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ABSTRACT

The Steam Generator Tube Integrity Program {SGTIP) was a three phase
program conducted for the 4.5, ﬁuc?ear Regulatory Commission (NRC) by Pacific
Northwest Laboratory (PHL},tﬂ} The first phase involved burst and collapse
testing of typical steam generator tubing with machined defects. The second
phase of the SGTIP continued the integrity testing work of Phase I, but tube
specimens were degraded by chemical means rather than machining methods. The
third phase of the program used a removed-from-service steam generator as a
test bed for investigating the reliability and effectiveness of in.service
nondestructive eddy~current inspection methods and as a source of service
degraded tubes for validating the Phase [ and Phase 11 data on tube
integrity. This repert describes the results of Phase I[ of the SGTIP. The
object of this effort included burst and collapse testing of chemically
defected pressurized water reactor (PWR) steam generator tubing to validate
empirical equations of remaining tube integrity developed during Phase I,
Three types of defect geomelries were investigated; stress corrosion ¢racking
(SCC), uniform thinning and elliptical wastage. In addition, a review of the
publiciy available leak rate data for steam generator tubes with axial and
circunferential SCC and a comparison with an analytical leak rate model is
presented, Lastly, nondestructive eddy-current (£C) measurements of defect
severity are reported. Laboratory EC measurements to determine accuracy of
defect depth sizin? using conventional and alternaite standards 15 described.
To supplement the laboratory EC data and obtain an estimate of EC capability
to detect and size SCC, a mini-vound robin test utilizing several firms that
routinely perform ine.service inspections was conducted.

(a) Pacific Northwest Laboratory is operated for the U.S, Department of
Energy by Battelle Memorial Institute under Contract DE-ACO6-76RLC 1830.
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SUMMARY

This report presents the results of Phase Il of the SGTIF, This program
was sponsored by the U.S. NRC at Battelle-PNL. Results of pressure tests and
nondestructive characterization of steam generator tube segments with
chemically induced defects are described. These tests were performed to
establish the margin-to-failure of degraded PWR steam generator tubes under
normal operating and accident loading conditions, The principal goal of
Phase 11 was to validate and extend empirical correlations of remaining tube
integrity developed during Phase 1. An additional objective was to evaluate
EC nondestructive inspection methods for determining the extent of defects in
steam generator tubing.

During Phase I, pressure tests and nondestructive measurements were
ohtained from tube segments defected by mechanical means. Uniform thinning
and elliptical wastage type defects were produced by machining techniques and
crack type defects were simulated by electro-discharge machined {EDM)
notches, Defect geometries produced by chemical means more closely approxi-
mate servicesinduced defects with respect to variable shape, size, depth and
orientation. For Phase 1I, the same three types of defect geometries were
investigated but were produced by chemical reactions rather than machining
technigques.

Hormal operating conditions in a steam generator vary with facility, but
typically the temperature ranges between 550°F and 620°F with a primary loop
pressure of about 2200 psig. The secondary Toop pressure is typically about
1000 psig. During a main-steam-Tine-break accident, the secondary pressure
could drop to almost zero, resulting in an internal tube pressure differen-
tial approximately equal to the primary loop operating pressure. This is the
worst ¢redible burst mode accident for steam generator tubing. Thus, burst
testing was done to allow margin-to-failure predictions for defected tubing
under operating and burst mode accident conditions.

During a loss-of-coolant accident, the primary pressure could drop to
almost zero resulting in a tube external pressure differential approximately
equal to the secondary pressure. This is the worst credible collapse mode
accident for steam ?enerator tubing. Thus, collapse testing was performed to
permit margin-to-failure predictions for defected tubing under a collapse
mode accident condition.

Burst and colliape tests were performed in a simulated PWR steam
generator environment, Phase Il failure pressures showed the same general
trends as the Phase I results. Data scatter was similar to Phase 1.

Burst pressures of SCC defected tubes were about 10% higher, on the
average, than those measured from the EDM notch defect simulations. On the
other hand, burst pressures of uniform thinning and elliptical wastage
defects were less than 10% lower, on the average, than those predicted from



the Phase I empirical relationships. Thus, additional conservatism for
evaluation of uniform thinning and elliptical wastage type defects from the
Phase I relationships may be justified.

A review of the available leak rate data for $5CC defected steam gener-
ator tubes subjected to normal operating and accident pressure differentials
indicated that the measured Jeak rates were highly variable when compared to
analytical predictions. Predicted leak rates were, in some cases, ten times
greater than measured. HNevertheless, most {but not all} of the tubes leaked
at detectable rates for normal operating conditions and none of ithe tubes
burst at main-steam-line-break accident loadings. The data suggest that a
substantial level of conservatism should be applied to predictions of leakage
that are used for leak-before-break evaluations and that such conservalism
would alsc appear appropriate for establishing leak detection Timits for
detection systems,

Laboratory EC measurements of SCC depths indicated that these types of
defects were, on the average, undersized, with the data displaying a great
deal of scatter. Elliptical wastage and uniform thinning defects were more
accurately sized than SCC, with much less scatter observed., S$izing accuracy
increased as the volume of material remgoved by the defecting process
increased. Thus, uniformly thinned specimens were the most accurately sized.
A plot of burst pressure versus laboratory L estimated depth from all defect
types indicated that the 40% plugging limit presently used is conservative.
Results from a minieround robin performed with STC defected tubes showed that
depth and Jength sizing were highly variable and assessments of remaining
tube integrity based on EC estimated flaw dimensions were conservative,
except for a few cases in which the level of conservatism was Tess than the
margin currently allowed. Further, the best average probability of detecting
SCC for all inspection technigues was 0.63, indicating that detection of
cracking was a significant problem.

Alternate standards designed to simulate elliptical wastage, uniform
thinning and EOM slot type defects were fabricated to determine if these
standards offered improved depth sizing over the conventional flat-bottom
hole standard. The test data indicated that more accurate depth measurements
were obtained from EC inspection for elliptical wastage and uniform thinning
type flaws but were not as effective for EDM slots. Substantial scatter in
the EDM sTot test resulis was noted.
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