NORTH ANNA #1 STEAM GENERATOR
ROW § COLUMN 51
TUBE FAILURE ANALYSIS




INTRODUCTION

On July 16, 1087 & loak occurred in the "C" Steam Generator of the North
Anna Unit 1 nuclear powver plant, The source of the leak was determined to be
the rupture of the tube in the Row 9 Column 51 position. The author was
etained as a consultant by the NRU Staff to help in the evaluation of the
ailure and to ?rovide input with respect to the vendor (Westinghouse) and
utility (Virginia Electric Power Comjany) analysis of the failure and proposed
solution to the problen.

The author attended three meetings betweeen the NRC etaff, VEPCO, and
Westinghouse personnel and received all VEPCO and Westinghouse reports related
to the incident. Table 1 lists neetiug dates and locations. Table 2 lists
the reports that were received and revieved,
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AUTHOR'S QUALTFICATIONS

The author's resyme s attached as Appesdix 1. The author kolde & joint

:gsointnent i the Departweats of Nuclear Engineering and Materials Science

nd Engineering at the Massachusetts Institute of Technology as Associate
Frofessor. The author has conducted extensive research in the areas of
corrosion f;t&,ue and stress corrogion cracking of nickel-base alloys, in
particular, alloy 600, in high temperature aqueous systems. The fatigue crack
grovth data from the author's laboratory represents the only such data
available in the literature.
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QUESTIONS TO BE ADDRESSED!

The following questions were addressed as part of the analysis:
(1) What was the mode of failure?
(2)  Was the vendor/utility analysis of the failure adequate?

(3) Arethe s for avonding future failures likely to be successful
in their goals”
(4)  Are there any additiona! areas of concern that have not been addressed in
the vendor/utility analysis”®
Eailure Mode
Based on analysis of fracture surfaces it is proposed that failure was by crack
initiation and prepe=ation by fatigue in the aqueous environment of the side of

the steam gererstor. The necessary cyclic stress was provided by flow induced vibration.
Initiation was facilitated by the presence of a high mean tensile stress associated with
denting of the K®CS1 tube in the upper support plate. Abnormally large vibrationa
amplitudes were the result of: (1) the absence of antivibration bars and, (2) the presence of
a fluid elastic instability,

After examination of micrographs of fracture suriaces, the author concurs with the
voriantion that failure was caused by fatugue. The rmewe of clearly identifiable fatigue
striat:ons as well as other features associated with fatigue failures, leaves no doubt.

With respect to the source and magnitude of the aliernating stresses, further
discussion will be presented in a subsequent section,

Vendor Lisiliny Analyai

The vendor/utility analysis of the tube failure consisted of a number of major tasks.
Among these were the following:

(1) IMentification of the cause of failure
(2)  Analysis of the failure scenano
(3)  Identifiction of mitigation measures.

The identification of cause of failure was discussed in the previous section. The failure
scenario consistec of two distinct phases: (1) initiation and (2) propagation. A major
conclusion of the analysis indicates that the falure process was dominated by the iniuation
phase Available crac{ propagation data indicates that once initiation has occurred, through
wall penetration can occur in as little as a few hours with tube failure occurring in as little as
6 hours. Based on this analysis anv mitigation scheme must be aimed at extending the time
10 initiation. Proposed mitigation measures will reduce the amplitude of tube vibrations
and, hence, will extend the time 10 1nitiahion









Mitisation Tachai

With the assumption that tube vibration was the source of the fatigue stresses, the
solution consisting of generator modifications to reduce the stress amplitude by reducing
vibration is an adequate solution and will result in an extension of the time to crack
initigtion.  Since the process i initiation dominaied, this should extend the tube life

significantly.

ﬁ ﬁmﬁ mean stress on cch’c E’c was assumed to be represenied adequately by the

relationship proposed by Smith et. al (2). Smith at. al propose a relationship of the form
Oa Omax = C

where 04 18 the cyclic stress amplitude and Oy I8 the maximum stress during a cycle.
This formulation results ir @ severe mean stress effect - more so than those proposed by
others such as Goodman | S4/8¢1 « Sm/Sy « 1], Gerber [Sy/8¢ «sm/su)? = 1], Soderberg

[Sa/Sf + Sm/Sy « 1], or Morrow [S4/5( + Sm/of = 1] where
Sa = alternating stress amplitude
S¢ « fatigue limit
Sm = meun stress
Su = ulimate tensile stress

Sy = tensile yield stress

Ay = true fraciure stress

(3). While the Smith et al. relationship provides for a reasonable reconciliation of the field
observations and the analytical calculations, data nfrom:&duko et al. (4) for alloy 600
tubing in AVT water indicate that the mean stress effect is minimal in nomiral AVT
environments and is lde%umly represented by a Goodman functional form fo, isulted AVT
chemistry conditions. If this data 1s a reasonable representation of in-service conditions one
would expect 4 less severe mean tress effect. 1t must be pointed out, however, that the
mean stress effect data reported by Jacko et al. is quite limited and co ‘ers a range of mean
stresses significantly less than those calculatea to exist in the situation of interest,

If we were 10 assume . 58 severe mean stress effect and, at the same tme, assume that the
cychic stress amplitude at initation was between 4-10 KS1 then, for this to be the case,
another mechanism or mechanisms would have had to contribute to in‘tation. Two
mssibilitics would be IGA and degraded local chemistiy. In the author's opinion, the most
ikely cause of a reduction in fatgue strength would have been the presence of 1GA
IGA was observed in the region of failure. 11 1GA 1s present, there 18 no reason 1o believe
that the presence of 1GA cracks will not affect the fatigue strength of the material. Thie
eftet of surface finish on fatigue life is well known, If 1GA does play a role then this
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Table 1

Meetings Attended

09/02/87 Mecting at Westinghouse - Pittsburgh, PA
08/10/87 Meeting at NRC - Dethesda, MD
09/21/87 Meeting at NRC - Dethesda, WD



Table 2
Reporte Received
"North Auna 1 Steanm Generator Tube Rupture,” Trip Nutes for meeting
held 07/20-07/24/87, U. F. Conrad, USNRC staff.
"North Anna Unit 1 July 15, 1987 Stean Gencrator Tube Rupture Event
:re:ogtnténn.“ Virginia Electric Power Company, July 29, 1087,
evision 0,

Westinghouse slide presentation material for 09/02/87 weeting in
Pittsburgh, PA.

Westinghouse slide presentation material for 00/10/87 meeting in
Bethesda, MD.

x%PCU glide presentation material for 09/10/87 meeting in Bethesda,
STD-7.2.4- 7126, "North Auna 1 §/C Tube Rupture and Remedial Actions
Techuical Evaluation," Westinghouse Electric Corporation, Nuclear
Fuergy Systems, 00/13/87.

STD-7.2.4-1220 Addendun, 09/21/87.

"North Amna Unit 1 July 15, 1957 Steam Generator Tube Rupture Event
Report," Revision 1, September 1%, 1987,
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(Ks1yi0)
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Table 3

A‘growth penetration Ygrovth
(Kslyin) (hrs) (hrs)
4 42 B33
15 0.2 4.2
20 0.2 1.3

dafdn = 3.17 X 10° 11 axt
frevuency « 40 liz

total circumfercntial growth 0.96" (1/2 80% of
circumference)
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65 Durnban Road
Andover, M 01810
(617) 4751226

Title

Yducation

0 jzation and
rggzicty
Meaberships

Avards and Frizes

e A e —— R e

R N T T T IR EERRNTNUTes

October 06, 1987

I'rofesnor Ronald George Ballinger

Associate Professor, Department of Nuclear Engineering
and Materials Science and Engineering, Massachusetts
Institute of Technology

MASSACIIUSETTS INSTITUTE OF TECUNOLOGY

§c.D. degree in Nuclear Materials En’ineerin; titled
"Corrosion Fatigue of Nickel Dase Alloys for Nuclear
Applications," February 1082,

§.M. degree in Materials Science, February, 1978.

§.M. degree in Nuclear Engineering, September 1977.
Thesis title: "The Anisotropic hechanical Dahavior of
Zircaloy-2 " (Both degrees)

VORCESTER POLYTECHNIC INSTITUTE

§.0. degree in Mechanical Engineering, with high
gl:tinctiou. February, 1975, Emphasis in Materials
cience.

President, M1T Student Section, American Nuclear
Society, 1077- 78,

Vice - Prosident, MIT Student Scction, American Nuclear
society, 1976-Tv

Mesber, Tau Deta Ti

Associate Mewber, Sigma M

Member, I'i Tau Sigma ~

Member, American Nuclear Society

Mewber, American Society for Metals

Member, National Association of Corrosion Engineers
Mewber, The Electrochemical Society

Mewber, American Society for Testing and Materials

Metallurgy and Materials Science Prize, 1973, Sponsored
by the Doston Section of the AIME and given in honor of
Professor Morris Cohen.

1071- 72 CiC Enginco*‘ni Science Achievement Award,
Vorcester Polytechnic Institute.
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JOURNAL PUBLICATIONS

R. G. Ballingar, and R. M. N. Pelloux, “The Anisotropic Mechnanical Behavior of
Zircaloy-2," Third International Conference on Mechanical Bebavior of Materials,
Canbridge UK, August 1979, Vol. 2, pp 685- 605,

R. G, Ballinger, V. G., Dobson, R. k. Biederman, "Oxidation Reaction Kinetics of
Zircaloy-4 in an Unlinited Steas Envirunment," J. Nuc. Materials, 62, 2, 3,
November 1976,

V. G. Dobson, R. R. Biederman, R. R. Diederman, R. G. Ballin er, "zircalo{~4
Oxidation in Steam under Transient Oxidizing Conditions," ASTM, STP 663, 1977.

G. 5, Was, 0. 0. Tischner, F. L. Pall, R. M. Latanision, R. G, Ballinger and R, M.
N. Pelloux, "Effects of lleat Trea ent on Segregation and Precipitetion of Trace
Elements in Inconel 600," presented by Environmental Fracture Session 1, Fall
Meeting of TNS-AIME, Ailvaukee, September 1979.

R. G. Ballinger and R. M. N, Pelloux, "The Effect of Anisotropy on the Mechanical
Behavior of Zircaloy-2," J Nucl. Materials, 97, No. 3, April 1081,

R. G. Pallinger (contributor), &, Christensen (ed.%. "SPEAR Fuel Reliability Code
General Description," Research Projects 971-1 071-2, 700-8 Interim Report ,
Electric Pover Research Irstitute, Pale Alto, CA, March 1980,

R. G. Ballinger, R. Christensen, R. Eilbert, S. Oldberg, E. Rumble and G, 8. Was,
“Clad Failure Modeling Progress," Fifth lnuternational 8onference on Zirconium in
the Nucloar Industry, August 1940,

R. G. Ballinger, %, W. latanision, V. C. Moshier, and R. M. N. Pelloux, "The Role
of Uncertainty in the Measurement of Crack Lenéth bz Compliance Techniques,"
International Conference on Suberitical Crack Growth, Freiberg (W. Ger.), May
13-15, 1981, pp 261- 285,

R. G, Ballinfcr et al., "Fission Gas Release and Fuel Reliability at Extended
Burnup", Topice! Meeting on LWR Extended Durnup, Fuel Performance and Utilization,
Williamsbuig, VA, April 4-8, 1982, pp 4-35.

C. K, Sheeks, ¥. C. Moghier, R. G, Ballinger, R. M. Latanision and R. M. Pelloux,
"Fatigue Crack Growth of AliOya X-750 and 600 in Simulated PWR and BWR
Eavironment," International Symposium on Environmental Degradation of Materials in
Nuclear Power Systems, Myrtle Deach, $.C., August 22-25, 1083,

R. G. Ballinger, w. C. Noshier, K. N. Siebein, R. M Latanision, "A Study of the

Thermal Aging Dehavior in Alloy 600 Tubing," 9th International Congress on
Metallic Corrosion, Toronto, Canada, June 37, 1084, pp 205273
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Bogks

R. G. Ballinger, ' ' rof Zircalov-2, Garland
Publishine Qg., Inc., New York, 1979,

LECTURES/SPAINARS GIVEN

Environnentalla Assisted Fatigue Cracking of Nickel-Base Alloys for Nuclear
ggg%icutions. IT Industrial Laision Program Symposium on Corrosion, Decemter 2,

ggtigggain Nickel Base Alloys - Seminar given at Framatome, Paris, France, March

Corrosion Fatigue in Alloy X-750, Seminar given at Cruesot Loire Laboratories,
Firminy france, 3/29/83.

Thermal Behavior of Nuclear Fuel Rods, Thermal-llydraulic Desiﬁn and Safet§ for
Light Water Reactors, Centver for Advanced Engineering Study, MIT, May 1t-21, 1983,

Advanced Fuel Design and Performance, Short Course given at Westinghouse Electric
Corporation, Water Reactor Division , July 11, 1983.

Pattern Recognition Techniques for illoy Development, Seminar given at TRV Inc.,
Caldwell Laboratories, Uclia, Ohio, July 12. 1083,

"Fracture in Nickel-Base Alloys in Nuclear Power System Environments", Seminar
given ¢t Wurcester Polyvc~tnic Insiitute, Marvch 29, 1085,



Professor Ronald George Ballinger

Professor Ballinger is an Associate Professor at the Massachusetts Instituts of
Technology with a joint appointment in the Departments of Nuclear Engineering and
Materials Science and Engineering. Professor Ballinfer'a areas of specialization
are as follo's: §1) Environmental Effects on Material Behavior; éz Nuclear
Fuel iincludxng cladding) Performance and Analysis; (3) Advanced Statistical
Techniques for Experimental Design and Analysis, and (4) the Development of '
Advanced Materials for Cryogenic Structural Appiic&tionl. Professor Ballinger is
the author of sevr -l papers in the above areas and is a wember of the
International Cv.iic Crack Growth Review Group which is charged with the
developmert of L. understanding o” the behavior of reactor pressure vessel steels
with rega~d to fatigue, stress corrosion cracking and co:rosion fatigue.
Profcesor Ballinfer is also a member of the International Cooperative Workin
Group on Irradiation Assisted Stress Coriosion Cracking which is charged with the
development of an understanding of this phenomena,
"vo. car Ballinger is active in nuclear fuel cycle analysis and is co-author of
&0 o acated fuel Yerformapce analysis codes. Professor Ballinger teaches
ta. courses dealing with materials selection and performance in the nuclear

. vy le. Professor Ballinger is a member of several professional societies and

‘i o ulteg extensively in the above areas and is an expert in failure analysis
Gintyc L0 these areas.



