U.S. Nuclear Regulatory Commission Meeting
with Nuclear Energy Institute, Material Reliability Program, and
Operating Pressurized Water Reactor Licensees’

Thursday, November 8, 2001
1:00 p.m. - 5:00 p.m.
Commissioners’ Hearing Room

Purpose: To discuss NRC staff’s technical assessment for vessel head penetration nozzle cracking
associated with NRC Bulletin 2001-01, “Circumferential Cracking of Reactor Pressure Vessel
Head Penetration Nozzles.”

Success: NE!, MRP, and external stakeholders have a clear understanding of the staff’s technical
assessment and its’ basis.

Introduction: Jake Zimmerman 1:00 p.m. - 1:10 p.m.
Bulletin 2001-01 Overview: Allen Hiser 1:10 p.m. - 1:30 p.m.
Discussion of Crack Growth Rate: Dr. William Shack 1:30 p.m. -2:00 p.m.
Discussion of Crack Initiation: Dr. William Shack 2:00 p.m. - 2:30 p.m.

- BREAK - 2:30 p.m. - 2:45 p.m.
Discussion of Stress Analysis Dr. Gery Wilkowski 2:45 p.m. - 3:15p.m.

and Crack-Driving Force:

Discussion of Critical Crack Size: Dr. Gery Wilkowski 3:15 p.m. - 3:45 p.m.
Discussion of Deterministic Assessment: Allen Hiser 3:45p.m. -4:15p.m.
Discussion of Probabilistic Assessment: Allen Hiser 4:15 p.m. - 4:30 p.m.
Discussion of Inspection Timing: Allen Hiser 4:30 p.m. -4:45p.m.
Comments/Questions from 4:45 p.m. - 5:00 p.m.

External Stakeholders:

The NRC staff will be available immediately following the meeting to speak with members of the public.

Attachment 1
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Typical Reactor Vessel Head - Oconee Unit 1 (Babcock & Wilcox)
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Schematic View of B&W Design
CRDM Nozzle Area
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NRC-FUNDED
CRDM STRESS ANALYSIS, CRACK-DRIVING
FORCE, AND LEAK-RATE ANALYSES
by

Engineering Mechanics Corporation of Columbus*
G. Wilkowski, D. Rudland, and Z. Feng

and

ORNL
R. Bass and P. Williams
Presented by
Gery Wilkowski

11/8/01 — NRC/Industry meeting

Gme

Involvement to Date

(1) Expert panel assistance on CRDMs started in late June.
Work involved reviewing industry documents and
assisting NRC staff with technical information.
Emc? technical efforts involved:
®  Stress analysis aspects — weld residual stress
®  Crack-driving force and crack-opening displacement
®  Leak-rate analyses
®  Critical crack length calculations
ORNL technical efforts involved:
®  Stress analysis aspects
®  Crack-driving force and crack-opening displacement

(2) Technical assistance for plant specific assessments

(3) Future CRDM efforts

8/{1/1/02 i




Initial Stress Analysis Efforts
Residual Stresses

Some aspects of the review of work to date:

» The residual stress analysis for this problem is complicated
by highly 3D aspect of the geometry. Industry efforts to
date are good considering the time frame of efforts.

» Some suggested improvements are;

< Weld simulation created a whole ring of elements (one pass)
instantaneously. (Traveling arc has heat sink in all directions not
just normal to weld path.)

< Using elastic-perfectly plastic stress-strain curve will give lower
residual stresses than one with strain-hardening.

» Distribution of stresses also affected as well as peak values.

%mz :

Initial Stress Analysis Efforts
Residual Stresses

Some suggested improvements, continued;

+ Effect of weld sequencing is not explored.
Sequencing could be;

» From the tube to the head in the radial direction
(forces stresses in the weld to be higher either
closer to the tube or the head), which could also
affect OD axial cracking.

» Welding around the circumference
either continuously or from uphill to
downhill side in two half-
circumferential steps on opposite side 4 ;
of the tube. (Higher stresses at stop
and start positions.)

Single stop-start Separate stop-start positions

%m/cz )




Initial Stress Analysis Efforts

Residual Stresses

« Some suggested improvements, continued;

# Mesh refinement in the weld bead could perhaps be finer

» Informal survey of international weld stress analysts showed they
typically used a minimum of 12 to 20 element in a single weld bead
cross-section. (Consistent with Emc? gxpericnce )

Industry
analyses

Example of
ultra-fine
mesh — Emc?

s e b 2
Total of 3,000 clements in weld 8 MMC

Recent Stress Analysis Efforts
Thermal Expansion Stresses

Thermal expansion and RPV hole expansion from

pressure loads increase the annular clearance
* Good from leakage viewpoint, but
« Contributes to crack-driving force at the root of weld

Counterbore




Recent Emc? Stress Analysis Efforts
Thermal Expansion Stresses

Stresses from thermal expansion and
pressure without residual stresses — simple
axisymmetric model.

K, = 18 ksi-in%> K, = 12 ksi-in%3

(%/m/cz 7

Recent Emc? Stress Analysis Efforts
Thermal Expansion Stresses

Stresses from thermal expansion and
pressure without residual stresses

00025
2= bl

g

. Principal stress direction at
L %— ~ angle through the thickness?
T K, = 12ksi-in03

(%rn/cz i




Initial Stress Analysis Efforts
Cyclic Thermal Stresses

From analysis at Ringhals in early 1990’s, there was concern of
cyclic temperatures from water going up and down the nozzle
region.

It was expected that the thermal stresses may not be large
enough to cause fatigue by themselves, but “may be a
contributor to cracking in cold heads”.

® Past gas pipeline work on SCC showed that small cyclic stresses
(R=0.95) can increase the crack growth rate.

('%fm,(:2 .

Initial Crack-Driving Force Analyses

Efforts conduced both at Emc? and ORNL to examine K and
COD. COD used for leak-rate analyses.

® Emc? analysis was elastic conditions with pressure only, and examined
the effect of restraining the pressure-induced bending from the presence
of a circumferential through-wall crack. No pressure on crack faces.

@ K and COD much lower in restrained condition that simulates CRDM
behavior.

ch
o
R
o

] © Unrestrained
0.035 : nrestrain - U-outsida

= -~ U-Middle
e USeInside
—3— R-Outside

ning Displacement, in:
o
8
&

0.015 Restrained iy —— R-Middle
3 —&— R-Inside
& o010
% 0005
2
< 0.000

0 50 100 150 200 250 300

Crack Length, degrees % mz
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Initial Crack-Driving Force Analyses

Efforts conduced both at Emc? and ORNL to examine K and
COD, continued

» ORNL effort used gap elements to restrain bending and was elastic-plastic
with pressure loading only, including full pressure on crack faces.

> Similarly showed lower COD and K values with restrained bending —

particularly for longer cracks.

Refined Mesh 8
80 - 8015 elements

31,629 nodes ORNL

70 4+ -~ - Eme® (Unrestrained case and
no pressure on crack face)

50 1 ORNL (Restrained case and
p=2,250 psig on crack face)

30 | Emc? (Restrained case and
no pressure on crack face)

0 50 100 150 200 250 300 2
Total Crack Angle, degrees 8 MNC

Initial Crack-Driving Force Analyses

Efforts conduced both at Emc? and ORNL to examine K and
COD, continued
» ORNL also examined effect of applying a residual stress equal to
yield in a simplistic manner, i.e., displacement-controlled axial
tension stress on tube

¥, 5P ®)
12 3 ©

residisal + pressure




Initial Leak-Rate Analyses

Efforts at Emc? using COD from Emc? and ORNL, continued

®First calculated a leak-rate for a circumferential through-wall crack

> Used statistical mean crack morphology parameters (roughness, number of
turns) for an IGSCC

> Assumes no back pressure at exit plane

» Determined leak-rate (0.22 to 0.44 gpm) as well as pressure and temperature
of water exiting the crack plane for 180-degree crack. (127 psig and 347 F)

1.4 v v
—e— 2,250 psi crack-face pressure | ORNL analysisi
1.2 7| —m—no crack-tace prossure [ /
£ 14 :
& ' /
& 081~ ;
K] / A Emc2 analysis
x 06
g /
304 — / —
0.2 : S
0 —

0 20 180 270 360 2
Circumferential Crack Angle, degrees % mc 13

Initial Leak-Rate Analyses, continued

+ Calculated the leak-rate through the annular region (0.1 to 0.3 gpm)

» Assumed 180-degree crack exit plane water is entrance water in annular
plane

> Assuming a radial gap of 1.2 mils on diameter (close to industry stated value)
» Used roughness for either drilled or reamed holes in annular area.

18

e 16rms, 127 pei, 346F | ; . /
- @ 63 1ms, 127 psi, M6F | E

vt 161, 2250 i, SSOF | |

tad - [7) eomm omopei s0r] - - )
: : R

12 . y 4

06

Leak Rate, GPM

0 00002  DOOO4 00006  0.0008 0.001 00012 00014 00016 2
Radial Clearance Between Rod and Head, inch m/C
14




Initial Leak-Rate Analyses, continued

« Determined that for this crack size the annular leakage was limiting

- The calculated leakage rate, however, was about 24,000 time greater than
the Oconee 165-degree crack

- Could be explained if the 165-degree crack all the way through the
thickness or only over a short length?

Leakage only at a few small locations
along crack, rather than whole 165-
degree length?

« Plugging occurring at low leak rates?

E%/m,c2 y

Initial Review of Industry Work

* Industry efforts underway are impressive and
involve a significant undertaking considering the
time frame involved.

» Some suggested improvements if more time was
available
» Redistribution of residual stresses may not be properly
handled by putting load-controlled stresses on the crack

faces from the uncracked model.

+ Need to map 3D stress and strain field from weld model onto the
fracture model to properly determine the redistribution of stresses

with crack growth.
2
844'1,0 .




Review of Industry Work

» Some suggested improvements if more time was
available, continued

* It appears that longitudinal (axial stresses) in tube
were applied to crack face.

e Crack was in helical direction, so stresses normal
to that direction should be used.

» Examination of weld model may show that crack
growth may not be in a plane normal to the
thickness, i.e., the principal stresses may be
different than the axial direction or normal to the
helical plane of the crack.

84’%2
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Review of Industry Work

» Some suggested improvements if more time was
available, continued
» Weld sequencing effects on crack-driving force not examined
» Could have high stress spots at 0 and 180 degree locations

+ Need to examine K from toe of weld as well as K from through-
wall crack.
« Will there be multiple initiation sites?

» What is the crack growth rate in the radial versus circumferential
directions?

* Could a complex crack form (long surface crack with through-

wall crack of shorter length)? o
8m,c .




NRC-FUNDED

CRDM CRITICAL CRACK SIZE ANALYSES

by

Engineering Mechanics Corporation of Columbus*

G. Wilkowski, D. Rudland, and Z. Feng
Presented by
Gery Wilkowski

11/8/01 — NRC/Industry meeting

Involvement to Date

(1) Expert panel assistance on CRDMs started in
late June. Work involved reviewing industry
documents and assisting NRC staff with
technical information.

Emc?technical efforts involved:

Critical crack length calculations

Stress analysis aspects — weld residual stress
Crack-driving force and crack-opening displacement
Leak-rate analyses

(%wvc2 2




Critical Crack Analysis

Limit-load analyses examined to;
* Determine proper limit-load boundary conditions,
* Determine flow-stress definition?

* Determine if toughness of Inconel 600 is sufficient for
limit-load to be used?

¢ Conduct analyses for CRDMs with ideal
through-wall crack, surface crack, and

complex crack. \

A

Ny

W
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)

Duane~Arnold Crack Found i Service
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Determine Proper Limit-Load Conditions

* Solutions exist for axial tension on a cylinder with a
circumferential crack

+ End-capped solution most common, but allows for free rotation
of cylinder ends due to pressure-induced bending from presence
of crack.

+ CRDM tube restrained from bending by RPV head

o LSt
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Determine Flow-Stress Definition

+ Axial tension tests with restrained-bending on circumferential
through-wall-cracked 4” diameter stainless steel pipe
conducted in past.

+ Flow stress = (yield + ultimate)/2.4, which is less than average

1

\\A Flow stress empirlcally determined to be (yleld + ultimatey2.4
09 \:\
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Determine if Inconel 600 Has Enough
Toughness to Use Limit-Load Solution

Dimensionless Plastic-Zone Screening criterion developed to
determine toughness requirement for using limit-load analyses.

« From PIFRAC database Inconel 600 J;, = 9,310 in-1b/in? (1.63
MJ/m?), which give plastic-zone parameter of 3.5 and limit-load

should work.
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Limit-Load Analysis with Crack-Face Pressure

Longer cracks are more affected by crack-face pressure —
idealized through-wall crack example.

40,000

35,000

30,000

25,000

20,000

Pressure, psig

15,000

10,000

5,000

Using Code strength properties at 600F

Using Inconel 600 pfoperties

Using typical
actual strength
properties at 550F

Critical crack length at
3 times operating pressure
=262 to 269 degrees

3 timas design pressure (7,500 psig)

45 20 135 180 228 270 315 360

S
Total through-wall-crack length, degrees % 1NC 2
7

Pressure, psig

CRDM Ciritical Crack Length Calculations
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Complex cracks ‘

Using Inconel 600 Code properties at 600F

Idealized TWC
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CRDM Critical Crack Length Calculations

1

0.9

0.8
= Uniform depth surface crack
E 07
F=
=
% 0.6
©
& 05
©
3
o
o 04
& Using Inconel 600 Code properties at 600F
g 03 Pressure = 2,500 psig (no safety factor)
7]
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0 . x
0.00 45.00 90.00 135.00 180.00 225.00 270.00 315.00

Total through-wall-crack length, degrees

360.00

844@02 )

Critical Crack Length Analyses

Summary

»  Restrained-bending limit-load solution is more appropriate for CRDMs.

»  Flow stress = (Y+U)/2.4 from pipe tests with similar loading (lower than
typical average of yield and ultimate definition).

»  Pressure on crack-face important for longer cracks.

+  Toughness of Inconel 600 high enough to use limit-load solution.

« Ideal TWC critical length at 3*design pressure = 262 to 269-degrees
(slightly less than industry calculated value), but very fracture resistant
material.

«  Critical surface crack/complex crack/ideal through-wall crack lengths at
design pressure given.

»  Critical 360-degree surface crack of constant depth would be
90-percent of thickness. Difficult to get such a crack geometry
without getting some through-wall component.

%fm/c2
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NRC Meeting with Nuclear Energy Institute, Materials Reliability Project
and Operating Pressurized Water Reactor Licensees

Thursday, November 8, 2001
1:00 p.m. - 5:00 p.m.
Room: Commissioners’ Hearing Room
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NRC/NRR/DLPM - Lead Project Manager
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NRC/NRR/DLPM/PDII-2
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Dan Salter HGP, Inc. (864) 370-0213
Dick Labott PSEG - Salem (856) 339-1094
R. Hermann SIA (540) 710-6717
Bob Hardies CCNPPI (410) 495-6577
Jim Meister Exelon (630) 657-3800
Altheia Wyche SERCH Licensing/ Bechtel (301) 228-6401
Tom Harrison McGraw-Hill (202) 383-2165
Harold Chernoff CP&L (843) 857-1437

Shataro Mori

The Konsai Electric Power

(202) 659-1138

Paul Gunter

NIRS

(202) 328-0002

Deann Raleigh

LIS, Scientech

(301) 258-2557

Roger Huston

Licensing Support Services

(703) 671-9738

H. Fontecilla

Dominion

(703) 838-2314

Roy Lessy

(202) 887-4500

Attachment 3




PHONE PARTICIPANTS

Name

Organization/Title

Phone Number/Email

Dick Mattson

Structural Integrity Associates

(408) 978-8200

Daniel Stenger

Ballard, Spahr, Andrews &
Ingersoll, LLP

(202) 661-7617

Robert Lemberger

Florida Power, Crystal River 3

(352) 795-6486, x3862

Stephen Collard

FPL

Michael Moran

FPL

Terry Pickens

Nuclear Management
Company, LLC

(715) 377-3390

Donald Bemis

CMS Energy

Richard Gerling

CMS Energy

Ed Siegel Westinghouse

George Lavigne NAESCO (603) 773-7126
Jeffrey Sbotka NAESCO

Kevin Whitney NAESCO

Scot Sulley NAESCO

James Connolly NAESCO

Yogen Garud

APTECH Engineering Services,
Inc

(408) 745-7000, X3060

Mark Fleming Dominion Engineering, Inc.(DEI) | (703) 790-5618, x239
Glenn White DEI

John Crane Westinghouse

Greg Gerzen Exelon (630) 657-3845
Christine King EPRI (650) 855-2605

Frank Ammirato

fammirat@epri.com

Ron Baker

ribaker@stpegs.com

Warren Bamford

bamforwh @westinghouse.com

Jim Bennetch

iim_bennetch@dom.com

Dave Berko

Daveberkode @inpo.org

Prasanta Chowdhury

pchowdh@entergy.com
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Kurt Cozens koc@nei.org
John Hall john.f.hall@us.westinghouse.com

John Hamilton

ihamil2 @ entergy.com

Craig Harrington

charrini @txu.com

Larry Mathews

lkmathew @ southernco.com

Gary Moffatt

gmoffatt@scana.com

Ben Montgomery

bimontgomery @cal.ameren.com

Donald Naylor

donaglw@wcnoc.com

Raj Pathania

RPATHANI|@epri.com

Jeffrey Portney

ilp4 @pge.com

Mike Pugh

Mpugh@epri.com

Eric Schoonover

schoonej@songs.sce.com

Michael Shields

mike_shields@rge.com

William Sims

wsims @entergy.com

Ronald Swain

rswainl @entergy.com

Chuck Tomes

ctomes @wpsr.com

Vaughn Wagoner

vaughn.wagoner@pgnmail.com

Joseph Weicks

iweicks @ entergy.com
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