taken from the model for use in the analysis 
reports.  One location which is roughly equivalent to the region of interest identified in WCAP-
15315 is shown in Figure 2.  The analysis results reported from the model are linearized stress 
intensities, which are used for ASME Code analysis calculations.  Stress intensity is defined as 
the maximum principal stress minus the minimum principal stress, and it is always a positive 
quantity.  The stress intensity values are linearized along the four nodes along the stress path line 
into membrane and bending stress intensity values. 

It is noted that the stress intensity values reported in the DEI tensioning reports are not 
necessarily comparable to the membrane and bending stresses reported in WCAP-15315.  As 
noted above, stress intensity is the difference between the maximum and minimum principal 
stresses, and is therefore not a specific measure of the bending stress in the direction 
perpendicular to the shell thickness, as reported in WCAP-15315.  However, it is reasonable to 
assume that the stress intensity at the inside and outside surfaces of the path approximates the 
through-wall bending stress.  Under tensioning load only, the stresses imposed on the flange are 
predominantly bending in nature, with very little membrane stress.  When tensioned, the 
through-thickness bending stress in the head shell is such that the inside surface of the head is 
compressive and the outside surface of the head is tensile at the location of maximum bending.  
Therefore, for the stress intensity section line shown in Figure 2, the following assumptions may 
be used to convert stress intensity to through-thickness bending stress: 

• At the outside surface of the head, the maximum principal stress will be oriented 
perpendicular to the through-thickness direction.  The minimum principal stress at this 
location will be near zero.  Therefore, the stress intensity at this location will be equal to 
the tensile through-thickness bending stress. 

• At the inside surface of the head, the minimum principal stress will be oriented 
perpendicular to the through-thickness direction.  The maximum principal stress at this 
location will be near zero.  Therefore, the stress intensity at this location will be equal to 
the absolute value of the compressive through-thickness bending stress. 

Summary of Analysis Report Review 

DEI has completed 46 tensioning analysis reports for operating U.S. PWR and BWR plants, 
covering a total of 67 operating units.  As part of this project, these reports were reviewed and 
stress information and vessel dimensions were extracted.  It was found that the desired linearized 
stress intensity information was not included in the earliest DEI reports; therefore, results from 
55 operating units are included in this study.  The various units were grouped by reactor type and 
vendor using the same eight classifications used in WCAP-15315.  The vessel dimensions 
reported in WCAP-15315 were also used to develop additional sub-groups among the different 
units.  Finally, the values for through-thickness bending stress at the inside and outside surfaces 
of the head flange were reported for each of these plant groupings.  While the stress values for 
units of similar dimensions were typically similar, variations between different analysis reports 
were also observed.  These variations are largely due to differences in the reaction radius used 
for the analysis of a given plant.  When differences occurred, the unit with the largest bending 
stress was conservatively selected as the representative stress value. 
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The summary of the analysis report review is provided in Table 1.  Along with the results from 
the DEI tensioning reports, the results from WCAP-15315 are also reported and shown in italics.  
The comparisons generally show the results from WCAP-15315 to be similar to those from the 
DEI reports for similar vessel types.  The head shell through-thickness bending stress for the 
different RPV types considered generally range from 25 ksi to 35 ksi.  It is notable that the DEI 
bending stress results for the most conservative case for flange bending stress, the GE BWR 
Design 2 (B&W), are lower than the WCAP-15315 bending stress.   

It is also notable that the review of DEI reports indicates a larger number of geometric subgroups 
for RPV head designs as compared to the groupings used in WCAP-15315.  Among the plants 
investigated for a given WCAP-15315 grouping (e.g, Westinghouse 3-loop PWR), significant 
variations were identified for key dimensions such as the head shell thickness and flange height.  
Table 1, therefore, provides a source of supplemental dimensional information that covers 
approximately 50% of the operating U.S. PWR and BWR fleet. 

 

If you have any questions or need anything further regarding these analyses, please feel free to 
contact me. 

Best Regards, 

 

John E. Broussard, P.E. 



L-5637-00-01, Rev. 0 
 

 

 
p. 5 of 7

Table 1.  RPV Tensioning Analysis Data Summary 

Head IR
Dim "A"

Head 
Thickness
Dim "B"

Vessel IR 
Dim "D"

Flange 
Height

Dim "C"
Inside Outside

WCAP 15315, Rev. 1 83.46 5.660 66.20 27.56 N/A N/A

Group A 3 66.31 5.375 66.16 22.50 -26.5 25.9

WCAP 15315, Rev. 1 74.59 5.750 77.75 29.56 -15.5 27.7

Group A 1 74.66 7.750 77.97 24.50 -18.5 15.5

Group B 6 79.25 6.299 77.91 28.80 -24.4 24.7

Group C 1 74.59 5.750 77.94 29.56 -25.0 22.4

WCAP 15315, Rev. 1 85.78 7.000 85.44 27.25 -14.3 19.7

Group A (CBI) 1 83.69 6.500 85.63 27.25 -27.5 23.3

Group B (B&W) 4 88.34 6.750 85.63 28.80 -27.6 26.6

Group C (RDY) 4 88.35 6.496 85.59 29.72 -25.2 25.0

Group D (CE) 14 86.00 7.000 85.59 27.25 -26.9 27.6

WCAP 15315, Rev. 1 87.25 6.630 84.20 30.25 -15.1 31.9

Group A 1 87.25 6.625 84.19 30.00 -26.9 28.3

WCAP 15315, Rev. 1 86.00 7.400 86.70 25.75 -19.4 23.6

Group A 1 86.06 7.375 86.66 25.75 -26.0 26.8

WCAP 15315, Rev. 1 109.50 3.600 109.50 24.40 -25.5 27.1

Group A 2 106.72 4.313 106.72 28.25 -26.8 22.1

Group B 1 126.25 3.625 127.00 28.75 -28.0 25.6

WCAP 15315, Rev. 1 125.60 4.000 122.40 31.00 -48.0 49.0

Group A 3 125.69 4.000 126.06 31.00 -33.3 28.5

WCAP 15315, Rev. 1 124.80 4.800 124.80 28.20 -35.0 36.0

Group A 2 110.04 3.531 110.19 26.00 -33.3 30.2

Group B 2 109.00 4.219 110.19 26.03 -35.0 33.1

Group C 1 119.00 4.594 120.19 27.72 -35.9 35.6

Group D 8 125.50 4.938 126.69 29.19 -33.7 33.8

GE BWR Design 2 (B&W)

GE BWR Design 3, (CBI)

GE BWR Design 1 (CE)

Plant Group
Number of 

Units 
Represented

Westinghouse 4-Loop PWR

B&W PWR

CE PWR

Plant-Specific Dimensions (in)
See WCAP-15315 Figure 2-1

Plant Type

Westinghouse 2-Loop PWR

Through-Thickness 
Head Bending Stress 

Westinghouse 3-Loop PWR
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Figure 1.  RPV Tensioning Example FEA Model – Overall 3D Model View 
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Figure 2.  RPV Tensioning Example FEA Model – Model Section Showing Components 
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