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ABSTRACT

This report summarizes work performed by the Nuclear Regulatory Commission staff
to resolve Generic Technical Activity A-10, "BWR Nozzle Cracking." Generic
Technical Activity A-10 is one of the generic technical subjects designated as
"Unresolved Safety Issues" pursuant to Section 210 of the Energy Reorganization
Act of 1974, and as such was discussed in Chapter 2 of the 1978 NRC Annual Report.

This report describes the technical issues, the independent technical evaluations
performed by the staff and the General Electric Company (GE), and the staff's
technical positions and plans for continued implementation of the technical
positions. (Implementation has begun on several operating BWRs and on BWRs

under construction.)

With regard to feedwater nozzle cracking, the staff has concluded the following:

(1) The BWR feedwater nozzle cracking phenomenon is now sufficiently understood
to permit a quantitative evaluation of the proposed solutions.

(2) The proposed solutions (clad removal, installation of a modified sparger,
changes to operating procedures, and feedwater system modifications when
necessary) permit an extension of the required inspection intervals beyond
those specified in the NRC interim guidance document NUREG-0312.

(3) The use of interference fit spargers and the attendant frequent dye-penetrant
inspections will no longer be permissible after December 31, 1982.

(4) A new requirement of the inservice inspection program is leak determination
that will verify the integrity of the thermal sleeve-to-vessel seal or
weld. Leak determination procedures are not yet standardized by licensees.

(5) Ultrasonic test (UT) procedures require further development before ultra-
sonic testing can become the primary means of nozzle inspection.

With regard to the issue of control rod drive return line nozzle cracking, the
staff has concluded that the major determinant is the amount of water that can
be returned to the vessel through the proposed system modifications. Hence,

we will presently allow only certain classes of operating reactors (depending

on vessel size and design type and on demonstration of return flow capability)
to implement the recommended GE solution involving return line removal without
rerouting of the linc. Until other licensees can demonstrate by analysis and
plant-specific testing that system operation is satisfactory and that sufficient
return flow to the vessel is available, operation with either the return line
valved out of service or rerouted will be required. Only two operating reactoers
(Oyster Creek and Nine Mile Point) that use welded thermal sleeves will be
allowed to operate as original!ly designed.

BWRs under construction either have been designed without the return li~_ or
have removed the return line as a solution to the nozzle cracking pro’. fem.



The staff has concurred with this action plan, but has required plant-specific
testing to assure proper system operation and return flow capacity.

This report supersedes in its entirety the previously issued NRC report,
NUREG-0312, "Interim Technical Report on Feedwater and Control Rod Drive Return
Line Nozzle Cracking" (Ref. 1).
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PART I - FEEDWATER NOZZLES
3. INTRODUCTION AND STATEMENT OF PROBLEM
1.1 General

Over the past several years, inspec ions at 22 of the 23 boiling water reactor
(BWR) plants in the United States tnat have feedwater nozzle/sparger systems
have disclosed some degree of cracking in the feedwater nozzles of the reactor
vessels at 18 plants. One plant has not accumulated significant operating time
as of the date of this report and has not been inspected. This cracking is
illustrated in Figures 1 and 2. Similar cracking has occurred in BWR control
rod drive return line nozzles and is the subject of Part II of this report.
Both issues are considered by the staff to be satisfactorily resolved, with

the exception of the developmer®' of improved nondestructive examination
techniques. Generic technical activity A-10 is completed.

Part 1 summarizes the NRC staff review (as part of the Generic Technical

Activity A-10, an Unresolved Safety Issue) of the causes of feedwater nozzle
cracking and associated problems with tha feedwater sparger, the testing and
analysis that verify the effectiveness of the proposed sclutions, and the staff's
conclusions and plans for implementaticn.

1 2 Background and Statement of Problem

Most BWR pressure vessels have four feedwater nozzles. Several vesse's have
six such nozzles and one vessel has only one nozzle. Thrze older plants do
not have feedwater nozzles per se and are not considered in this document.
Nozzle diameter is 10 to 12 inches, depending on plant design. Figure 3 is a
Cutaway diagram of a typical reactor vessel and shows the internal components.

The feedwater is distributed through spargers that deliver the flow evenly to
assure proper jet pump subcooling and help maintain proper core power distribu-
tion. An essential part of the sparger is the thermal sleeve, which projects
into the nozzle bore and is intended to prevent the impingement of cold feedwater
on the hot nozzle surface. This surface is usually heated to essentially reactor
water temperature by the returning water from the steam separators and steam
driers. However, bypass leakage past the thermal sleeves allowed relatively

cold feedwater to impinge on the hot nozzies. The feedwater, when heated during
power operation by extr.ction steam from the main turbine, is typically about
100°F to 200°F coldcr (aepending on reactor design) than the reactor water.

When the feedwater heaters are not in service, as during startups and shutdowns,
the differential could be equal to or greater than 400°F. The bypass leakage
past a loose thermal sleeve caused a fluctuation (at times severe) in the metal
temperature of the feedwater nozzle and resulted in metal fatigue and crack
initiation. The cracks were then driven deeper by the larger temperature and
pressure cycles associated with startups, shutdowns, and certain operational
transients.

Figure 4 shows the old sparger design and some of the designs that replaced
it. The tight fit, forged-tee design is used predomir 'ntly today as an interim
measure until the installation of the modified triple-sleeve spargers or other




Figure 1. Typical example of light cracks on a feedwater nozzle.



Figure 2. Example of heavier cracks on a feedwater nozzle.
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acceptable designs. The triple-sleeve sparger design is depicted in the
proprietary General Electric document NEDE-21821-02. Several plants have the
welded thermal sleeve design.

Figure 5 illustrates the problems that have resulted from the loose fit of the
thermz] sleeve. The staff believes the new improved designs provide a substan-

tial and acceptable improvement over previous designs and should resolve these
problems.

The feedwater nozzles form a second barrier (after the fuel cladding and as
part of the reactor coolant pressure boundary) to the release of radioactive
fission products. All repaired feedwater nozzles to date have met the require-
ments and limits of the American Society of Mechanical Engineers (ASME) Boiler
and Pressure Vessel Code. No additional action was necessary since only rela-
tively small amounts of base metal have been removed by repair operations.

The removal of cladding, as a means of minimizing crack initiation, has not
altered the safety margins because the clad thickness is not considered in ASME
Code reinforcement requirements.

Nozzle cracking is potentially serious because of the following:

(1) Excessive crack growth could lead to reduction of pressure vessel safety
margins,

(2) The design safety margin could also be reduced by excessive removal of
nozzle reinforcement metal when cracks are removed by c¢rinding,

(3) The exposure to radiation of the personnel performing inspection and repair
tasks can be considerable, and

(4) The repair of these iinds of cracks can result in considevable shutdown
time at the affected plant(s).

Table 1 presents a summary overview of the U.S. BWR nozzle cracking problem.
The substitution of tight-fitting interference fit spargers and increased
licensee attention to proper feedwater control has significantly reduced the
incidence of cracking in recent years.

1.3 Staff Approach to Review and Staff Conclusions

A task group of personnel in the Office of Nuclear Reactor Regulation was formed
to assess the problem and determine acceptable solutions when it became apparent
that the cracking problem was widespread and could result in decreased safety
margins. This issue subsequently became Generic Technical Activity A-10 and

was reported to Congress as an "Unresolved Safety Issue" in the 1978 NRC Annual
Report. The members of the task group are listed in Appendix A.

The staff performed an independent review of the nozzle cracking problem and
evaluated the GE test data for confirmation of the causes of cracking and the
resultant solutions. The review included examination of the causes of, and
solutions for, several other problems that accompanied the nozzle cracking,
including sparger arm cracking and sparger discharge hole cracking.
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TABLE 1
SUMMARY OF BWR FEEDWATER NOZZLE CRACKING PROBLEM

Greatest Total

First Start- Feedwater Crack Depth, Inches
Plant Operation Ups Nozzle Inspect. Action Taken (Including Clad)
Humbo 1dt Bay 4/63 110 1976 (Tv), '77 Install new 0.75
sparger
Remachine
nozzle
Nine Mile Pt. 1 11/69 109 1976 (ut), '77 Remachine 1.50

nozzles (4)
Install 4 new

spargers
Oyster Creek 9/69 97 1976 (uT), '77 Same as Nine Mile 0.50
Dresden 2 4/70 125 1978, *76 Grind out cracks 0.50
Replace spargers
Millstone 1 11/70 134 1974, '75, '76 Grind out cracks, 0.55
replace spargers
Dresden 3 7/71 93 1975 " 0.38
Monticello 3/71 91 1975 » 0.50
1977 Remove cladding,

install single
sleeve, single piston
ring spargers

Quad Cities 1 4/72 112 1976 Grind out cracks, 0.40
replace spargers

Prowns Ferry 1 10/73 68 1975 Grind out cracks, 0.16
repair spargers
1977 Remove cladding,

install single
sleeve, single piston
ring spargers

Browns Ferry 2 8/75 36 1975 Repair Spargers 0.03
no nozzle cracks




TABLE 1 (Continued)
SUMMARY OF BWR FEEDWATER NOZZLE CRACKING PROBLEM

Greatest Total

First Start- Feedwater Crack Depth, Inches

Plant Operation Ups Nozzle Inspect. Action Taken (Including Clad)

Quad Cities 2 5/72 102 1975 Grind out cracks, 0.38
replace spargers

Vermont Yankee 9/72 61 1975 » 0.35

Peach Bottom 2 2/74 65 1976, 1977 | 0.38

Peach Bottoin 3 9/74 46 1977 Grind out cracks 0.04

Cooper 5/74 55 1976 Grind out cracks, 0.18
replace spargers

Pilarim 7/72 69 1976 = 0.75

Hatch 1 11/74 85 1977 Grind out cracks 0.04

Duane Arnold 5/74 57 1977 (UT) None -

(welded sleeve)




General Eleztric's extensive feedwater nozzle/sparger testing and analysis
program and the results of this program were reported to the staff in several
documents. The final document, which incorporates the information from a'l
earlier submittals, is topical report NEDE-21821-02 (BWR Feedwater Nozzle/Sparger
Final Report, Supplement 2, August 1979). NEDE-21821-02 is a proprietary report
but its non-proprietary counterpart, NEDO-21821-02-A, will be available to the
public at the NRC Public Document Room after incorporating the NRC staff's
safety evaluation (Appendix C). This safety evaluation documents the staff's
detailed review of NEDE-21821-02 and permits, with few exceptions, the use of
NEDE-21821-02 as a reference document in licensing actions involving BWR
feedwater nozzles.

The remainder of Part I of this document is devoted to detailed discussions of
the causes of the various feedwater nozzle and sparger problems, their solutions,
the applicable staff conclusions, positions and requirements regarding implemen-
tation of positions. This report documents the staff conclusion that the GE
triple sleeve sparger modification, when combined with removal of stainless
steel cladding, feedwater system modifications when necessary, and changes to
operating procedures, provides a substantial and acceptable improvement over
previous designs. However, the staff recognizes that the GE design is not the
only effective sparger modification. Another design has already been approved
for use at two operating reactors. In any case, a reactcr vessel modi ied with
an improved sparger and other physical and procedural changes being incorporated
as necessary, should be able to operate for an extended period of time between
in-vessel nozzle surface examinations.

As discussed in Section 6.0 of Appendix C, the issue of nondestructive examination
(NDE) will require continuing effort of the staff and various industry groups.

The industry efforts, which the staff will review, are directed toward the devel-
opment of UT procedures that will find and characterize tight fatigue cracks

in the complex geometries and long examination metal paths of BWR feedwater
nozzles. Until the NRC staff is assured that such techniques are capable of
reliably detecting flaws before they violate ASME Code flaw size and reinforcement
limits, we will require in-vessel dye-penetrant surface examinations. Upon
completion of the industry studies mentioned above, the staff will issue further
guidance on inservice inspection requirements.

10



2. CAUSES OF PROBLEM

Appendix C describes in detail the many problems with the (riginal loose-fit
GE feedwater sparger design. These preoblems are briefly ottlined below.

2.1 Vibration

Cracking at the junction of the sp.roer arms and thermal sleeve was discovered
during inspection of the loose-fit de ign and was attributed to vibration induced
by water flowing through the gap betwe.n the thermal sleev: and the nozzle safe
end. Section 4.1 of Appendix C contains the NRC staff's conclusion that the

GE triple-sleeve sp: ger design has acceptably resolved the vibration problem.

2.2 Thermal Fatigue and Crack Initiation

Feedwater nozzles experience thermal stresses because the incoming feedwater

(at 340 to 435°F) is colder than that in the reactor vessel (at ~ 545°F) and

is much coluer (at ~ 100°F) during reactor startup before feedwater heaters

are in service ard during shutdown after heaters are taken out of service.
Turbulent mixing of the hot water returning from the sieam separators and driers
and the incoming cold feedwater causes thermal stress cycling of the nozzle

bere unless it is thoroughly protected by the sparger thermal sleeve. Bypass
leakage past the juncture of the thermal sleeve and nozzle safe end is the
primary source of cold water impinging upon the nozzle Lore. A secondary source
is the layer of water .hat sheds off after being coo'ed by contact with the
outer surface of the sleeve.

The frequency of significant thermal cycling caused by turbulent mixing was
found by testing to range from 0.1 to 1 Hz and the amplitude of such cycling

is sufficient to cause high cycle fatigue crack initiation in less than 3 years
service. From analysis and from experience in repairing feedwater nozzles, it
is known that high cycle thermal fatigue cracks propagate to a depth of about
0.25 inches before the cyclic therma! stress amplitude attenuates to an insig-
nificant level.

Analyses have shown that the presence of stainless stecl cladding on nozzle
surfaces contributes ! the fatigue cracking because thermal stresses from the
high frequency cycling are hi- er in the stainless steel than the: would be in
unclad base metal. Also, Le wuse of the difference in thermal expansion
coefficients of the two metiis, low cycle temperature changes contribute to
fatigue.

2.3 Crack Propagation

Stresses of much lower frequency but higher amplitude than those encountered
during turbulent mixing are caused by the intermittent flow of cold feedwater

into the vessel during startup and shutdown and during hot standby conditions

when feedwater is added to maintain reactor water level. The frequency and
magnitude of these stresses depends to a large degree on whether such additions
are modulated smoothly or are made by an on-off flow control system. Stress
cycles also are caused by pressure changes during startup. The large, low
frequency, thermal and pressure stresses are additive. Such cycling can propagate
any small thermal fatigue cracks deep into the nozzle wall if remedial measures
are not taken.

11



2.4 Effect of System Operation

The GE testing and analysis program found that the method of operation of the
feedwater system played an important role in the growth of feedwater nozzle
cracks. Also, the present reactor water cleanup system (RWCU) flow, which
enters the vessel through only one feedwater nozzle, could be divided so as to
enter the vessel through all feedwater nozzles. (The RWCU flow adds heat to
the feedwater. This is especially beneficial when the feedwater heaters are
not in service.) The result would be a decrease in the crack growth rate.

Early in the staff's review it was discovered that some operators were fiiling

the reactor vessel rapidly with cold feedwater after shutdown. This was done

to provide additional shielding and a more comfortable environment for mainte-
nance workers who would enter the vicinity of the vessel soon after the "flood-up"
action had been completed. Another deleterious practice by a few licensees

was "jogging" (briefly turning on) the feedwater pumps to maintain reactor water
level during startups and shutdowns. This practice arose because the feedwater
flow control valves functioned poorly at "ow flow.

To our knowledge, neither of the above p-actices is in use today at operating
reactors. However, system improvements are still needed (see Section 3.3 of
Appendix C).

GE has provided recommendations to licensees regarding operation of the feedwater
system and related systems to minimize the probability eof crack initiation and

to minimize the rate of crack growth. The staff concurs with GE and licensee
efforts to prevent cracking and subsequent growth and believes that changes in
operating procedures form an important part of the overall effort. The objective
is to minimize the temperature difference between reactor water and feedwater,
and especially to avoid, to the extent practicable, cy:ling the feedwater flow.

12



3.  DESCRIPTION OF SOLUTIONS

3.1 New and Improved Spargers and Thermal Sleeves

The original loose-fitting spargers are no longer in service, most of them

having been replaced by an interim, interference fit design, and the rest b
either a single piston ring seal and single sleeve or a double seal with a iriple
sleeve (the GE recommended design referred to herein as the triple sleeve srarger).
In three operating reactors and two under operating license review, the thermal
sleeves are welded to the nozzle safe end.

Although the interference fit design can reduce hypass ijeakage flow, its long-
term effectiveness is questionable because the interference may be lo-t with
time. Factors preventing the adoption of the welded design as a general solu-
tion were (1) the extreme difficulty and the significant personnel radiation
exposure involved in modifying cperating reactors, and (2) the almost uninspect-
able resulting weld geometry. The single sleeve sparger with a single seal

has been approved by the staff where the nozzle could not accept the triple
sleeve design.

Because of these problems, GE designed the triple sleeve sparger. The :parger
uses three concentric thermal sleeves, the innermost of which conducts fecdwater
to the sparger arms. The arms are attached to the sleeve by a forged tee, ore
fastened to the reactor vessel wall at their end points by brackets, and are
designed to deliver feedwater uniformly to the anaular area between the core
shroud and the vessel wall. In so doing, they provide subcocoling for the jet
pumps and help maintain a uniform core power distribution. The sparger arms
were modified to discharge feedwater into the vessel through elbows mounted on
top and fitted with converging discharge nozzles. These features reduce temper-
ature stratification in the sparger and flow separation around the periphery

of the flow holes at low feedwater flow.

Bypass leakage flow in the feedwater nozzle bore will be reduced substantially
by two piston-ring seals and an interference fit. Water leaking past the first
seal would pass into the vessel through the annulus between the inner sleeve

and the "mid-thermal" sleeve, which is supported at its upstream end by a

slotted attachment to the inner sleeve. Attached to the "mid-thermal" sleeve

is an outer sleeve that is fitted tightly in the nozzle bore at the upstream

end to prevent vibratory motion and fatigue damage of the sparger assembly.

The secondary piston-ring seal at that tight interference joint reduces potential
bypass flow to nearly zero because the pressure drop is very low across the
secondary seal. In addition, the three concentric sleeves will prevent formation
of a cold boundary layer of water in the annulus next to the nozzle bore.

3.2 Clad Removal

Stainless steel clacdding was originally installed for corrosion protection of
the carbon steel vessel and to minimize rust accumulation in the vessel water,
but experience has shown that cladding on the feedwater nozzles is unnecessary
because the area of exposed base metal is relatively small.

Moreover, there are deleterious effects of nozzle cladding (larger amplitude

metal temperature fluctuations than the carbon steel base metal and higher
stresses caused by such fluctuations), and the General Electric Company now

13



recommends that at the time new sparger sleeves are installed, the nozzle be
bored out to a depth that will expose undamaged base metai. The net effect of
clad removal and consequent reduction in thermal stresses is to prolong the

time to crack initiation and increase the number of startup/shutdown cycles
required to g ow fatigue cracks to the limiting depth as specified by the appli-
cable code requirements. The decrease in crack growth rate results from the
elimination of stresses due to differential thermal expansion of the stainless
steel and carbon steel near the surface. Removing the cladding also faciiitates
the interpretation of ultrasonic (UT) signals.

2.3 Systems Modifications and Procedural Changes

Appendix C includes details of the modificaticns to fluid systems and operating
procedures that GE considered to be beneficial in decreasing the magnitude and
frequency of temperature fluctuations and thus preventing crack initiation and
limiting crack growth. The staff concurs with GE that changes in addition to
those aiready initiated by licensees and applicants may be necessary to limit
crack growth to less than one inch in 40 years. Because crack growth is
dependent on feedwater temperature, the extent of proposed changes will depend
on plant specific considerations.

14




4.  STAFF POSITIONS AND IMPLEMENTATION

4.1 Sparger and Thermal Sleeve Design Modifications

In reviewing post-modification submittals regarding feedwarer sparger thermal
sleeve modifications, the NRC staff will require that the predicted occurrence
of cracking in the nozzle bore and blend radius be low enough to assure the
NRC goal of long-term operation without significant crack growth (i.e., low
relative to that observed for loose fit spargers). The prediction may be
based on experience or analysis or both. Conversely, continued reliance on
dye penetrant (PT) inspection and grinding repair operations to prevent the
occurrence of deep cracks while continuing to use interference fit spargers is
not acceptable. Such prcgrams expose too many inspection and repair personnel
to radiation when better methods are available. Furthermore, there is some
possibility that a deep crack might escape detection until it is large enough
to cause significant rejuction of the margin of safety.

For plants undergoing iicensing review, the following NRC staff positions apply:

(1) Modifications to the nozzle and sparger/thermal sleeve must be complete
prior to receiving an operating license.

(2) Interference fit spargers are not acceptable because their efficacy is
expected to decline with time as the interference is lost through wear
and plastic deformation,

(3) The welded spargers installed on Zimmer and WPPSS-2 are acceptable designs
for those facilities only. Other proposed welded designs will require
evaluation on a case-by-case basis. These spargers prevent PT inspection
of the nozzle bore, and the integrity of the weld connezting the sleeve
to the nozzle bore or safe end has not been demonstrated by ope ating
experience, and

(4) Clad nozzles are not acceptable because they are more prone to cracking
and more difficult to inspect.

Ine CE triple sleeve sparger design has been evaluated with the conclusion that
it may be used without further justification beyond ti.at given by GE in
NEDO-21821-02, as amended by Appendix C of this report. Other designs having

a single seal have been approved for individual plants. Licensees and applicants
are free to consider other designs if they are supported “y the type of analysis
described at the beginning of this section. Such analysi must be submitted

in the post-modification report.

For operating plants, the NRC staff position is that improvements must be made
prior to December 31, 1982. The improvements must include nozzle clad removal,
installation of improved design spargers and system changes. Procedural changes
that are determined to be advantageous for the specific plant should be imple-
mented promptly without waiting for the nozzle, sparger, and system changes to
;e completed.

15



4.2 Systems Modifications and Operating Procedures

As noted in Section 3.3 of Appendix C, the NRC staff concurs with the GE assess-
ment of the need for modification of certain BWR plant systems and changes to
plant operating precedures. The modifications and changes, when implemented

to supplement clad removal and the installation of an improved sparger, will

help assure long term operation without significant crack growth. Such action
will permit an extension of the time between required inspections of the feed-
water nozzle surfaces, thus reducing the radiation exposure of maintenance
personnel. The NRC staff's inservice inspection requirements allows an extension
of time between inspections for those plants which remove the nozzle cladding

and install spargers that meet staff criteria stated herein.

The benefits to be achieved by changes in systems and procedures are plant-
specific and, to a great degree, depend on feedwater temperature during opera-
tion and on the physical location of systems' components. However, the NRC

staff believes that licensees and applicants must undertake, at a minimum, the
addition of an improved low flow controller and the rerouting of reactor water
cleanup (RWCU) to all feedwater nozzles. These modifications must be completed
before December 31, 1982 on operating reactor. and those reactors under construc-
tion which will receive operating licenses prior to December 31, 1982. To keep
radiation exposure as low as reasonably achievable, all plants that will not

have received an operating license by Derember 31, 1982 must complete the modifi-
cations prie: .o issuance of the license. Licensees (and applicants) should
also cons’ier )ther system changes suggested by General Electric and implement
those ccnsidered necessary. Information regarding additional changes should

be submitted as part of the post-modification report (Licensees) or the Final
Safety Analysis Report (Applicants).

4.3 Inspections
4.3.1 Introduction

Several ultrasinic test (UT) examination techniques have been use| to inspect
feedwater nozzle blend radii and bore regions from the exterior of the reactor
vessel. The technical and experimental bases are not yet availabie to define
for each technique the probability of finding a given size of flaw within each
region of the blend radius, bore, or safe end with the accuracy and repeatability
required to rely on the technique as the primary means of inspection. The UT
examination involves a complex geometry, long examination metal path-, and
inherent ultrasonic beam spread, scatter and attenuation. As a r-,ult, the
following inspection requirements are based on the current state of the art.
The required inservice inspection program incorporates both UT of the entire
nozzle and dye penetrant (PT; surface examination of varying portions of the
blend radius and bore (depending on results of an initial PT examination of
accessible blend radius areas).

The staff encourages the continued development of UT techniques €or the feedwater
nozzle examinations. Should future developments and the results of inservice

UT examinations demonstrate that UT technigues can detect small nozzle thermal
fatigue cracks with acceptable reliability and consistency, these techniques
could then form the basis for modification of the inspection criteria that
follow. At such time the staff will issue additional guidance addressing the
revised requirements.
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4.3.2 Feedwater Nozzle Inservice Inspection Program

4.3.2.1 Introduction

The objective of this inspection program is to ensure that even if feedwater
nozzle thermal fatigue cracks are initiated, their growth will be limited to
avoid violation of the applicable ASME code or threat to the integrity of the
reactor vessel. The importance of limiting crack growth lies not only in the
safety considerations, but also because there is no approved method for nozzle
repair by weld build-up, should extensive growth of a crack go undetectea.

The staff has considered a number of alternative approaches for monitoring
feeawater nozzles fer cracks. This inspection program, as implemented by
licensees, will assure continued reactor safety while improved nondestructive
examination (NDE) methods are being developed.

The plan specified below is equally applicable to operating BWRs ard those under-
going Operating License review. In the context of this plan, a startup/shutdown
cycle is defined as a reactor thermal power increase from nominally zero, and
subsequent return to zero, which produces both pressure and temperature changes
and which involves the flow of any amount of cold feedwater through the feedwater
nozzles. Scrams to low pressure hot standby and conventional startup/shutdown
cycles are included in the definition of a startup/shutdown cycle.

4.3.2.2 Inspection Intervals

The routine inspection intervals for representative feedwater nozzle and sparger
configurations given in Table 2 reflect the NRC staff's present estimate of

the effectiveness of these sparger types in preventing cracks in feedwater
nozzles. The inspection intervals apply to all plants of each configuration
but may be revised as experience accumulates.

4.3.2.3 UT Inspection and Subsequent PT Inspection of Recordable Indications

At scheduled refueling outages for which a UT inspection of feedwater nozzles

is called for in Tabla 2, perform an external UT examination of all feedwater
nozzle safe ends,* bores, and inside blend radii. If indications are found in
the safe end, evaluate per Section XI of the ASME Code. If recordable indica-
tions (defined in ASME Section V, Article 4, Paragraph T-441.8) are interpreted
to be cracks in any nozzl~, proceed with the sparger removal, PT inspection of
the nozzle bore and the nozzle blend radius, and repair. An acceptable PT
inspection, whether required by the finding of a UT indication ¢~ by the routine
inspection schedule given in Table 2, includes removal of a sparger from one
nozzle (see exception below) followed by flapper wheel grinding and examining,
by PT, both the nozzle of the removed sparger and the accessible portions of

the other nozzles. If any cracks are detected, remove all spargers and completely
examine all nozzles, and remove all nozzle cracks.

*On Duane Arnold and Brunswick Unit 1, the thermal sleeve attachment weld
configuration is such that a crack emanating from the weld region could affect
the integrity of the pressure boundary of the feedwater line. Therefore the
safe end inspection must include this region.
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TABLE 2
ROUTINE INSPECTION INTERVALS

Inspection Interval
(refueling cycles or
start-up/shutdown cycles)

Visual Inspection  Routine P12 Leak Test®
Configuration ut of Sparger!
Interference fit, clad* 1 2 2 (or 30)° %
welded, clad® 2 2 4 (or 60)7 2
Single sleeve, single 2 4 4 (or 60) 2
piston ring seal,
clad removed®
Oyster Creek & Nine Mile 2 4 6 (or 90) None
Point (clad removed,
significantly modified
spargers installed)
Welded, clad removed 2 4 6 (or 90)7 4
(spargers have
top-mounted elbows)®
Triple sleeve plants with 2 4 9 \or 135) 4

two piston ring seals,
clad removed®

1Visual inspection of flow holes and welds in sparger arms and sparger tees.

2To be performed even if the UT and Leak Test Results are satisfactory.

3In-vessel, physical leak test (see section 4.3.2.4).

4The present inspection interval began at the last inspection during which an
interference - fit sparger was removed for PT inspection.

SNext refueling after 30 startup/shutdown cycles, but not later than the second
refueling cycle after the previous PT inspection.

“The present inspection interval began at the last PT inspection of accessible
portions of the nozzle.

"Accessible areas only

8The present inspection interval began when cladding was removed and the triple
sleeve or single sleeve piston ring spargers were installed.
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An exception to this inspection plan may be made for the routine inspections

on those plants which have single sleeve forged tee spargers. The first step

may consist of inspection of accessible portions of all nozzles rather than

the removal of a sparger and inspection of its nozzle and accessible areas of
others. However, if any crack grindouts are found to exceed 0.06 inch deep by
0.25 inch long, all spargers must be removed, and cleaning and repair must follow.

4.3.2.4 Leak Determination Requirements and Subsequent PT Inspection of
Nozzles Having Leaking Sleeves

Leak determination requirements have been added to the inspection program to
compensate for the fact that welded spargers cannot be removed to inspect the
nozzle bore, and to compensate for a general reluctance to disturb the piston
ring seals of single or triple sleeve spargers by repeated removal and replace-
ment. Leakage rate was shown to be a significant variable by the GE analyses
given in NEDE-21821-02, and leak determination was suggested for the t/iple
sleeve sparger. An exception to t'is conclusion is made for the configuration
at Oyster Creek and Nine Mile Point, which have flow baffles that prevent mixing
of hot reactor water and the colder water in the nozzle annulus. Thus, leakage
flow has little effect on thermal cycling in these plants.

In the welded sparger Hesign, any leakage at all would be direct evidence of
the need to inspect the weld connecting the sparger sleeve to the nozzle bore.
In the triple-sleeve sparger design, leakage on the order of 1 gpm past tre
secondary seal would be grounds for inspection of the seals and nozzle. In
the single sleeve, single piston ring design (c:ad removed), 0.5 gpm has been
es-ablished as the limit.

The staff is aware that GE and others are developing on-line monitoring systems
which are intended to be capable of detecting s 'gnificant leakage through
degraded seals or a crack (or cracks) in the thermal sleeve weld. The systers
are being designed for use during power operation; one such system alreadv has
been installed in an operating reactor. Other methods could require leak deter-
minations to be made on a shutdown (cold) reactor.

Although the efficacy of the un-line systems has not yet been demorstrated to
the NRC, preliminary informaticn suggests tnat they will be feasible and prac-
tical. Because their use could obviate the need for physical leak detection
methods involving vessel entry and personnel radiation exposure, the NRC
encourages further development ind demonstrations of their effectiveness.

If licensees or applicants choose to utilize an on-line system, they must inform
the NRC, in a post-inspection report, of the leak determination method selected
for their reactor(s) to meet the objectives of determining the onset of deleteri-
ous leakage and must also propose the frequency for such determinations. They
must also provide the bases for concluding that the proposed on-line system i<

an acceptable alternative to physical leak detection methods. The staff's present
interpretation of deleterious leakage is any detectable leakage for welded
spargers and on the order of 1 gpm for triple sleeve spargers and 0.5 gpm for
single sleeve spargers.
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4.3.2.5 Preservice Inspections at BWRs Undergoing Operating License Review

Although the staff recognizes that future BWRs will incorporate significant
physical improvements including the triple sleeve sparger, unclad nozzles, and
system changes, we believe that certain preservice actions will help to assure
long-term safe operation without feedwater nozzle cracks. Therefore, we reqguire
the following:

(1) Performance of PT examination in each nozzle prior to installation of
sparger; and

(2) Performance of baseline UT examination of each nozzle after installation
of the sparger. The results are to be made part of the plant's permanent
records for future reference.

4.4 Implementation

This section presents the staff's positions on implementation of various modifi-
cations deemed necessary to assure the NRC goal of long-term operation without
significant crack growth. It is the staff's intention to require utilities to
install improved spargers but not nacessarily the specific de%igns discussed
herein and in Appendix C. Other proposed sparger designs may be install~d and
analyses submitted, in the post-modification report, for our review.

4.4.1 Implementation on Operating Reactors
4.4.1.1 Removal of Cladding and Replacement of In erference Fit Spargers

For plants currently utilizing interference fit spargers in clad nozzles, clad
removal and replacement of the spargers must be completed during a refueling
outage prior to December 31, 1982. Retention of the interference fit spargers

is unsatisfactory in the long-term. Short-term retention will require frequent
inspection as shown in Table 2.

4.4.1.2 Implementation of Systems and Procedural Changes
4.4.1.2.1 Operating Reactors with Welded Spargers

Licensees of operating reactors with welded spargers (Duane Arnold, Hatch Unit 2
and Brunswick Unit 1) must complete by December 31, 1982 the addition of the

low flow controller, the rerouting of RWCU, and other systems changes deemed
necessary by the licensee. Operating Procedures must be modified as practical
to obtain the most benefit from the changes. Inspection requirements shall be
determined from Table 2 and Section 4.3.2.4.

4.4.1.2.2 Operating Reactors with Triple Sleeve or Single Sieeve Piston Ring
Spargers and No Cladding

Licensees of operating reactors with triple sleeve or single sleeve piston ring
spargers and no cladding (Oyster Creek, Nine Mile Print, Hatch Unit 1, Fitzpatrick
Brown's Ferry Unit 1, Brown's Ferry Unit 2, and Moni.cello) must complete by
December 31, 1982 the addition of an improved low flow controller, rerouting

of the RWCU (if applicable) and other systems changes deemed necessary “y the
licensee. Procedures must be modified as practical to obtain the most _.nefit
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from

the changes. Inspection requirements shall be determined from Table 2

and Section 4.3.2.4.

4.4.1.2.3 A1l Other Operating Reactors

Licensees of all other operating reactors must complete systems and procedural
changes before December 31, 1982. Inspection has been discussed in Section 4.4.1
above.

4.4.2 Implementation on Plants Undergoing Licensing Review

A1l BWRs that are under review for either a construction permit or an operating
license will be required to incorporate an acceptable sparger design and unclad
nozzles. Interference fit spargers will not be approved. In additior, appli-
cable systems and procedural modifications must be completed prior to initial
criticality for those plants to receive operating licenses after December 31,

1982.

The Final Safety Analysis Report for each plant should be amended at

the earliest date practicable to include all component and system medification
and operating procedures for NRC staff review and approval. As part of that
approval the NRC staff may require additional instrumentation and tests during
the plant startup phase to demonstrate that design goals in terms of water and
metal temperatures have been met. Operating procedures should include applicable
GE recommendations. For those BWRs under construction which will receive oper-
ating licenses prior to December 31, 1982, the systems modifications must be
completed prior to December 31, 1982 and a report submitted in accordance with
Section 4.4.3.1 below.

Pre-service inspection requirements are discussed in Section 4.3.2.5 a
inservice inspection will be determined from Table 2 and Section 4.3.2.

nd

4.4.3 Reports

‘he following reports must be submitted by licensees and applicants:

4.4.3.1 Licensees

(1)

(2)

Upon completion of physical and procedural modifications, licensees must
submit a report describing in detail the modifications and appropriate
justification. This report must include details of, and justification

for, an on-line leakage monitoring system, if one is installed. This report
is to be submitted to the director of the applicable regional office of

the NRC's Office of Inspection and Enforcement (IE) with copies to Director,
IE, and Director, Office of Nuclear Reactor Regulation (NRR).

Within 6 months of completing an outage at which an inspection was performed
in accordance with Table 2, the licensee must submit a detailed report
discussing the inspection(s) performed. Information required includes:

(a) Number of startup/shutdown cycles since the previous inspection, and
the total number of cycles. This will include cycles accumulated
during the initial startup and testing of the plant.

(b) Summary of methods used and results of previous inspections, including
maximum crack depth and number of cracks found in previous PT-and-grind
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operations, and number of startup/shutdown cycles between such
inspections.

(c) Description of any additiona) system changes or changes in operating
procedures which will affect feedwater flow or temperature and that

should be considered in predicting future cracking tendencies based
on past history.

(d) A detailed discussion of the inspection results, including a complete
description of cracking location, dimensions, and profile, if cracking
was found. Drawings and photographs, if available, are requested.

(e) Information regarding the results of leakage monitoring. However,
the staff must be informed immediately if on-line leakage monitoring
during operation discloses any leakage on welded spargers or ieakage
on the order of 0.5 gpm through single-sleeve/single-piston ring
spargers or 1.0 gpm through triple-sleeve spargers,

(f) Information regarding UT indications that were interpreted as cracks
and any subsequent PT indications. Information regarding UT techniques

should be as precise as possible in order that it may be of benefit
in future inspections.

(g) The above information is tc he submitted to the regional Director,
IE, with copies to Director. v, and Director, NRR.

4.4.3.2 Applicants

Upon completion of sparger installation and systems changes, the applicant must
submit to the NRC the information described in Sections 4.3.2.4, 4.3.2.5, and
4.4.2. The report must include detailed information regarding systems modifica-
tions and procedures which serve to prevent crack initiation or crack growth.

These data will be used in determining any possible changes to the inspection
intervals of Table 2.
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PART II - CONTROL ROD DRIVE RETURN LINE NOZZLES

8. INTRODUCTION AND STATEMENT OF PROBLEM

Twenty-two of the 23 operating BWR reactor vessels in the United States with
feedwater nozz'e/sparger systems also have control rod drive (CRD) return line
nozzles. Each vessel has one such nozzle, typically three to four inches in
diameter, and generally located 68 to 1C0 inches above the top of the active
fuel. A typical nozzle is illustrated in Figure 6.

The control rod drive system provides water to: (1) maintain rod scram accumu-
lators in a charged condition at greater than reactor pressure; (2) drive the
rods into or out of the core; and (3) cool the rod drive mechanisms continuously.
The control drive return line was designed to provide a reactor pressure refer-
ence to the CRD system and to return to the reactor vessel exhaust water from
CRD movement and water in excess of system requirements.

As early as 1974, a GE task force investigating cracking in austenitic stainless
steel piping measured unexpectedly high top to bottom thermal gradients in CRD
return lire nozzles, particularly at low flows (return line water, unlike feed-
water, is not heated and is typically at 100°F or less). Crack initiation
susceptibility was cited and rerouting the return line was considered. Operating
experience has proven this susceptibility in that cracking has been found to

be widespread. The cracking was discovered not only in the CRD return line _
nozzle but also was found on the wall of the reactor vessel beneath the nozzle.
This phenomenon was caused by the spilling of the cold CRD return water onto

the reactor vessel wall.

As an illustration of the severity of the CRD return line nozzle cracking,
Table 3 gives a synopsis of the early examination history.

The GE study of the CRD return line nozzle cracking problem resulted in a series
of recommendations to licensees. The staff has reviewed each GE recommendation
and has determined that (1) valving out of the return line is acceptable only

as an interim measure; (2) re-routing of the return line to another system which
connects to the reactor vessel is rveferable, and (3) only certain BWR classes
may implement tne final* GE recommendation, to cut and cap the line and nozzle
without re-routing, and then only after specific testing has been completed.
Other plants may be included in this category when analyses and testing have
been completed satisfactorily.

Detailed discussion regarding the CRD nozzle problem, the proposed solutions,

the staff's review of the proposals, and the staff's conclusions and recommenda-
tione for implementation is presented in the sections that follow.

*The word "final" is a staff characterization only for the purposes of its
revie' . Indeed, new vessels do not even incorporate a CRD return line nozzle.
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TABLE 3
CRD RETURN LINE NOZZLE
EXAMINATION RESULTS

Years in
Operation Maximum Crack Extent
at Time of Start- Depth, in. of Thermal
Plant Inspection ups (clad and Base) Cracking Sleeve
Peach Bottom 3 2 45 0.88 General None
Peach Bottom 2 3 65 0.90 General; None
also on
vessz] wall
below CRDRL
nozzle
GE overseas 6 49 0.88 General None
reactor
Another overseas ~4 32 0.56 General None
reactor
Hatch 1 2 85 0.62 Single Expanded
bottom of without
nozzle flange
Nine Mile Point 1 7 109 .- None Welded,
projects
into ves-
sel several
inches
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6. CAUSES OF PROBLEM

The cause of crack initation of CRDRL nozzles is a thermal fatigue mechanism
similar to that seen in feedwater nozzles. High frequency thermal cyciing

occurs during normal operation as a result of turbulent mixing of hot water in
the vessel with the low temperature (50 to 100°F) water entering through the
CRDRL. Low cycle fatigue crack propagation results from startup/shutdown thermal
and pressure cycles and from flow changes during scrams. In those plants that
have a thermal sleeve in the CRDRL nozzle, bypass leakage flow is minimal because
the pressure drop is much smaller than in feedwater nozzles, which have a thermal
sleeve and sparger. In the CRDRL nozzle, unlike the feedwater nozzle, there

is a continuous large top-to-bottom thermal gradient, which aggravates the
cracking.

Aiso unlike the feedwater nozzle, cracks have been observed on the vessel wall
directly beneath the CRDRL nozzle in an area extending downward 6 to 8 inches
from the nozzle blend radius. The cracks on the vessel wall are mainly circum-
ferential. They are believed to result from high cycle thermal stresses related
to stratified flow of cold water along the bottom of the nozzle and down the
vessel wall as it mixes with the downflow of reactor water.

Although some inferences could be drawn from differences in the extent of cracking
observed in CRORL nozzles that used different thermal sleeves, this does not

seem worthwhile, because system changes are available to completely eliminate

the CRDRL fiow and thus the cracking problem.
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7. SOLUTIONS

7.1 Nozzle Repair

Unless clad removal is planned, cracks found in inspectior of the CRDRL nozzle
must be removed by grinding, using the same techniques of repeated PT and grind-
ing that are used on feedwater nozzles. The area to be examined should include
the nozzle bore and blend radius and a broad area on the reactor vessel wall
immediately below the nozzle blend radius extending downward approximately

8 inches below the lowest crack found.

7.2 Alternative Solutions Proposed By GE

As mentioned in Section 5, GE proposed alternative methods for stopping the

flow of cold water through the CRD return line nozzle and thus eliminating crack
initiation. One of the recommendations, which could be characterized as imme-
diate action and effective in the short term, was to valve closed the return
line with cc mensurate flow and pressure changes to the CRD hydraulic system.
The valves are 'ocated outside the primary containment, and flow could be
reinstated by reopening whenever necessary. An inherent problem with this
method is that the portion of the return line between the valves and the nozzle
is filled with stagnant water. The aforementioned 1974 GE task force identified
lines containing stagnant water as a source of serious concern regarding inter-
granular stress corrosicn cracking in piping. Frequent inspections would be
required for continued safe operatien in this mode.

Another GE recommendation, already implemented at several facilities and
considered by the staff to be an acceptable long term solution, is to reroute
the CRD return line to another fluid system which in turn is connected to the
reactor vessel, and operate with the rerouted line open. This results in only
minor alteration of the CRD system hydraulic characteristics and retains the
maximum capability of the svstem to provide high pressure water to the reactor
vessel.

In the above rerouting approach, the welded connection to the fluid system which
serves as the return path to the vessel is typically located outside the reactor
containment. Systems such as the reactor water cleanup system and the reactor
core isolation cooling system (which are connected to the feedwater system)

may be used as the point for injection of return flow. One drawback to the
rerouting scheme is that the introduction of the cold CRD return water may cause
cracking in the vicinity of the connection if the "host" piping is much hotter.
Although not directly attributed to the cold CRD flow, cracking (discovered by
leakage) in the heat-affected zone of a CRD modification-related weld at Pilgrim
Unit 1 has alerted the staff to the need for inservice inspection of CRD piping
modification welds.

The third and last in the succession of GE recommendations was total removal

of the CRD return line and capping of the nozzle. Several BWRs under construc-
tion do not have CRD return lines; neither line nor nozzle will appear in any
future GE BWRs.

The recommendation to remove the return line was based on the need to prevent

nozzle cracking and on GE's determination that the line had never been necessary
in order to attain an acceptable CRD reference pressure to the reactor vessel.
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Reference pressure for proper operation of the system may be obtained by system
ad justments on operating reactors.

It was initially thought that the return of excess water and drive movement
exhaust water to the .cssel could be accommodated by flow through the cooling
water header and the drives themselves. However, subsequent testing performed
at an operating reactor in response to NRC staff concerns revealed that flow

in the exhaust water header resulting from drive movements was not discharged
to the cooling water header. Instead, the water returned to the reactor vessel
through a revarse flow path involving the insert exhaust directional control
valves of non-actuated CRD hydrauiic control units. This discovery resulted

in substantial additional review on the part of the NRC staff and GE, since
carbon steel piping was involved and corrosion products could have a deleterious
effect on CRD system operation. Also, the staff w: oncerned about continued
long-term operability of the insert exhaust directional control valve (V-121),
because it would have to accommodate reverse flow for which it was not designed.
As discussed in Appendix D, these concerns have been resolved to the satisfac-
tion of the staff. System modifications will be required to assure long-term
operation with no deleterious effects due to corrosion products. Modifications
will also include pressure equalizing valves.*

The major staff concern regarding the final recommendation was the loss of a
portion of the high pressure return flow capacity to the reactor vessel. Based
on this concern, the staff has concluded that the GE "cut and cap" recommendation
is only acceptable for certain classec of BWRs, and only for these after specific
modifications have been made and operability testing completed. Operability
testing should include flow capacity testing in the form of a demonstration of
simultaneous two-pump operability during which flow measurements are recorded.
More discussion is presented in Section 7.3.

Prior to implementation of the final recommendation, other plants will require
further analysis of return flow capability in addition to the modification and
testing. Only two plants, Oyster Creek and Nine Mile Point, will be allowed
to operate with CRD return line and nozzle flow intact.

7.3 Return Flow to Vessel

A major portion of the review of the GE-proposed "cut and cap" alternatives
concerned how that modification would affect ability of the CRD system to provide
an emergency source of high-pressure water to the core. The other alternative
“solutions" would not significantly affect this CRD system capability as a high-
pressure water source, since an alternative, approximately equivalent, flow

path to the core would be provided for the "reroute" case and opening the valve
in the "valve-out" case would restore flow through the line.

¥The pressure equalizing valves perform the necessary functions of: (1)

preventing continuous flow to the normal exhaust water header and coincident
reverse flow through the V-121 valves mentioned above; (2) preventing flow
from the carbon steel piping of the normal exhaust water header to the drive
cooling water flow; and (3) assuring that high differential pressures between
the drives and normal exhaust water header do not develop. Under certain
unlikely hypothetical circumstances, such differential pressures coula result

in rod movement at an initial velocity much higher than that for which the
rods were designed.
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The NRC <taff recognizes that the presence of the CRD system's high-pressure
flow ca, s0ility has not been directly assumed in previous safety analyses.
However, the critical need for this capability became apparent to the NRC as a
resuit of the 1975 Browns Ferry Unit 1 fire, during which the CRD system was
sometimes the only source of high-pressure water to keep the reactor core
covered. The critical need for the water source again was revealed by the May
2, 1979, incident at Oyster Creek Nuriear Generating Station during which the
reactor core was largely isolated from other sources of cooling water, and the
CRD system makeup capability helped prevent uncovering of the active fuel.

The "cut and cap" alternative could significantly affect the ability of the

CRD system to provide a source of high-pressure water to the core during certain
emergencies. Therefore, the NRC staff requested, and GE provided, a comparison
of such CRD system high-pressure injection capability for various BWR designs
before and after the proposed modification.

The calculations utilized a base case set of conditions that existed during

the 1975 Browns Ferry fire, which placed the most severe demands on the CRD
system experienced to date. During that incident, a normal water level was
maintained above the core (by other systems) until 40 minutes after shutdown.

At this time reactor pressure increased to the set pressure of the iowest
setpoint safety/relief valve setting, and concurrently all sources of water
other than the CRD system were lost. Under those conditions, flow necessary

to keep the core from uncovering was calculated and compared to the separately
calculated ability of the plant CRD system to provide water to the core, both
before and after the modification, with either one or two CRD pumps in operation.

We reviewed the calculations of flow required to preven* uncovering of the core
for the base case conditions. The calculations included waximum water boil-off
rate and leakage, thus insuring inclusion of all heat snurces (fission product
decay, actinides, stored heat, wall heat, etc.) and all leakage from the primary
system (technical specification limit for identified and unidentified leakage,
etc.). Therefore, calculated water required to keep the core covered was
maximized.

We reviewed the calculations of flow that would be available from the present
system (with the return line intact) to insure that all practical actions that
could be accomplished outside containment had been assumed to have occurred
(i.e., opening certain control valves, etc.). This would tend to maximize the
apparent change, if any, due to elimination of the return line when flow from
the present system (as calculated above) is compared to flow available from
the modified system.

We reviewed the calculation of flow that would be available from the modified
system with the return line removed to assure that assumptions were made that
would tend to minimize the available flow. Vaive positions outside containment
were still assumed optimized for maximum flow (just as above), but we required
that new, minimum-leakage seals be assumed in the drives since, for the modified
system, drive operation exhaust flow returning to the vessel must "leak" past
these seals. Again, this ic in the direction of tending to maximize the apparent
flow change due to the modification, and to make it more difficult to demonstrate
flow capability equal to or greater than the flow required to satisfy the base
case conditions.
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ATl "flow available" calculations were required to be performed assuming both
one and two CRD pump operation. Even though two pump operation was not a design
requirement, the NRC staff felt that such operation would be possible on many

or all plants if procedures were developed and the operators were familiarized

with those procedures and with potential benefits of such operation during
emergency conditions.

Conclusions of the NRC staff review are presented in Section 8.1. Additional
information can be found in Appendix D.

7.4 CRD System Operability

During the course of the staff's review of the GE proposed solutions, many
gquestions were raised concerning the !7ng-term operability of the CRD system
after modifications had been completed. The problems and solutions, already
presented and discussed in Section 7.2 and Appendix D, were:

(1) Vvariations in differential pressures across the drives, possibly resulting

in improper operation, failure to operate and high differential pressure
under certain conditions;

(2) Possible deleterious effects due to reverse flow through insert exhaust
directional control valves;

(3) Possible deleterious effects due to corrosion products emanating from
remaining carbon steel piping in the CRD system, and

(4) Possible other effects on system parameters, such as alteration of scram
times and settle margin.

The staff has determined that appropriate testing of the system after adjustments,
modifications, and inservice maintenance as proposed by licensees and approved

after review by the staff, will provide adequate assurance of long-term system
operability.
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8.
8.1

STAFF POSITIONS AND IMPLEMENTATION

Acceptability of Alternatives Proposed by GE

The various solutions to the CRDRL nozzle cracking problem have been presented
in Section 7.2 and Appendix D. The staff has reviewed each of the proposals
in detail and has reached the following conclusions:

(1)

(2)

(3)

(4)

(5)

A1l licensees must inspect, by dye penetrant testing, the CRDRL nozzle
blend radius and bore regions and the reactor vessel wall area beneath
the nozzle. A1l cracks must be removed.

Operation of the CRD system with the CRDRL valved out is acceptable only

as an interim measure, and only after commensurate system flow and pressure
changes have been attained satisfactorily according to GE-recommended
methods. However, frequent inspection of the pipe containing stagnant
water also will be necessary.

Rerouting of the CRDRL to a system which connects to the reactor vessel

is preferred. The connection should be outside containment and flow through
the system should be maintained. If flow is not maintained, the modifica-
tions of (4)(e)-(g) below will be required, and, in any case, inspection

of the welded connection and the installation of a pressure control station
[see (5) below] in the cooling water header will be required.

Only licensees of the following classes of BWRs will be permitted to imme-
diately implement the GE recommendation to cut and cap the CRDRL nozzle
without rerouting the CRDRL (the option remains open to other licensees
who can prove satisfactory system operation, return flow capability, and
two pump operation if necessary):

(a) 218-inch BWR/6
(b) 251-inch BWR/6
(c) 183-inch BWR/4
(d) 251-inch BWR/4

Each of the applicable licensees (except for the 183" BWR/4) will be
required to demonstrate, by testing, concurrent two CRD pump operation,
satisfactory CRD system operation, and required return flow capacity to
the vessel. Finally, each of these licensees, and those electing to
reroute the CRDRL with subsequent valve-out, will be required to install
the following modifications:

(e) Equalizing valves between the cooling water header and the normal
drive movement exhaust water header;

(f) Flush ports at high and low points of the normal drive movement exhaust
water header piping run if carbon steel piping is retained; and

(g) Replacement of carbon steel pipe in flow stabilizer loop with stain-
less steel and rerouting directly to the cooling water header.

Licensees who choose to reroute the CRDRL, either with or without contin-
uous return line flow to the system being tapped into, must add the
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GE-recommended pressure control station to the cooling water header. This
station acts to buffer hydraulic perturbations from any connected system
in order to prevent pressure fluctuations in the CRD system.

(6) A1) applicants undergoing licensing review for BWRs designed and constructed
without the CRDRL and its nozzle must test to prove satisfactory system
operation, return flow capability equal to or in excess of the base case
requirement discussed in Section 7.3, and two pump operation. The applicable
modifications of (4)(e) through (g) above also must be implemented.
Calculations with regard to base case return flow requirements should be
submitted, but in lieu of such calculations the staff may accept reference
to a bounding analysis if necessary justification is provided.

(7) A1l licensees and applicants, regardless of the particular type of modifi-
cation selected, must establish operating procedures for achieving CRD
flow to the reactor vessel equal to or greater than the boil-off rate of
the base case discussed in Section 7.3.

8.2 Required Modification, Testing and Maintenance of CRD System

Post-modification testing and recurrent maintenance actions will be necessary
as part of the implementation of the various CRD system modifications and
subsequent operation of the system.

Regardless of the particular type of modification chosen, each licensee and
applicant must demonstrate by test the ability to provide CRD system return
flow equal to or in excess of the requirements of the base case of Section 7.3.
If two CRD pumps are required for this flow, their concurrent operation must
be demonstrated by testing. Also, each plant must successfully undergoc a CRD
system performance test after completion of the modification and prior to the
reactor's being placed in an operational status. The system performance test
must be accomplished in accordance with test instructions similar to those
prepared by the General Electric Company, as modified to reflect plant unique
characteristics. An example of an acceptable test instruction is the GE document
OPE 3-377, entitled "GE BWRSD (Boiling Water Reactor Service Department) Test
Instruction for Evaluation of Isolated Operation of Fukushima-1/Peach Bottom-3
CRD Hydraulic Return Line," March 1977. This document includes requirements
for special equipment, precautions, data regarding desired transient response,
and data regarding recording system performance.

Plant-specific requirements are as follows:

(1) Licensees who have isolated the CRDRL by the use of valves: In addition
to the post-modification CRD system performance test after the valves are
closed and the return flow capacity demonstration, the nozzle must be PT
inspected when the modification to cut and cap, with or without reroute,
is accomplished. .0, during each refueling outage, the portion of the
CRORL containing + nant water must be inspected in accordance with the
recommendations o\ REG-0313, Rev. 1, "Technical Report on Material

Selection and Proc. ing Guidelines for BWR Coolant Pressure Boundary Piping"
(Ref. 2).

(2) Licensees who have ¢ it and capped the CRDRL nozzle with rerouting of the
CRORL (rerouted line flow valved open): We will require that the licensee
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(3)

(4)

(5)

complete the final PT inspection of the nozzle, the installation of the
pressure control station of 8.1(5), the return flow capacity demonstration
and the post-modification CRD system performance test. We will require
that during each refueling outage the licensee inspect the welded connec-
tion joining the re-routed CRDRL to the system which then returns flow to
the reactor vessel. The inspection, using UT, must include base metal to
a distance of one pipe wall thickness on both sides of the weld. The pipe
into which the CRD return flow is connected also must be inspected by UT
to a distance of at least one pipe diameter downstream of the welded
connection.

Licensees who have cut and capped the CRDRL nozzle with rerouting of the
CRORL (rerouted line flow valved closed): In addition to the final PT
inspection of the nozzle, the return flow capacity demonstration and the
post-modification CRD system performance test, the following requirements
must be met:

(a) During each refueling outage, the welded connection joining the
rerouted CRDRL to the system which then returns flow to the reactor
vessel is to be inspected. The pipe into which the CRD return flow
is connected also must be inspected by UT to a distance of at least
one pipe diameter downstream of the welded connection.

(b) During each refueling outage, that portion of the CRDRL containing
stagnant water must be inspected in accordance with the recommendations
of NUREG-0313, Rev. 1.

(c) The CRD system modifications of Section 8.1(4)(e) through (4)(g)
and 8.1(5) must be accomplished and plant maintenance procedures must
be changed to include such maintenance actions as flushing the exhaust
water neader and cleaning the integral filters in the insert and
exhaust lines. These vilters are to be retained in the directional
control valves to prevent corrosion products from being carried into
the CRD mechanisms.

Licensees and applicants who choose to cut and cap the CRDRL nozzle without
rerouting of the CRORL: In addition to the final PT inspection of the
nozzle, the return flow capacity demonstration and the post-modification
CRD system performance test, the following requirement ~ust be met:

The CRD system modifications of Section 8.1(4)(e) through (4)(g) must be
accomplished and plant maintenance procedures must be changed to include
flushing the normal drive movement exhaust water header and cleaning the
integral filters in the insert and exhaust lines. These filters are to

be retained in the directional control valves to prevent corrosion products
from being carried into the CRD mechanisms.

Nine Mile Point and Oyster Creek: The previous PT inspections in 1977 at
both plants revealed no nozzle cracking. Niagara Mohawk Power Company

chose to restore the Nine Mile Point original design thermal sleeve, which
had been welded to the nozzle safe end (the original sleeve had been removed
to allow PT). We will require that the nozzle be PT-inspected at the time
of feedwater nozzle inspection in accordance with Table 2. This inspection
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requirement will inclucde PT of the reactor vessel wall area beneath the
nozzle.

Jersey Central Power & Light Company chose to retain the upstream end of
the Oyster Creek thermal sleeve, which was rolled into the nozzle safe

end and tack-welded in three positions. The downstream end of the thermal
sleeve was cut off to permit PT inspection of the nczzle blend radius.

It was replaced by a removable insert deemed to be as good as the original
sleeve. We will require that the insert be removed and PT inspection te
performed at the time of feedwater nozzle PT inspection in accordance with
Table 2. This inspection requirement will include PT of the reactor vessel
wall area beneath the nozzle.

Licensees of plants which have already completed one of the options above but
have not a . .omplished necessary concomitant system modifications or testing,

or have not established the necessary maintenance and inspection programs, shall
be required to do so prior to the date set forth in Section 8.3. This also
applies to applicants whose plants are expected to receive licenses prior to
the date set forth in Section 8.3.

8.3 Staff Conclusions and Position on Implementation

The staff conclusions regarding the acceptability ¢f the various available
modifications and the requirements for implementation, inservice inspection

and maintenance of the "reroute" and "cut and cap" cptions, are presented in
Sections 8.1 and 8.2. Because of our desire to limit radiation exposure to
maintenance personnel, we have determined that licensees of those plants that
have exercised the "valve-out" (interim) option must implement one of the other
options no later than December 31, 1981. Also, lic:nsees of those plants which
have :lready completed either the "reroute" or the “cut and cap" but have not
accomplished the necessary concomitant system modifications or testing as
discussed in Section 8.2, must fulfill all requirements no later than December 31,
1981. This applies also to applicants whose plants are expected to receive
operating licenses prior to December 31, 1981.

Each licensee must submit a report of modification or completion of requirements
within 6 months after the outage which allowed cocmpletion of necessary actions

by December 31, 1981. This submittal must include any analyses required to
justify the "cut and cap" option, results of pump and post-modification CRD
system testing, results of the final CRORL nozzle and vessel wall inspection,

and the proposed inservice inspection and maintenance program. This report

must be submitted to the regional director of the Office of Inspection and
Enforcement (IE) with copies to the director, IE, and director, Office of Nuclear
Reactor Regulation. Applicants of plants to be licensed after December 31,

1981 will be required to submit such information during the course of the normal
licensing review.
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1. DESCRIPTION OF PROBLEM

A.

BWR Feedwater Nozzle Cracking

Of the 23 operating BWRs with feedwater nozzle/sparger systems
(normally 4 nozzles/spargers per BWR, nominal nozzle diameter being
10"-12"), 21 have been inspected to date (1/25/79) resulting in the
discovery of blend radius or bore cracking in all but three vessels.
Although most cracks have been in the range of 1/2" to 3/4" total
depth (including cladding), one crack penetrated the cladding into
the base metal for a total depth of approximately 1.50 inches. The
initiation of cracking is due to high cycle ratigue caused by fluctua-
tions in water temperature within the vessel in the sparger-nozzle
region during periods of low feedwater temperature when the flow may
be unsteady and intermittent. Once initiated, the cracks are driven
deeper by ihe larger pressure and thermal cycles associated with
startup and shutdown.

Fracture analyses indicate that the cracks found to date in the
feedwater nozzles constitute a potential safety problem because the
observed rate of crack growth with time in service is such that the
margin of safety against fracture will be reduced below acceptable
values unless the cracks are detected and ground out every few years.
Obviously, repair by grindout can be repeated only a few times before
ASME Code limits for nozzle reinforcement are exceeded. However,
repair by welding buildup of the grindout has not been demonstrated
to be acceptable. In addition, the inspection and removal of cracks
by grinding has caused enough radiation exposure to personnel to be
deemed unacceptable as a long-term solution.

Control Rod Drive Hydraulic Return Line Nozzle Cracking (CRDRL Nozzle)

Each of the 22 applicable BWRs has one CRDRL nozzle of 3"-4" diameter,
which is normally located approximately four feet below the level of
the feedwater nozzles (in the Oyster Creek and Nine Mile Point vessels,
the CRDRL nozzle is located at the same level as the feedwater nozzles).
Thermal fatigue cracks have been found by dye penetrant (PT) inspection
of the CRDRL nozzle and the area immediately beneath the nozzle at

12 units inspected to date (1/25/79). These cracks resemble those
found in the BWR feedwater nozzles, and the cause of cracking appears
to be thermal fatigue. A1l but 2 of the operating domestic BWRs have
some sort of thermal sleeve (there are several designs) in the CRDRL
nozzle, but because of the limited number of inspections of nozzles
with sleeves, the efficacy of the sleeves is not known.

To date, the principal activity of licensees has been to reroute or
temporarily valve out the CRDRL. Although both accomplish the intended
purpose of shutting off cold water flow to the nozzle, General Electric
Company (GE) has further recommended that the CRD system be operated

in an isolated mode. GE recommends against retention of the present
CRDRL, even valved out, because of the potential for stress corrosion
in the stagnant line. GE also recommends against operation with a
rerouted CRDRL open to the reactor vessel. The recommendation to
isolate the rerouted line was made on the basis that return to the
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2. PLAN

79

vessel is unnecessary for proper CRD system operation and that CRD
makeup capability to the vessel will be maintained even when the
return line is eliminated entirely.

The staff still considers the matter of CRDRL isolation to be an
unresolved issue because of questions regarding the amount of CRD

pump flow which will be available to the vessel, the possible effects
of isolation upon various drive parameters, and recently- reported
potential long-term deleterious effects on certain components of the
CRD hydraulic system. GE has begun an evaluation of component
performance of affected portions of the CRD hydraulic system and has
commenced investigation of possible system modifications. The staff
must assess these proposals prior to completion of its review of

this subject. In the interim, the staff will review control rod test
information from each facility which has modified it- present CRD
system by valving out or rerouting. Additionally, to increase
assurance of safety for continued operation, the staff is recommending
inspection of the CRDRL nozzle blend radius and bore at each BWR during
its next scheduled refueling outage. As in the case of feedwater
nozzles, we are especially concerned, particularly in the case of
older units, that a potential safety problem could ariss from deep
cracks which would necessitate weld repair.

FOR PROBLEM RESOLUTION

Brief,y stated, the plan for generic resolution of the BWR feedwater nozzle

and C

A.

RORL nozzle cracking problems will involve the following:

Issue interim guidance to operating units. Such guidance includes
criteria for inspection based upon present knowledge of crack growth
and available techniques and has been issued as NUREG-0312 in July 1977.

DOR and DSS Follow Advancements in the Following Areas

(1) Development and testing of effective feedwater nozzle thermal
sleeves and spargers to protect the nozzle bore and blend radius
from thermal cycling and thus minimize or remove the source of
crack initiation. GE has completed such development and testing
and has written a final detailed topical report after having
met with the staff to discuss the results of testing. The
supplement to this report, addressing additional NRC concerns,
is being written now.

(2) DSS will follow the Brookhaven National Laboratory (BNL) Struc-
tural Analysis Group review of the testing involved in the topical
report referenced above. This BNL review has been completed
and comments have been presented to GE for resolution and inclu~
sion in the report supplement also mentioned above. However,
preliminary review of the GE topical report and discussions with
cognizant GE personnel have not produced any information which
would make the staff believe the new GE design is not a viable
solution, especially since cladding removal is an integral part
of nozzle preparation for instailing the new sparger/thermal
sleeve. Therefore, the staff has allowed the installation of
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the new GE design on two operating reactors and has approved

the use of a similar modification on three additional plants,

and has determined that operation of these plants is satisfactory
during the period of the CNL review. This also applies to addi-
tional facilities for which the staff may approve modification
prior to completion of the BNL task.

(3) DOR and DSS will follow the life-cycle testing of certain CRD
system valves. GE has performed such testing to determine if
long-time reverse flow will lead to valve degradation. A report
is being prepared. GE also is pursuing various CRD system modi-
fications on "requisition" (new) facilities. These modifications,
which will eliminate valve reverse flow, require no CRD return
line to the vessel. DOR and DSS will review the proposed modifi-
cations, which GE may also offer as "suggested" modifications
te the owners of operating plants.

(4) Development of ,iable ultrasonic test (UT) techniques by the
nuclear industry to allow reliable and consistent early deter-
mination of cricking (and credible claims for the absence of
cracking) froi positions exterior to the reactor vessel. Such
development of UT is important to both DOR and DSS final positions
especially since two operating plants and several plants in OL
raview tave a welded thermal sleeve-to-nozzle safe-end design.

The development of UT procedures for these plants is important
becaus: certain regions of the nozzle inner radius and bore are
inaccsssitle to surface examination. The staff now recognizes
that completion of this UT development may be extended beyond

the length of this generic program. However, this will not hinder
resolution of the major issue (crack initiation and growth) and
will result in at least a temporarily mcre conservative stance

on inservice inspections by UT until the issue is resoived
satisfactorily.

(5) Development of various feedwater system and CRD system modifica-
tions as part of the generic effort toward problem resolution.

(6) Issuance of Branch Technica! Position paper (CP and OL plants)
and final NUREG document (ojerating plants) upon satisfactory
completion of subtasks (1) through (4) above.

BASIS FOR CONTINUED PLANT OPERATION AND LICENSING PENDING COMPLETION OF
TASK

As indicated in Section 2.0 the staff anticipates that this task will result
in long term solutions that will provide: (1) assurance that a conservative
margin of safety against vessel failure due to nozzle cracks is maintained

at operating facilities, (2) more stringent licensing requirements concerning
selection of materials and design for nozzles, thermal sleeves, and spargers;
(3) more stringent inservice inspection and repair criteria; (4) modifica-
tion of physical systems and/or operating procedures to minimize the occur-
rence of crack initiation and propagation; and (5) reliable inservice
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inspection techniques for detection of nozzie flaws from positions exterior
to the reactor vessel.

With respect to feedwater nozzle cracking, specific long term corrective
measures will include system and operational changes tc reduce the feedwater
to reactor water temperature differential during low power operation, an
improved thermal sleeve-sparger design to reduce bypass flow which exposes
the nozzie surface to fluctuating water temperatures, and removal of clad
from the nozzle surface, which is believed to provide a surface more
resistant to fatigue cracking. Implementing some combination of these
measures after plants are already under construction or are operating is
feasible, e.g., several utilities with operating reactors have already
implemented clad removal and the first new thermal sleeve-sparger design
has been installed in an operating plant.

With respect to control rod drive return line nozzle cracking, specific
long term corrective measures will include system modifications that assure
proper control rod drive system performance with the return line isolated
(if one is installed by design) or eliminated by design. Control rod drive
return line isolation has been implemented at several operating facilities
as an interim corrective measure. Studies are currently underway to deter-
mine the acceptability of long term operation in this manner. If these
studies (which are scheduled for completion in early 1979) demonstrate no
degradation of affected components, no further action in this regard will
be necesary for plants so modified.

During the time period required to develop the long term solutions under
this task, interim measures have been taken. Specifically, the staff is
requiring inservice inspection using liquid penetrant examinations at
operating reactors in accordance with the procedures and acceptable criteria
set forth in detail in NUREG-0312, Interim Technical Report on BWR Feedwater
and Control Rod Drive Return Line Nozzle Cracking, July 1977. Licensees

are also utilizing ultrasonic inspection techniques in an effort 'y develop
effective techniques that will allow early detection of subsurface flaws.
Enhancement of ultrasonic testing techniques will substantially reduce
personnel exposures. The scheduling and extent of inspection is based

upon conservative estimates of crack growth from fracture mechanics analyses
assuming undetected flaws. Scheduling is thus dependent upon the reactor's
record of past repair (grindouts, clad removal, etc.), operating history
(number of startup/shutdown cycles since last dye-penetrant inspection),

and licensee actions to minimize crack initiation by procedural or mechanical
change.

Preservice inspections and an inservice inspection program are also required
of applicants prior to the issuance of an operating license.

The staff has been actively involved in reviewing and approving the results
of nozzle inspections and remedial actions nrcposed by licensees to assure
continued safe operation. To date the extent of nozzle cracking at operating
plants has been limited to depths which can be removed by grinding without
exceeding ASME -ode 1imits for nozzle reinforcement.

In addition the staff has suggested that measures be taken at affected
operating plants and by applicants for plants in the operating license
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review stage prior to operation, to minimize the occurrence of conditions
conducive to crack initiation and growth. These measures include monitoring
feedwater temperatures and flow, minimizing rapid changes in feedwater

flow and temperature, minimizing the duration of cold feedwater injection,
avoiding inadverteit or unnecessary HPCI injection, avoiding the unnecessary
introduction of cold water from the reactor water cleanup system, and
eliminating flow through the control rcd drive return line (after assuring
proper system operation in an isolated mode). Although cracking of the
pressure vessel nozzles is important to safety, NRC staff analyses indicate
that cracking that has penetrated the vessel cladding will grow at a slow
enough rate such that the cracking dues not pose a critical safety concern
today that warrants immediate action. Rather, the staff believes that
sufficient time is available, due to the conservative design of the reactor
pressure vessel, to permit continued operation of the affected facilities
while studies on these events continued on schedule.

Based on the interim measures being taken at operating facilities and being
required of applicants for an operating license prior to the issuance of
the operating license and the design margins available in the reactor
pressure vessel, we have concluded that operation of such facilities does
not present an undue risk to the health and safety of the public.

For construction permit applications there is reasonable assurance that a
variety of long term solutions will be available from this task and from
the generic efforts being conducted by the General Electric Company, long
before these plants are ready to begin operation. Even if this were not
the case additional time would be available since operation could be
permitted for a number of years based on inservice inspection and repair

procedures using criteria similar to those currently being required.
NRR TECHNICAL ORGANIZATIONS INVOLVED

A Engineering Branch, Division of Operating Reactors. Has overall lead
responsibility for review of all generic inspection, repair, in-service
inspection techi.ique development, weld-repair/annealing study, and
modification (such as clad removal and new design thermal sleeves/
spargers) efforts. Will gather and disseminate critical information
(fluid flows and temperatures) on operating plants. Will manage uT
and fracture mechanics consultants as listed in Section 5 Lelow.

Issue final NUREG documents.

Manpower Estimates: 0.8 man-year FY 1979.

B. Plant Systems Branch, Division of Operating Reactors. Has lead
responsibility for review and approval of any proposed generic
feedwater or CRD system modifications. Will assist in development
of NUREG documents. Will assist Reactor Systems Branch, DSS, in the
development of CRDRL retention/removal criteria.

Manpower Estimates: 0.2 man-year FY 1979.
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C.  Mechanical Engineering Branch, Division of Systems Safety. Will work
with DOR on development of criteria and will issue BTP for CP/OLs
similar to NUREG guidance issued for operating facilities.

Will manage consultant on review of test and analytical information
leading to GE topical report. Will review information related to
CRD system modifications.
Manpower Estimates: 0.3 man-year FY 1979.

D. Materials Engineering Branch, Division of Systems Safety. Will assist
DSS-MEB as necessary, in the development of criteria. Coordinate
with DOR on resolution of UT issue.

Manpower Estimates: 0.2 man-year FY 1979.

E.  Task Manager, Division of Operating Reactors. Has overall responsi-
bility for coordination of DOR and DSS technical tasks and for the
development and issuance of criteria documents.

Manpower Estimates: 0.3 man-year FY 1979.

F. Reactor Safety Branch, Division of Operating Reactors. Will assist
Task Manager and Plant Systems Branch in review of CRDRL removal
issues, especially with regard to vessel makeup flow capability.
Manpower Estimates: 0.1 man-year FY 1979.

G. Reactor Systems Branch, Division of Systems Safety Will develop

criteria concerning the removal of the CRDRL of applicable CP/OL
facilities.

Manpower Estimates: 0.1 man-year FY 1979.

5. TECHNICAL ASSISTANCE

Contractor Amount Program Objectives
FY 1978 FY 1979
A. Washington $5K $20K Perform fracture analyses
University - of feedwater nozzle cracks
Paul Paris

D.

(Managed by DOR)

Brookhaven National $25K $20K
Laboratory
(Managed by DSS)

detected in operating
reactors. This is necessary
for generic crack growth
calculations.

Perform indepth review
of GE test and analytical
information to assure
thermal sleeve/sparger
design is viable as a
long term solution.
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INTERACTIONS WITH OUTSIDE ORGANIZATIONS
A. General Electric Company

The NRC staff has foliowed all GE generic testing and developmental
work, especially those tests designed to determine the cause of
cracking and those developments related to UT enhancement. This
coordination will continue

B. Electric Power Research Institute

The NRC staff will follow closely EPRI UT optimization development
work for the complex nozzle geometry. This work has other generic
implications (see Task No. A-14).

L. Individual Licensees and Applicants of BWR Facilities

Each licensee has already been involved in discussions and written
correspondence with the NRC concerning inspections to be performed.
This interaction, as well as discussions on a generic basis, will
continue until problem resolution, although the NRC position has been
spelled out clearly in the interim position paper. Applicants for
BWR OLs will also be involved in similar interaction with DSS.

ASSISTANCE REQUIREMENTS FROM OTHER NRR OFFICES

Office of Nuclear Regulatory Research (RES). RES is responsible for the
Heavy Section Steel Technology (HSST) program. Information obtained from
this program will be useful in the development of generic fracture analysis
methods for a flaw at a geometric discontinuity.

POTENTIAL PROBLEMS

The most serious potential problem facing the NRC staff and licensees at
this point is the discovery of a crack large enough to exceed the ASME

code criteria for required reinforcement area. This would result in the
need for a vessel repair (other than grinding) which would be an undertaking
of potentially large proportions and of safety significance.
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Generic Task A-10

Mr. Richard Gridley, Manager
Fuel & Services Licensing
General Electric Company

175 Curtner Avenue

San Jose, California 95215

Dear Mr. Gridley:

The NRC staff has completed its review of the General Electric Company proprie-
tary topical report NEDE-21821-02 (BWR Feedwater Nozzle/Sparger Final Report,
Supplement 2, August 1979). The report incorporates in full aid replaces the
earlier documents NEDE-21821 (March 1978) and NEDE-218281-01 (January 1979)

and includes changes to those documents forwarded by your letters dated

March 1, 1979 and March 20, 1979. You also incorporated into NEDE-21821-02
those changes in response to our recent comments regarding portions of NEDE-
21821-01.

The staff's evaluation of these reports is enclosed. The evaluation also
implicitly includes the review of related non-proprietary documents NEDE-21821,
NEDO-21821-01, and NEDO-21821-02A. NEDO-21821-02A, which is the non-proprie-
tary version of NEDE-21821-02, is to be issued after receipt of this letter
and must incorporate this letter and the enclosed Safety Evaluation Report.

[' the enciosed evaluation, any reference to an NEDE- docume.t will apply

to the corresponding non-proprietary NEDO- document carrying .he same number.

The earlier version of the sparger and nozzle report, NEDE-21840 (BWR Feed-
water/Sparger Interim Report, February 1977) with supplements, is considered
to have been superseded by the final report. Thus it will receive no formal
evaluation and documentation.

As a result of our review, we have determined that the NEDE-21821-02 report,
with the exception of Chapters 6 and 7 as discussed in the enclosed Safety
Evaluation Report (SER), is acceptable for referencing in connection with
licensing actions involving the removal of cladding and the installation

of the General Electric final design sparger and thermal sleeve. Inservice
inspection and other additional plant-specific information noted in our SER
should be addressed in applicant/licensee submittals.

The staff does not intend to repeat its review of the document when it appears
as a reference in a particular licensing action.

Should regulatory criteria, regulations, codes or standards change such
that any of our conclusions concerning NEDE-21821-02 are invalidated,

you will be notified and given the opportunity to review and resubmit

the report (or submit supplements or addenda) for review should you desire.
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Mr. Richard Gridley ol January 14, 1980

In accordance with established procedure, General Electric is requested
to issue a revised version of NEDE-21821-02 to include the NRC acceptance
letter together with SER. Both the proprietary and non-proprietary
versions of this document must be referenced in future licensing actions.

If you have any questions concerning our evaluation of NEDE-21821-02,
please contact this office.

Sincerely,

ggrrelL G. Eisenkut, ‘cé‘ng Director

Division of Operating Reactors
Office of Nuclear Reactor Regulation

Enclosure:
Safety Evaluation Report
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SAFETY EVALUATION FOR THE

GENERAL ELECTRIC TOPICAL REPCRT

"BWR FEEDWATER NOZZLE/SPARGER FINAL REPORT, SUPPLEMENT 2"

(NEDE-21821-02)

PREPARED BY

OFFICE OF NUCLEAR REACTOR REGULATION

U. S. NUCLEAR REGULATORY COMMISSION

REVIEWERS:

R. P. Snaider, Systematic Evaluation Program Branch, Division of Operating
Reactors (Task Manager)

R. E. Johnson, Engineering Branch, Division of Operating Reactors

W.

R.

¥

W.

. B

. N

Hazelton, Engineering Branch, Division of Operating Reactors

Klecker, Engineering Branch, Division of Operating Reactors

_ Zudans, Engineering Branch, Division of Operating Reac -ors

Mattu, Mechanical Engineering Branch, Division of Systems Safety
Hum, Materials Engineering Branch, Division of Systems Safety
MacKay, Plant Systems Branch, Division of Operating Reactors

Randall, Structures and Components Standards Branch, Office of Standards

DeQelopment

M. Subudhi, Brookhaven National Laboratory

c-3



BWR_FEEDWATER NOZZLE/SPARGER FINAL REPORT

SAFETY EVALUATION

TABLE OF CONTENTS

INTRODUCTION

BACKGROUND

DESCRIPTION OF SOLUTIONS

3.1 GENERAL ELECTRIC TRIPLE SLEEVE SPARGER DESIGN

3.2 CLAD REMOVAL

3.3 MODIFICATIONS TO FLUID SYSTEMS AND OPERATING PROCEDURES
VERIFICATION OF SOLUTIONS

VIBRATION TESTING

THERMAL - HYDRAULIC TESTING AND ANALYSIS

MATERIALS TESTING AND SELECTION
THERMAL FATIGUE ANALYSIS

R S
Swn -

OTHER SPARGER DESIGNS

ULTRASONIC TESTING AND RECOMMENDED INSPECTIONS
IMPLEMENTATION

SAFETY CONSIDERATIONS

CONCLUSIONS



1.0

INTRODUCTION

By letter dated September 4, 1979, the General Flectric Company (GE)
submitted for staff review a topical report entitled "Boiling Water Reac-
tor Feedwater Nozzle/Sparger Final Report, Supplement 2" (NEDE-21821-02,
August 1979). The document incorporated in full the earlier reports on
the same subject, NEDE-21821 (March 1978) and NEDE-21821-01 (January
1979), the related changes forwarded by GE letters dated March 1, 1979
and March 20, 1979, and changes in response to the staff's recent com-
ments on NEDE-21821-01. The report provides generic information relative
to (1) the design of a modified feedwater sparger and thermal sleeve
assembly; (2) testing and analysis of this design; (3) analysis of nozzle
cracking, including the identification of the causes of such cracking and
the safety implications; (4) analysis of other modifications, such as
nozzle clau removal and system changes, which wouid prevent cracking or
decrease the rate of crack propagation; and (5) discussion of non-
destructive examination (NDE) methods and recommended applications for
inspection of BWR nozzles. The reports did not address the related
control rod drive return line nozzle problem. This matter is being
handled separately by the NRC and GE.

The NRC topical report review included the generic design and analyses of
the modified sparger/sleeve assembly, descriptions and analyses of the
other available solutions and verification of solution effectiveness
(including identification of the causes of cracking). The review also
assessed the ability of the sparger and unclad nozzle regions to
withstand BWR environmental conditions during design lifetimes, the
capability and limitations of the proposed inservice inspection program
and the proposed inspection frequency.
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2.0 BACKGROUND

Of the 23 operating BWRs in the United States with feedwate: nozzle/
sparger systems (normally 4 nozzles/spargers per BWR:; nominal nozzle
diameter 10 to 12 inches), 22 have been inspected to date and cracks have
been discovered in the feedwater nozzle blend radius or bore of 18.
Although most cracks have been relatively superficial, a few grew to 3/4"
total depth (including cladding) and one vessel exhibited cracks which
penetrated the base metal to a total depth of approximately 1.5 inches.
Crack initiation results from high cycle thermal fatigue as the internal
water temperature fluctuates in the thermal sleeve-nozzle annular region
during periods of low feedwater temperature when the flow may be unsteady
and intermittent. Once initiated, the cracks are driven deeper by the
larger pressure and thermal cycles associated with startup and shutdown.

Fracture analyses indicate that the cracks found to date in the feedwater
nozzles constitute a potential safety problem because the observed rate
of crack growth is such that the margin of safety against fracture would
be reduced below acceptable values unless the cracks are detected and
removed periodically. In cases of severe cracking, repair by grindout
could be repeated only a few times before ASME Code limits for nozzle
reinforcement were exceeded. Repair by weld buildup in the grindout
region has not been demonstrated as yet to be acceptable to the NRC. In
addition, inspection and removal of cracks by grinding involves radiation
exposure to personnel and is deemed unacceptable as a long-term solution.

Extensive and long-term study of the causes of the problem and the
efficac, of the modified sparger design has been undertaken independently
by the General Electric Company (GE) and the NRC staff. The GE studies
have been documented in the report evaluated herein which represents a
summation of the engineering design, test, and development effort under-
taken and accomplished by GE. The NRC staff has worked closely with GE
and others in the effort to understand and resolve the complex safety
issue. The NRC staff published interim guidance in the form of
NUREG-0312, "Interim Technical Report on BWR Feedwater and Control Rod
Orive Return Line Nozzle Cracking." This guidance will be superseded by

the NUREG document to be issued at the conclusion of the NRC Staff's
generic study.

The safety objective of these efforts was to assure long-term reactor
vessel integrity. Effective sparger design also would permit an increase
in the interval between in-vessel surface examinations. We have
concluded that the safety objective has been met.



3.0 DESCRIPTION OF SOLUTIONS

3.

GENERAL ELECTRIC COMPANY TRIPLE SLEEVE SPARGER DESIGN

Most of the BWRs in operation today went into service originally with
loose-fitting sparger thermal sleeves. After discovery, by inspection,
of the various cracking problems caused by the loose-fit design, licen-
sees replaced the original spargers with an interim, interference fit
design. No domestic BWR is operating with a loose-fit design today.

Although the interim interference fit design can reduce bypass leakage
flow, its long-term effectiveness has been called to question because the
interference fit may degrade with time.

Because of these problems, GE has designed an "improved interference fit
sparger" as described in Chapter 3 of NEDE-21821-02. This sparger
design, alsc called the "triple sleeve sparger” in this report, has been
recommended by GE as a replacement for the interim single sleeve design
mentioned above.

The improved interference fit sparger design was based on the service
experience discussed above and on the thermal-hydraulic test results
described both in Chapter 4 of NEDE-21821-02 and in Section 4.0 of this
evaluation. The tests confirmed the postulated crack initiation and
growth mechanisms and servec as input in designs to mitigate such
cracking.

The tests revealed that, for the original loose fit design, the cause of
thermal cycling was:

- . primarily . . . leakage flow passing between the thermal
sleeve and safe end. This leakage flow, which is at feedwater
temperature, mixes in a turbulent manner with hot downcomer flow in
the annulus between the nozzle and thermal sleeve. The mixing fluid
impinges on the nozzle wall causing thermal cycling of the metal
surface. It has been determined by test and field measurement at
Millstone [1] and Brown's Ferry 2 that the metal temperature
cycling, with leakage present, has a magnitude of up to 50% of the
difference in temperature between the feedwater and downcomer water.
This cycling occurs with frequencies between 0.1 Hz and 1 Hz and
thus can initiate cracking rapidly. The exact time to crack
initiation depends on several factors including the duration of
operation with low feedwater temperature.”

The triple sleeve sparger was designed to prevent the thermal cycling
phenomena, thus significantly reducing the likelihood of crack initiation
within the lifetime of the plant. The sparger utilizes three concentric
thermal sleeves, the innnermost of which conducts feedwater to the
sparger arms. The arms are attached to the sleeve by a forged tee,
fastened to the reactor vessel wall at their end points by brackets, and
are designed to deliver feedwater uniformiy to the annular area between
the core shroud and the vessel wall. In so doing, they provide
subcooling for the jet pumps and help maintain a vniform core power
distribution.
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Bypass leakage flow in the feedwater nozzle bore will be reduced
substantially by two piston-ring seals and an interference fit. Thus
thermal cycling will essentially oe eliminated.

The first, or upstream, thermal sleeve piston-ring seal forms the primary
seal between the innermost sleeve and the nozzle bore. Water leaking
past this seal would pass into the vessel through the annulus between the
inner sleeve and the "mid-thermal" :GE terminology) sieeve, which is
supported at its upstream end by a rlotted attachment to the inner
sleeve. Attached to the "mid-thermal" sleeve is an outer sleeve which is
fitted tightly in the nozzle bore at its upstream end to prevent vibra-
tory motion of the sparger assembly. The secondary piston-ring seal at
that tight interference joint reduces potential bypass flow to nearly
zero because the pressure drop is very low across the secondary seal.

The sparger arms were modified in the triple sleeve sparger design in one
important respect. Flow is no longer discharged into the vessel through
holes in the sides of the sparger arms, but through elbows mounted on
top. The elbows are fitted with converging discharge nozzles. These
features reduce temperature stratification in the sparger and flow
separation around the periphery of the flow holes at low feedwater flow
(It had been observed that the cold feedwater moved along the bottom of
the pipe during low flow producing a very large top-to-bottom temperature
differential. The resulting thermal stresses caused thermal sleeve
cracking. Similarly, the flow separation had caused flow hole cracking).
Sparger arm cracking, which was another problem with the loose-fit

design, had been solved eariier by use of a forged tee to replace the
older tee box.

The NRC staff considered from two aspects the ability of the triple
sleeve sparger to perform its function. These aspects were its effec-
tiveness in reaucing thermal cycling of the nozzle bore and blend radius
and its durability. The two considerations influence both the criteria
for inspection frequency and the inspection method to be recommended in

the forthcoming NUREG report. Effectiveness will be discussed in
Section 4.

Regarding durability, the principal consideration is the loss of sealing
ability as a result of wear or corrosion. There is sufficient experience
to justify the assertion that the design is acceptable in this regard,
although corrosion of carbon steel safe ends under the piston ring seal
is mentioned by GE as a potential problem warranting introduction of
special cladding (high ferrite, unsensitized 308L stainless steel) on the
sealing surface in new plants.

The staff also feels there is some question about the duratility and
fatique resistance of the triple sleeve assembly, especially at the
slotted connection of the "mid-thermal" sleeve to the inner sleeve. No
specific weakness has been identified but past experience with feedwater
sparger problems indicates that it wil] be prudent to monitor the

performance of the first units to be installed, and especially to monitor
for leakage.



3.2 CLAD REMOVAL

The inner surface of licensed BWR reactor vessels, including feedwater
nozzles, was clad with stainless steel. The weld-deposited overlay was
originally installed for corrosion protection of the carbon steel vessel
and to minimize rust accumulation in the vessel water.

However, removal of nozzle cladding coincident with installation of the
improved sparger design is now recommended by the General Electric Com-
pany. Analyses show that clad removal results in about a factor of two
reduction in cyclic thermal stress at the surface of the metal. The net
effect of clad removal is to prolong the time to crack initiation if the
magnitude of temperature cycling is low. Removal of the cladding also
increases the number of startup/shutdown cycles required to grow fatigue
cracks to the limiting depth as specified by the applicable code. This
results from the elimination of stresses due to differential thermal
expansion of the stainless steel and carbon steel near the surface.

Removing the cladding also facilitates the interpretation of ultrasonic
(UT) signals by eliminating the clad-base-metal interface, a common
source of spurious indications. It removes any metal that may have
suffered fatigue damage.

Because some base metal is removed along with the clad (amounts range
from 0.1 to 0.5 inches of base metal removal), a recheck of the cross-
sectional area available for nozzle reinforcement is required to verify
that ASME Code rules will still be met. The limited experience to date
has indicated that this should not be a serious problem, provided the
clad removal machining operation is performed with full regard for the
as-fabricated dimensions and alignments of the nozzles and safe ends.

Stress corrosion cracking of the cladding and base metal was considered
by GE with the conclusion that clad removal had a positive effect. The
stainless steel clad in some vesse|s has a relatively low ferrite con-
tent; low enough to render it susceptible to stress corrosion cracking.
Although no instances of feedwater nozzle cracking have been attributed
to stress corrosion to date, GE believes it possible. On the other hand,
it was stated that the chances for base metal cracking by the BWR envi-
ronment is slight. Pitting or general corrosion of the exposed base
metal is not expected to be a problem, because there have been no
corrosion problems with partially-clad nozzles nor with the areas in
existing nozzles where grinding to remove cracks had removed the cladding
and exposed base metal.

The BWR reactor vessels for plants undergoing licensing review contain
unclad feedwater nozzles. The feedwater nozzle are.s of future BWR
vessels also wili be unclad. Regarding clad removal at existing plants,
machine tools have been developed by GE and others to remove the cladding
from the nozzle blend radius and bore to prepare the seating surfaces for
the seals on the thermal sleeve. Typical clad thickness encountered in
grinding out cracks was 0.25 in. (The range was from 0.20 to over

0.50 inches.)
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Based on its own independent assessment, the staff concurs with the GE
assertion that clad removal offers a net benefit toward the goal of mini-
mizing the likelih. .. of crack initiation. For some reactors with high
(420°F) operating feedwater temperatures, the combination of clad removal
and a zero leakage triple sleeve sparger may be all that is necessary to
suppress cracking within the design lifetime. Other reactors with lower

feedwater temperatures may require systems changes as noted in
Section 3.3.

3.3 MODIFICATIONS TO FLUID SYSTEMS AND OPERATING PROCEDURES

3.3.1

3.3.2
3.3.2.1

Objectives

NEDE-21821-02 indicated that the overall objectives of the various
solutions for the BWR nozzle cracking problem were: (1) to prevent
the initiation of cracks and (2) to limit crack gruwih to less than
10% of the wall thickness during the life of the plant, if they do
initiate. GE considers limiting crack growt® to be the more impor-
tant objective. However, these objectives may not be met for all
operating plants if the cladding were removed and a single sleeve
spar7ar with zero leakage ‘ere installed. This is particularly true
fer those plants with lowe, feedwater temperatures during full power
oparation (such as 340°F rather than 425°F). These objectives could
be met for these plants by clad removal and with a triple sleeve
sparger with zero leakage. However, the sparger performance is very
sensitive to leakage and it is not certain that leakage would be
avoided during the life of the plant. Therefore, it is advisable to
augment clad removal and sparger redesign with modifications to
fluid systems and changes to operating procedures. in order to
further reduce thermal cycling within the feedwater nozzle.

Although clad removal and sparger redesign may not, by themselves,
be accepted as a general solution for all BWRs, GE analyses indicate
that system and procedural changes alone would not be sufficient to
meet the overall objectives. Thr -efore, a particular solution must
be derived for each BWR and will in most cases consist of clad
removal, a new sparger design and some system and procedural
changes.

Specific System Modifications

Low Flow Controller

The low flow controller would be used to control feedwater flow over
a range of flows from 0.5% to 10% of rated flow for the purpose of
reducing thermal cycling during periods of low feedwater flow and
high subcooling. Analyses show that system changes in general do
not make a large contribution to delaying crack initiation.

However, there is aiso analytical evidence which shows that a low
flow controller would be necessary to limit crack growth to less
than one inch in 40 years.
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3.3.2.2

3.3.2.3

3.3.3

Reactor Water Cleanup System (RWCU)

This system modification would involve rerouting the discharge of
the RWCU to deliver the flow to each feedwater nozzle. Although
NEDE-21821-02 shows that system changes in general do not make a
large contribution to delaying crack initiation, it does show that
rerouting the RWCU can decrease the usage factor with respect to
crack initiation from .70 to .46. This would represent a signifi-
cant usage factor reduction in those plants where rerouting is
feasible.

Other System Modifications

NEDE-21821-02 presented an evaluation of the low flow controlier and
the recouting of the RWCU in terms of limiting crack initiation and
crack growth. Although only these two possible modifications were
evaluated, other solut'ons may exist and are not excluded by this GE
report.

Plant Operating Procedures

NEDE-21821-02 suggests that there are many improvement: that can be
implemented to reduce thermal cycling in the feedwater nozzles. A
“Proposed Alternate Operating Procedure" combined with some system
modifications was evaluated and the resuits given in Table 4-31.
The proposed procedure consists of the following:

| R RWCU flow would be directed to all feedwater nozzles at maximum
flow rate and exit temperature during all low flow conditions
prior to turbine loading. Some plant designs would require
pipi~, changes to achieve this.

2. The turbine would be accelerated, synchronized and loaded at a
reduced reactor pressure of 600 psig (instead of 1000 psig).
Main steam bypass just prior to turbine acceleration would be
the minimum compatible with that action (approximately 5%).
Operating plant procedure changes would be required to achieve
this. To our knowledge, early turbine roll has not been
attempted yet at any operating facility.

3.  Turbine extraction heaters (at least the top heater) would be
in service at the time of, or before, turbine loading to 5%.
Most feedwater train designs, including heater drain charac-
teristics, are compatible with this operation. Some heater
equipment change might be required in a few cases to achieve
this.

4. For start-ups and shut-downs, the feedwater control system

would be capable of low flow control sufficient to eliminate
on-cff feedwater operation and with sufficient controllability
to preclude greater than 25°F peak-to-peak mixture temperature
variations during steady demand. Though this feature contri-
butes some benefit toward reduction of high cycle fatigue, it



1S the single most e fective feature applied to mitigate the

low cycle fatigue problem discussed in other sections

Plant operating procedures generally would be modified to
minimize the total time spent at large subcooling and to reduce
vhe subcooling experienced for long periods of time, particu-
larly at high feedwater flow rates

'he evaluation presented in NEDE-21821-02 showed that the largest
mprovement in the crack initiation usage factor would be achieved by
rerouting of the RWCU, i.e.., & reduction in usage factor from .70 to .46.

arly turbine roil (No 2) and the early feedwater heating (No. 3)
ld reduce the usage factor by about 10 percent The low-flow
ntroller would have little effect on the crack initiation usage factor
It 1s necessary for limiting crack growth

wou

gased on its review, the staff concurs with the GE assessment of system
nodifications and the benefits to be achieved by their installation

Plant-specific review will be necessary in order to determine what
mbination of modifications is acceptable and necessary




4.0 VERIFICATION OF GE TRIPLE SLEEVE SPARGER DESIGN AS AN EFFECTIVE SOLUTION

4.1

Vibration Testing

One of the problems associated with the original loose-fit sparger design
was flow-induced vibration. Such vibration contributed to the “ rmation
of cracks at the junction of the sparger arms and the thermal eve.

The vibration was induced by the flow of water through the gap between
the thermal sleeve and the nozzle safe end. The fatigue damage was
aggravated by the geometry of the original tee box junction between the
thermal sleeve and sparger arms.

The gap, and therefore the flow of leakage water, has been eliminated in
the interim interference fit design by the tight fit between the nozzle
and thermai sleeve. The geometry of the sparger/sleeve junction has been
modified in almost all existing plants by the use of the forged tee,
which provides less flow resistance. However, the interim interference
fit is not expected to retain its tightness against accusulated thermal
working of the nozzle and thermal sleeve. Therefore, as stated in
Section 3, GE has recommended the installation of the triple sleeve
sparger, which utilizes piston ring seals in addition to an interference
fit for the purpose of eliminating leakage flow over the long term.

Testing was required to identify the vibration characteristics of the
triple sleeve sparger design to verify that this sparger would not
experience conditions similar to those which resulted in problems with
the original designs. The experimental goal was to demonstrate that the
sparger was vibration-free during all operating flow regimes, thus
helping to assure long sparger operating life.

As described in Chapter 4 of NEDE-21821-02, GE's test facility was able
to accommodate a full-scale sparger, and several different variations of
the triple sleeve design were tested. The recirculating loop providing
water to the sparger could deliver 5300 gpm flow at approximately 32 psid
across the sparger.

The experiments involved flow sweeping (modifying flow slowly and stead-
ily) from minimum to maximum anticipated flow. During the flow sweep,
instruments recorded strain, acceleration, and displacement concurrently
with differential pressure across the sparger. The instrumentation
included accelerometers (radial, vertical, and circumferential), bending
strain gauges (vertical, horizontal, and radial), and displacement trans-
ducers to sense vertical, radial, and circumferential motion.

The intent of the program was to simulate all loadings that the sparger
would see during all phases of reactor operation, including self-generated
and externally applied loads. To obtain a conservative range of results,
leakage flow was an active test variable in the five mockups, varying

from essentially none to substantial flow.

In general, the vibration levels of the triple sleeve sparger were

acceptably low for all flow and load variations tested. Spectrum
analyses were performed where strain or displacement sensor amplitude
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4.2

readings were higher than normal. These analyses were to determine the
values of strain or displacement at single fundamental esponse frequencies.
Care also was taken to allow sufficient time during sweep testing so that
any tendency for vibration amplitude build-up from structural resonance
would be noticed. In all cases, the experimental values of strain and
displacement were low.

The tests also indicate that. assuming all external driving forces were
modeled in the testing, the triple sleeve sparger is free of vibrational
problems. We conclude that the tests were representative, the results
acceptable, and that this design has solved one of the problems recog-
nized in the original loose-fit design and potentially present in the
interim interference-fit design. Therefore, the design is acceptable
from this aspect.

Thermal-Hydraulic Testing and Analysis

Although the cause of crack initiation was generally assumed to be thermal
fatigue resulting primarily from leakage flow passing between the thermal
sleeve and safe end, extensive testing was considered necessary to

Characterize the flow instability and to test the various design solutions
under consideration.

The open tank used by GE for vibration testing of full size feedwater
spargers was modified to provide a 100°F temperature difference between
the simulated separator downcomer flow and the feedwater flow. The
nozzle area was instrumented for temperature measurement by the same type
of sensors as those used in operating reactors (Millstone | and Browns
Ferry 2). The natural bypass 'eakage around the thermal sleeve was pre-
vented by O-ring seals and controlled leakage was introduced at taps
around the safe end ci, .umference. The tests run in this two-temperature
test (2T%) facility provided the basis for the explanation by GE regard-
ing the causes of feedwater nozzle cracks, and the 2T? facility was the

proving ground for various proposed sparger design alternatives to stop
the thermal cycling.

A typical test of a given configuration required several runs at different
feedwater flows. From the temperatures taken at a given location during
a 4-minute time interval, the peak-to-peak amplitude was measured and

reported as a percentage of the available temperature difference at that
instant.

In the first tests, the facility was fitted with a loose-fit T-box sparger
sleeve like the original Millstone 1 sparger. The pattern of temperature

cycling was found to be similar to that at Millstone 1, and the amplitude

of thermal cycling was in proportion to the difference in the available

AT (difference between reactor and feedwater temperatures). Substantially
greater AT exists in an operating reactor.

Some of the significant test results were:

1. For large bypass leakage flow and low feedwater flow, the cyclic AT
of the water near the nozzle blend radius was nearly 100% of the
available AT.
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The amplitude of the cyclic temperature at the blend radius metal
surface was approximately one-half of the water temperature amp |1 tude.

Cyclic AT midway along the nozzle bore was dependent on the leakage
flow rate, which apparently determined where the mixing of hot and
cold water was taking place. For the forged tee sparger, the cyclic
AT results for the bore and blend radius were about equal at low to
medium leakage rates. Above the medium -zte, the values for the
bore dropped off sharply.

With no leakage, the cyclic AT was about 20 percent at low sparger
flow, increasing to 30-40 percent at high flow. A concentric double
thermal sleeve reduced this to 10 percent.

To confirm that thermal fatigue was the cause of the feedwater nozzle
cracking, tests were run on large rectangular specimens containing a cen-
tral hole through which hot and cold water fluwed alternately to produce
thermal cycling while the specimen was under a tensile load. Cracks were
initiated by this method. The number of cycles required to produce a
crack was reduced when the hole surface was clad with stainless steel,
and was least when the clad had been heavily coldworked by a chamfering
operation.

As noted above, various design alternatives were tested in the 2T% program,
such as:

¥s

A vortex suppressor, consisting of a vertical plate fastened beneath
the forged tee in a plane containing the axes of the nozzle and the
vessel, was tested to see if it would reduce thermal cycling of the
blend radius region by preventing changes in the leakage flow path
from one side to the othe . The vortex suppressor was effective in
reducing thermal cycling when there was significant leakage flow,

but was considered unnecessary with the triple-sleeve design, which
minimized leakage.

A flow baffle, consisting of a disk placed around the sparger sleeve
at the vessel ID to close the annulus opening, was tested but the
idea was abandoned when the baffle was found to cause severe
stratification of the water in the annulus region near the safe end.

A hot flushing concept was tested to determine whether the intro-
duction of hot water at the safe end to flush cold water from the
annulus would be beneficial. Results indicated that the required
flow of hot water would be quite high and other concepts were deemed
to be preferable.

A concertric double thermal sleeve design was tried in various
configurations in the evolution of the final configuration of the
triple thermal sleeve design.

Finally, the 2T2? facility yielded heat transfer data useful for
calculating operating conditions other than those simulated in the tests.
Comparisons also were made between the in-reactor measurements at
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4.3

Milistone 1 and Browns Ferry 2. Baseu on comparison of the relationship
of metal temperature thermal cycling to that of the water in the annulus,
the heat transfer coefficients were considered to be surprisingly high.

Confirmatory tests of the effectiveness of the triple sleeve sparger
design were performed in a GE test facility near Pacific Gas & Electric
Company's Moss Landing Power Plant in California. Feedwater and super-
heated steam were obtained to provide test temperatures that matched BWR
operating conditions. The test was full scale with the exception of
sparger arm reduction in length to fit the test vessel. The Moss Landing
test was required because the 272 temperatures (70°F feedwater, 160°F
reactor water) did not provide a sufficient density difference to
simulate the cold feedwater stratification in an operating plant. The
Moss Landing facility did accurately reproduce the temperature fluctua-
tions found in operating reactors. Thermal cycling was shown to be
reduced to acceptable levels with the triple-sleeve sparger design. The
testing also showed that the thermal hydraulic performance of the
triple-sieeve sparger design is acceptable.

In addition to the above confirmatory tests of thermal-hydraulic
characteristics of the trijle sieeve sparger, the new design also was
subjected to a thermal shock test. This test, in a separate Moss Landing
fixture, was intended to verify behavior of the seals and interference
fit and to verify the mechanical integrity of the tested components. A
total of 110 thermal shocks was imposed by heating the sparger sleeve
seal region to 550°F, then quenching with 70°F water. The results
revealed some tendency of the piston rings to bind in their grooves and
malfunction. As a result, minor design changes were made. The inter-
ference fit relaxed from 0.023 to 0.010 inch in 20 cycles (before housing
rebore to simulate corrosion of the safe end sealing surface).

The NRC staff believes that the testing done in the two-temperature test
facility and at Moss Landing demonstrated that the thermal-hydraulic
phenomena that caused feedwater nozzle cracking have been reproduced in
the laboratory. The test results are sufficiently quantitative to pro-
vide an adequate basis for analysis of new designs. With regard to the
triple-sleeve sparger design, the staff has concluded that the test
results demonstrate that it should be effective in reducing thermal
cycling of the feedwater nozzle bore and blend radius areas.

Materials Testing and Selection

Section 4.6 of NEDE-21821-02, entitled "Sparger Life," describes the
materials selected for the triple sleeve sparger and summarizes the
stress analysis and fatigue analysis that accompanied its design.

Inconel 600 was chosen for the piston ring seals and the upstream end of
the thermal sleeve to obtain a close match of the coefficient of expan-
sion of the seal, the sleeve and the safe end. The triple sleeves are
Type 316L stainless steel. The sleeves cannot be solution treated after
welding, hence the low carvon Type 316 stainless was chosen to prevent
stress corrosion cracking.

As noted in Section 3.1, the staff feels there is some question about the
durability and fatigue resistance of the triple sleeve assembly,
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especially at the slotted connection of the mid-thermal sleeve to the
inner sleeve. Although no specific weakness has been identified, past
experience with the feedwater sparger problems suggests that early
inspection of the first installed units may be prudent. However, with
the exception of the possible problem with the slotted connection, the
staff has found the selection of materials to be satisfactory.

4.4 Thermal Fatigue Analysis

4.4

4.4.2

Objective

General Electric performed an extensive fatigue analysis as part of
the triple-sleeve sparger qualification process. The purposes were:
(1) comparisons of the various sparger designs. (2) determination of
advantages accrued by clad removal, and; (3) determinatio of
effects of system changes proposed to mitigate i.ermal cyc ing. The
primary analysis concerned crack initiation resulting from high
cycle fatigue. Fatigue crack growth from an assumed initial
0.25-inch deep flaw also was analyzed. The driving force for the
low-cycle fatigue crack growth was assumed to be related to
startups, shutdowns, and plant transients.

Crack Initiation Analysis

The first step in the quantification process was the development,
from the many records (operating reactor and previously-described
272 and Moss Landing tests) of temperature versus time, of what GE
termed a thermal fatigue "load" spectrum. Thermal cycles were
counted during a 240 second period, utilizing the "ordered overall
range" approach described in NEDE-21821-02. The result was a "load"
spectrum in which the ordinate (vertical) axis was the screening
(minimum) amplitude expressed as a percentage of the peak-to-peak
amplitude, and the abscissa (horizontal) was the number of half-
cycles with amplitude greater than the screening level. Because
each individual spectrum seemed to have similar frequency content,
GE used a single envelope curve which included all of the spectra.

The "ordered overall range" approach provided results which were
different than the 1.0 Hz frequency assumed at the peak amplitude in
the original GE analyses. As an example, the envelope spectrum
amplitude at 1.0 Hz was only 20% of the peak-to-peak amplitude, and
the large amplitude thermal cycles (greater than 95% of available AT
peak-to-peak) occurred only about once every 100 seconds.

The next step in the GE analysis was the extension of ASME

Section III fatigue S-N curves to cover the GE region of interest
and to serve as design basis curves. The resulting curves deveioped
by GE extended Figures I-9.1 and I-9.2 of ASME Section III beyond
10® cycles to 10'2 cycles.

Using the modified curves, a linear cumulative damage rule, and the
load spectrum determined from the "ordered overall range" approach,
GE derived the cumulative fatigue damage (usage factor) per

1000 hours. The derivation included predictions at various peak
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4.4.3

alternating stresses and was accomplished for both the nozzle clad-
ding (stainless steel) and base material (low alloy carbon steel).

The peak alternating stresses used in the derivation were obtained
directly from measured values of cyclic temperature difference as a
percentage of the available temperature difference (T reactor -

T feedwater). The temperature difference data came from the Moss
Landing test results.

Finally, it was necessary to know the amount of time spent at
various reactor temperature differentials. Two time-temperature
flow maps were given in NEDE-21821-02. The first was a "reference
procedure” characteristic of the present operating mode of BWRs and
the second a "proposed alternate [sic] operating procedure" con-
taining certain system changes and procedural changes as described
in Section 3.3. The probabiiity of crack initiation was evaluated
in terms of the fatigue usage factor for several combinations of
sparger design, feedwater temperature and operating procedure.
These were summarized in NEDE-21821-02.

The conclusions drawn by GE from comparison of tabulated fatigue
usage factors for the various combinations of proposed solutions
included the following:

1. Predicted crack initiation times were in general agreement with
cracking observations at plants which had the original loose-fit
sparger design. This provided assurance of the reasonableness
of the analytical method.

2. As anticipated, leakage bypass flow is an extremely important
variable, as is the temperature difference T reactor - T feed-
water. For example, in the case of the triple-sleeve sparger
installed after clad removal, GE predicted no crack initiation
in 40 years with full power feedwater temperature of 420°F and
leakage held to a maximum of 1 gpm. If, however, leakage
exceeds 1 gpm or the feedwater temperature during power opera-
tions is as low as 340°F, crack initiation is predicted during
the plant's design lifetime.

3. An unclad nozzle with the welded single sleeve sparger designed
for zero leakage should operate for 40 years without crack ini-
tiat.on if operating feedwater temperature is 420°F. The
fatigue usage factor on such a nozzle could be reduced from

0.77 to 0.46 by adopting GE's proposed alternative operating
procedures.

Crack Growth Analysis

As a first step in the fatigue crack growth evaluation, nozzle
stresses were calculated using a finite element model. This allowed
a systematic evaluation of the effect of changes in the heat trans-
fer coefficient procuced by changes in sparger design. A turbine
roll event, involving a step change in feedwater temperature from
550°F to 100°F at 25% of rated feedwater flow, was used to model a
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4.4.4

thermal transient. Maximum metal surface stresses developed
typically in 2 to 4 minutes, but longer times were experienced when
the heat transfer coefficient was low. Therefore, in order to
determine maximum values, it was necessary to compute stress
intensity factors as a function of time for each value of assumed
crack depth. The initial flaw was assumed to be a semicircle
0.25-inch deep.

Based on recent data concerning reactor thermal operating history,
GE made a refinement in the original model of the low frequency
stress cycles. That model had defined a startup/shutdown cycle as
the combination of one pressure cycle (0 to 1050 psi and return to
0) and six thermal cycles in which feedwater temperature cycled
between 100°F and 550°F. The revised model comprises three scrams
to low pressure hot standby and return to power for each startup/
shutdown cycle. A reactor lifetime is considered to include 130
startup/ shutdown cycles and 390 scram cycles. A scram is assumed
to include 60 on-off feedwater flow cycles during which feedwater
temperature varies from 100°F to 300°F and 12 such cycles with
temperature variatior from 100°F to 430°F.

The new model for crack growth was compared with known data from
operating reactors. Specifically, the growth of a 0.25 inch crack
was compared with the crack growth observations at Pilgrim, Nine
Mile Point and a foreign reactor when each utilized the original
loosefit sparger. A best fit curve was used for the relationship of
da/dN (crack growth rate per cycle) as a function of effective
stress intensity factor. Good agreement was obtained with predic-
tions based on a heat transfer coefficient of 2000 BTU/HR-ft*-°F for
the original loose-fit sparger.

The predictions of fatigue crack growth were then used in the
evaluation of sparger designs and the determination of the need for
a low-flow feedwater controller. Result. are described in

Section 3.3, above.

Staff Evaluation and Conclusions

The staff has reviewed the GE analyses discussed above and has
concluded that the methods used and the results are acceptable. We
have further concluded that the results of the crack initiation and
growth analyses may be applied in establishing generic inservice
inspection requirements.
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5.0 OTHER SPARGER DESIGNS

The GE report briefly discusses three alternative sparger designs. The
first of these, the welded thermal sleeve, is in use at three operating
reactors (Duane Arnold, Brunswick Unit No. 1, and Hatch Unit No. 2) and
has been installed in two reactors (Zimmer & WPPSS5-2) under inital
licensing review.

The staff generally agrees with the GE assessment that a configuration
with the thermal sieeve welded to the nozzle safe end provides some
assurance of protection against crack initation if feedwater temperature
during operation is at least 420°F. However, as GE noted in the report,
Lthere are several drawbacks to this particular design. Not noted is the
lack of suitable inspectability of the thermal sleeve-to-nozzle weld.

The staff's concern is that weld failure after several years could result
in substantial bore cracking prior to the appearance of cracking on the
accessible areas of the blend radius. The staff is still devoting effort
to the resolution of the inservice inspection issue, as noted in the
introduction and in Section 6.0 of this SER. However, dye penetrant
inspections of accessible nozzle areas (an inspection technique acceptable
to the NRC staff) performed already, at Duane Arnold and Brunswick Unit
No. 1, demonstrated the efficacy of the welded design early in the plant
life in that no indications of cracking were found. In addition, a lim=
ited visual inspection of the sleeve-to-nozzle weld was performed at
Duane Arnold, where sparger design allowed such inspection. The weld was
reported to be intact. Although these early inspection results indicate
satisfactory weld integrity, the inspection program will still require
examinations to assure continued integrity later in plant life.

The second design cited by General Electric is the single piston ring
design, which is simply an augmentaticn of the interference fit sleeve
design and would serve similarly to the interference fit as an interim
"fix" until its efficacy has been demonstrateJ by field experience. GE
acknowledges this in their statement *nat the ". . . interference fit
will not be lost during the 1imited 42sign life of this component.” The
only operating plants with an installed sparger/sleeve similar to this
are the Monticello Nuclear Generating Plant and Browns Ferry Unit 1. The
staff will continue to review nozzle inspections at these plants in order
to determine the efficacy of this particular design.

The third design discussed by GE is the interference fit thermal sleeve
desian, which was the first counter-measure to the cracking resulting
from loose-fit spargers and is the interim solution mentioned herein.
Experience has shown that the interference fit can prevsnt crack initia-
tion but its longevity is limited as it relaxes with Lime. Therefore,
although it is .cceptable on an interim basis, the staff does not regard
it as a long-term replacement without relatively frequent inservice
inspection.

No. mentioned in the report, since they are beyond GE's responsibility,
are other approved and currently operating designs at Nine Mile Point and
Oyster Creek. The staff, while accepting the GE triple-sleeve, double
piston ring design as an effective long-term solution, will review other
proposed designs for acceptability.
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6.0
6.1

6.2

ULTRASONIC TESTING AND RECOMMENDED INSPECTION

Introduction

Chapter 6 of NEDE-21821-02, entitled "Ultrasonic Testing," gescribes the
General Electric UT procedure and results of feedwater nozzle examina-
tions performed by GE. Chapter 7, entitled "Recommended Inspections,"”
proposes an inservice inspection (ISI) program for plants with either the
triple sleeve sparger or the welded sparger. The proposed ISI program
differs from the recommendations of the NRC's interim guidance document
NUREG-0312 by proposing to eliminate liquid penetrant (PT) examinations
and to substitute UT examinations at less frequent intervals.

Staff Evaluation and Conclusions

The selection of conservative NDE methods and appropriate inspection
intervals is dependent upon the nature of the flaws under investigation.
Thermal fatigue cracks detected in the feedwater nozzle blend radius and
the bore region generally have been as deep as 1/2" to 3/4" total depth
(including cladding) and up to twelve inches in length. Some have been
deeper.

The effectiveness of UT inspection is adversely affected by the complex
geometry, relatively long examination metal paths, and cladding
interference encountered in feedwater nozzle inspections.

Currently, the only acceptable method for cinclusively detecting,
locating and characterizing existing flaws is PT of the inner surface and
removal of cracks by local grinding. However, PT inspections and removal
of cracks by grinding have resulted in significant personnel radiation
exposure and plant shutdown time. An objective of current NDE technology
programs is to develop a reliable and effective UT procedure that can be
performed from the vessel exterior surface.

Section XI of the ASME Code requires periodic volumetric examination of
the feeuwater nozzle region. However, a specific recommended procedure
has not yet been published. To implement NUREG-0312 as required by the
staff, licensees are performing augmented ISI programs at designated
intervals of operation, including supplemental PT and UT inspections
during scheduled outages. There are currently many different UT proce-
dures in use. Evaluation of plant specific practices has been necessary
because the differences in nozzle geometries combined with certain
inspection variables can influence the examination results. To date, no
specific UT technique is acceptable to the NRC as a sole method of
characterizing fatigue cracks. However, there is an extensive effort
underway to develop such a technique.

As a result of there being no repeatable, reliable UT technique which has
requisite sensitivity, the staff does not at this time accept UT examina-
tion as the sole means of assuring nozzle integrity. We are concerned,

of course, that continued PT examinations result in significant radiation
exposure for licensee and inspection company employees. Therefore, we

will adopt a realistic program which provides credit for licensee actions
to minimize the possibility of crack initiation and growth. Such actions
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6.3

will extend the time between PT inspections. The program is discussed

briefly in Section 6.4 and will be published as part of the forthcoming
NUREG document.

The staff has concluded that Chapters 6 and 7 of NEDE-21821-02 are
unacceptable in their entirety and may not be cited as a reference in
licensing actions by either licensees or applicants. For such licensing

actions, the staff will provide specific guidance, using NUREG-0312 until
the forthcoming NUREG is issued.

summary of Continuing Major Activities

Inspection companies, EPRI, and an ASME Code working group are continuing
major programs to develop a reliable and effective UT procedure for the
nozzle inner radius examination. The primary objective has been directed
toward the detection and location of flaws. Current examination tech-
niques are not sufficiently developed to characterize the dimension or
shape of indications with an acceptable degree of accuracy. The only
interpretation presently available is that the minimum threshhold depth
of crack has been exceeded. The relatively long ultrasonic wave metal
paths, inherent beam spread, and cladding make quantification of the
indication dimensions extremely difficult and could require advancements
beyond the state-of-the-art technology. The difficulty will be eased
somewhat because cladding will be removed as part of the installation of
the triple-sleeve sparger.

A comprehensive correlation of UT indications on actual thermal fatigue
cracks compared with PT verification could demonstrate that all cracks
that could affect the structural integrity of the nozzle are detectable
in any location. The distribution of actual flaws compared to recorded
indications and the minimum detectable flaw depth for a specific UT pro-
cedure also would be established. This type of data may become available
during planned clad removal projects. In addition, a full size nozzle
mockup with laboratory-induced thermal fatigue cracks recently has been
fabricated under a project sponsored by the Electric Power Research
Institute (EPRI). A systematic investigation of the various UT proce-
dures on such a mockup could identify the most effective procedure in
terms of detectability, reproducibility, and efficiency to minimize
personnel radiation exposure. The results of a similar survey, using
another nozzle mockup with machined notches, are being evaluated by EPRI.
The availability of these full size test specimens is important for
procedure and personnel qualification and training of operators under
simulated plant environments. The most reliable plant inspection
procedures use a nozzle mockup as the calibration block.

The ASME Code Section XI established a Task Group to define requirements
for a UT procedure applicable to inner radius examinations. The availa-
bility of a full size mockup and additional supporting data on the UT
response from actual characterized fatigue cracks should provide the
basis for revisions to the ASME Code. The staff will follow the UT
deve'opment programs directed toward demonstrating an effective UT
procedure and will issue appropriate further guidance beyond that to be
included in the NUREG document which completes A-10 study.
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6.4 Recommended Inspections

The staff will continue to evaluate plant-specific leak test and
nondestructive examination requirements on a case-by-case basis. PT of
the inner surface and, if necessary, removal of cracks by grinding, is
the only nenonstrated method to conclusively detect, locate ind charac-
terize flaws. The installation of an acceptable feedwater sparger and
modifications such as clad removal and system changes should prevent
cracking or decrease the rate of crack propagation. Therefore, the
current inspection interval between PT examination will be increased for
plants which have incorporated acceptable modifications.

The staff will provide further guidance on acceptable inservice leak test
and NDE methods and inspection intervals.
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7.0

IMPLEMENTATION

Chapter 8 of NEDL-21821-02 is a brief discussion of the GE
recommendations regarding the implementation of physical and operational
modifications.

For plants still under construction, Gt recommends that all changes be
implemented prior to startup. However, where ccmpletion of physical
changes would delay startup, GE recommends allewing operaticn for the
first fuel cycle with operational changes onl'. Physical changes would
be made during the first refueling outage.

For operating plants, GE recommends implzmentation of changes as soon as
it is convenient, preferably during a iong outage.

For plants with welded thermal sleeves, GE recommends installation or the
system changes only. For those plants under construction where system
changes would delay the startup, GE recommends delaying the modifications
until an appropriate outage.

Regarding the implementation of physical changes for plants still under
construction, we will require such changes to be accomplished pricr to
initial reactor operation. Radiation exposure for modification personnel
thus could be avoided.

With regard to operating plants, the staff has concluded that applicable
hardware and system changes should be implemented as soon as practicable.
Based on the experience of plants which have already removed nozzle
cladding and installed advanced design spargers, this work may be
deferred until the fir - lengthy outage. We maintain our nosition as
stated in the interim re.urt, NUREG-0312 (July 1977), thai, prior to
completion of all physiral modifications, credit will be given for other
actions taken to prevent crack initiation and growth.

wWhiie the staff concurs that operating plants with welded thermal sleeves
(see Section 5.0) need only implement system changes at this time, we
will reserve comment on the ability of the weld and thermal sleeve/
sparger to remain intact throughout the design plant life, pending
confirmatory inspections.
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8.0 SAFETY CONSIDERATIONS

8.1

Summary of Chapter 9, NEDE-21821-02

The approach taken by the General Electric Company in Chapter 9 to
evaluate the safety significance of nozzle cracks was to determine the
margin of safety (against rupture of the pressure vessel) using fracture
mechanics calculations. An assumption is made that the maximum flaw size
will be limited to that permitted by Section XI of the ASME Code. By
those rules, for example. nozzle corner blend radius cracks could pene-
trate base metal to a depth of 0.95 inches in a typical case before
repair would be required. Justification for this assumption is presented
in the report. Fracture mechanics calculations are presented for a
nozzle corner crack, a nozzle bore crack and (just in case a very large
crack remains undetected) a hypothetical through-wall crack extending
both above and below the nozzle. Experimental data are cited in detail
to justify the reliance on linear elastic fracture mechanics (LEFM) and
in particular the extension of its use to elastic-plastic conditions.

The salient features of the GE analysis include:

1. Stresses considered to act on the nozzle corner and bore were
pressure stress and thernal stress. Residual stress due to the
cladding was included but other residual stresses were considered to
be small. Stresses related to pipe reaction forces were omitted
without comment.

2 The first step in the safety analysis used a straight LEFM approach
in which KIR or "fracture toughness" was compared to KI (pressure).

3 An upper shelf value of 200 ksi yin was used for K., for
temperatures 180°F greater than the reference tempsﬁature, RTNDT‘
which was assumed to b- +40°F for the nozzle material. It was
stated, without supporting evidence, that 200 ksi Jin represents a
"minimum upper shelf toughness for reactor vessel grade low alloy
steel."

4. A the-mal-hydraulic analysis showed that temperatures at the tip of
postul. ted cracks exceeded 220°F under all conditions of normal
operatiun when pressure and thermal stresses were high.

$. Flaw size as<umed in the LEFM analysis was 0.95 in. for the nozzle
corner crack and 0.71 in. for the nozzle bore crack. These values
are 10 percent of the nozzle wall thickness (0.1t) in the direction
of the advancing cracks.

6. To obtain a solution for K, (pressure), GE used a three-dimensional
analysis published by Gilmgn and Rashid, supported by the solution

for an edge crack in a circular hole and by photoelastic test
results published by Smith.
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10.

Safety margins for pressure acting alone were calculated in terms
of:

Kpp = 200 ksi Jin

KI (pressure)

To be conservative, the entire pressure stress, including the peak
stress caused by the geometric discontinuity effects of the nozzle
opening, was considered to be primary stress. The value of K
(pressure) was 62 ksi Jin for the “Section XI Flaw," hence thé
safety margin on internal pressure was approximately 3.2.

The second step in the safety analysis was to consider the margin of
safety when, in addition to the pressure stresses, thermal stresses
caused by a turbine roll event were included. A step decrease from
550°F to 100°F of the water flowing in the annulus between the
sparger sleeve and nozzle bore was stated to be the most severe
thermal transient for normal or upset conditions. Calculations were
presented for two times in the transient - 90 seconds and 30 minutes.
From the report, the ratio of K., (=200 ksi Jin) to K, (thermal) is
about 1.5 to 1.6, but GE does n&g use this ratio in t*eir safety
analysis.

To express the margin of safety for cases of combined pressure and
thermal stress, GE introduced a new term, "Fracture Mechanics
Margin," A.

A = KR

KIp +0.5K

IT

Its use is justified by an analysis based on a report (ORNL-TM-5090)
regarding experimental data obtained on the intermediate test ves-
sels in the Heavy Section Steel Technology (HSST) program at Gak
Ridge National Laboratory. Two of these vessels had nozzle corner
cracks. The facts that thermal stresses are secondary and that
through-thickness yielding occurs prior to fracture at the tempera-
tures of inrcerest are cited to show the conservatism of this approach.
Also, a precedent from Appendix G of the ASME Code is cited, i.e.,

the requirement that

Sy * Ny £ Ky

The values of "A" are somewhat greater than 2.0 for the cases cited.

Finally, GE utilized an LEFM leak-before-break analysis in which
very large cracks, one at the top and one at the bottom of the
nozzle, are postulated to have escaped detection and to have grown
through the wall to form a through-wall crack with the nozzle
opening at its midlength. GE calculated that K,. would not be
exceeded under normal operating pressure until {Re hypothetical
through-wall crack extending above and below the nozzle reached a
critical length of 29 inches.
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11. GE cited experimental evidence obtained by Japanese investigators in
what are called the JAERI* pressure vessel tests. Nozzle corner
fatigue crack growth was measured a. a cyclic pressure stress (hoop)
of 0 to 29 ksi at 75°F. The cracks grew through the wall by fatigue
causing a leak to occur instead of a fracture. The fatigue crack
growth rates also were analyzed by GE for evidence to support the
fatigue evaluation of the feedwater nozzles, especially the predict-
ability of crack growth for deep cracks. There was remarkable
agreement between predictions and observations.

The conclusion reached by GE regarding safety considerations is that
the recommended solutions to reduce cracking and to improve inspec-
tion methods will result in a significant reduction in the max imum
expected flaw size in an operating reactor. GE believes this reduc-
tion to be so signiricant that, even with the presence of the
maximum expected flaw in the nozzle of an operating reactor, the
margin against failure of the steel will be the same as that
inherent in the design, by ASME Code, of an unflawed reactor vessel.

8.2 Staff Evaluation and Conclusions

The staff agrees with the overall conclusions reached by GE and noted in
8.1, regarding safety considerations. We particularly note the mitiga-
ting circumstance, shown by analyses and testing of feedwater nozzles,
that whenever pressure stresses and thermal stresses are high, the
temperature of the metal in the path of an existing crack is generally
high enough to provide optimum crack propagation resistance. The
exception is during a vessel hydrostatic test, for which special limits
are required.

Further assurance of adequate safety margins has been provided by tests
of several six inch thick vessels, as part of the HSS1 Program at Dak
Ridge National Laboratory. The models contained nozzles similar in
design to the feedwater nozzles of boiling water reactors. The test
results showed that the vessels exhibited greater resistance to crack
pronagation than had been predicted by conservative fracture mechanics
analyses.

Although the staff has >ncluded that each step of the GE analysis is
acceptable for the purposes of the generic study, we have comments
regarding certain steps:

Point 3 of the GE analysis - The assumed value of 200 ksi Jin for K., of
the nozzle steel at upper shelf temperatures is insufficiently subs{gnti-
ated by valid data. The highest measured value considered valid,
according to American Society for the Testing of Materials (ASTM)
Standard E-399, is 148.55 ksi JTB. The result was obtained from a
twelve-inch thick specimen.

¥Japan Atomic Energy Research Institute (Refer to S. Miyazono et al.,
"Fatigue Behavior of Nozzles of Light Water Reactor Pressure Vessel
Model", Third International Conference on Pressure Vessel
Technology, ASME)
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Experiments on nozzle steel have shown that its resistance to fracture,
measured in terms of the maximum load and corresponding displacement,
increases sharply with temparature above that at which the valid result
notzd above was measured. Because the reactor vessel is operated at
temperatures higher than that_at which the ASTM value was obtained, we
believe GE's use of 200 ksi Jin in their conventional fracture mechanics
analysis to be satisfactory.

Point 5 of the GE analysis - Maximum flaw sizes of 0.1t (t ic nozzle wall
thickness) were assumed in the GE analysis and justified sim.ly on the
basis that 0.1t represents a limit in Section XI of the ASME Code. The
staff accepts the 0.1t limit, but bases its acceptance on knowledge of
BWR operating experience with regard to the nozzle problem. Substantial
data have been gathered regarding the correlation of startup/shutdown
cycles with cracking severity. In addition, there is extensive service
experience with the interference fit sparger serving as an interim solu-
tion prior to clad removal and installation of the triple sleeve sparger.
From this body of knowledge, the staff has conservatively predicted the
time for an assumed uU.25 inch flaw to grow to 0.1t and has predicated its
recommendations for inservice inspection on this prediction. The staff
has gained additional confidence from the GE analyses and testing related
to the development of the triple sleeve sparger which will substantially
Timit crack initiation and growth. From these factors, the staff has
concluded that the assumed 0.1t maximum flaw size is acceptable.

Point 9 of the i analysis - The "fracture mechanics margin, A,"
introduced for this analysis, is a new concept. The NRC staff accepts
its use for the purpose of treatment of thermal stresses at the feedwater
nozzle. GE justifies use of the concept by referring to tests of flawed
six=inch thick vessels in the HSST program. The vessels, prior to burst,
underwent greater through-thickness yielding than was predicted by con-
servative fracture mechanics analyses. The staff believes the empirical
factor A is useful and gains confidence from the knowledge that in the
case of feedwater nozzles, cracks generally advance into a lower-stress

region where there is high temperature and there ore greater resistance
to crack propagation.

As stated above, the staff accepts the use of the GE factor A for this
analysis. However, the staff recognizes the empirical nature of this
factor 27d may require additional justification for its use in the
fu..ce, when more test information will be available.

Point 10 of the GE analysis - The staff accepts the conclusion of GE's
leak-before-break analysis only when it is assumed that the flaw is a
through-wall fatigue crack subjected to normal operating pressure.
Leak-pafore-break cannot be assured, by the GE analysis, for a crack
which propagates through the wall under higher than normal operating
pressure. Nor is leak-before-break assured when the metal temperature in
the path of the crack is lower than that (upper-shelf) which yields
optimum resistance to crack propagation.
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9.0 CONCLUSIONS

Based on our review and evaluation of the information provided by GE, the
staff finds the GE topical report NEDE-21821-02, with specific exception

of Chapters 6 and 7, acceptable as a reference in BWR licensing actions

for both the modification of licensed plants and the licensing of future
plants. Inservice inspection methods and frequency will be addressed by
the NRC in a separate document. Separate correspondence may be required
during the course of licensing actions to obtain plant-specific information
from the licencee or applicant.

We have concluded that the proposed GE sparger modification, when coupled
with the removal of the stainless steel cladding and feedwater system
changes when necessary, provides a substantial improvement over previous
GE designs. A reactor vessel thus modified will be able to operate for
an extended period of time between surface examinations. Extending the
interval between surface examinations will substantially reduce the radi-
ation exposure of plant staff and contractor personnel. However, we
conclude that this specific sparger configuration is not the only accept-
able design. We have approved the installation and use of different con-
figurations by other designers at two operating plants and have also
approved welded configurations designed by Gt. Any approved design will
require some in-service verirication of its continued acceptability
through inspections.

For facilities now under review for an operating license, the combination
of the proposed GE sparger modification, an unclad nozzle and appropriate
system changes is an acceptable design. Subjects requiring further
consideration and review are inservice inspection intervals and the use
of leak testing and certain NDE techniques, particularly ultrasonic
testing. While the NRC staff recognizes that there have been improve-
ments in NDE technology in the past few years, we have not accepted fully
the industry evaluations regarding improved flaw detection, because the
effectiveness and reliability of nozzle-related UT procedures have not
yet been demonstrated adequately under field conditions for real cracks.
The forthcoming NUREG report {to be published at the completion of the
ongoing NRC generic program related to BWR nozzle cracking problems) will
define acceptable interim NDE methods and inspection intervals. The
staff recognizes and encourages industry-sponsored NDE programs to
demonstrate the reliability of UT techniques and will give credit for
favorable results.
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APPENDIX D
NRC EVALUATION OF GE-PROPOSED CRDRL ALTERNATIVE SOLUTIONS
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P Sl January 28, 1980

Generic Technical Activity A-10

Mr. Richard Gridley, Manager
Fuel and Services Licensing
General Electric Company

175 Curtner Avenue

San Jose, California 95215

Dear Mr. Gridley:

Since the initial discovery of cracking in boiling water reactor (BWR)
control rod drive return line (CRDRL) nozzles in early 1977, General
Electric (GE) has proposed a number of solutions to the problem in the
course of which several documents were submitted for NRC staff review.
These documents were as follows:

1. Letter of March 14, 1979, G. G. Sherwood (GE) to V. Stello and
R. Mattson (NRC) regarding calculation of CRD system return flow
capacity,;

2. Letter of April 9, 1979, G. G. Sherwood (GE) to V. Stello and
R. Mattsorn (NRC) forwarding results of CRD system solencid valve
endurance testing;

3. Letter of May 1, 1979, G. G. Sherwood (GE) to V. Stello and
R. Mattson (NRC) forwarding results of CRD system solenoid valve
performance testing; and

4. Letter of November 2, 1979, G. G. Sherwood (GE) to R. P. Snaider
(NRC) forwarding additional information as requested regarding CRD
hydraulic system performance, especially with regard to corrosion
products emanating from carbon steel piping.

A1l concerned the GE rationale for the latest proposed system modification
to prevent nozzle cracking; namely, total removal of the CRDRL and cutting
and capping of the CRDRL nozzle. Previous submittals had presented the
bases for the other modification proposals discussed herein.
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Mr. Richard Gridley o January 28, 1980

Specifically, your Maich 14, 1979 letter discussed the GE analysis performed
after the NRC's selection of a base case for use in comparing capability to
inject high pressure water into the reactor vessel when other water sources
were isolated. This base case was the 1975 incident at Browns Ferry Unit
No. 1, during which the CRD system sometimes was one of the only capable
sources of high pressure water injection to keep the reactor core covered. The
staff recognizes that the presence of this capability had not been directly
assumed in any previous safety analysis. However, the critical need for the
system was again revealed during the early 1979 incident at the Oyster Creek
Nuclear Generating Station. During this incident the reactor vessel also
was isolated from other sources of high pressure water and the CRD system
makeup capability helped prevent uncovering of the active fuel.

Your analysis of March 14, 1979, included several assumptions which the NRC
staff has found acceptable. Principal among these was that concurrent
operation of the two CRD pumps was possible at any plant. This of course
implies that there will be no electrical supply limitations and no pump

net positive suction head (NPSH) limits that will be reached. Licensees
and applicants will be required to demonstrate this to be valid, by testing,
prior to our approving CRD return line removal.

The letters of April 9, and May 1, 1979, discussed the solenoid valve
testing program initiated in response to earlier NRC concerns. The original
analysis of CRORL removal without rerouting determined that return flow to
the reactor vessel from drive operation would enter CRD cooling water lines
and return to the vessel through the CRD mechanisms themselves. During
testing, however, you discovered that the actua) path would be a reverse
flow path through the insert exhaust directional control valves of the
non-actuated Hydraulic Control Units. The long-term cycling of the control
valves in the reverse direction was a cause of NRC concern with regard to
possible deleterious effects upon the operation of the CRD hydraulic system.

In response to this concern, GE tested ten valves which had been removed
from an operating reactor on which the return line had been isolated for
six months. These valves were then compared against tests performed on
five new valves. The results showed that the reverse flow characteristics
of all valves were similar and that degradation of the valves to the point
of causing system malfunction would no® be expected during long-term
normal operation of the system. The NRC staff is satisfied with these
results.

Simulated 1ife cycle testing also was performed on five valves, resulting
in the determination that no adverse effects were caused by the backflow.
The NRC staff has found this acceptable.
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Your final letter of November 2, 1979, discussed in detail your response
to staff concerns regarding possible degradation of the CRD system and
individual CRD mechanisms because of corrosion problems from carbon steel
piping. Certain modifications were suggested to solve these problems.
You also discussed your recommerdations regarding the installation of
pressure equalizing valves in the CRD system to prevent, under a hypo=
thetical transient, a large pressure differential across the CRD system
which could result in excessively fast movement of a selected control
rod. The valves also prevent flow from the carbon steel piping of the
normal exhaust water header to the drive cooling water header.

We have reviewed your submittals and have concluded the following:

1. Only licensees of the following classes of plants will be allowed at
this time to implement the recommendation to cut and cap with no re-
routing of the CRDRL and without further analysis. Each applicable
plant must demonstrate, by testing, concurrent two CRD pump operation
(with one exception), satisfactory CRD system operation, required
flow capability, and each will be required to install the system
modifications listed in 4. below.

a. 218" BWR/6
b. 251" BWR/6
g 183" BWR/4 (only one pump necded to satisfy base case requirement)
d. 251" BWR/4

No modifications should be performed on operating reactors prior to
issuance of the "For Comment" issue of NUREG-0619, scheduled for
release in January 1980.

2. we do not accept the hypothesis that the calculations for the above
plants were bounding. Therefore, prior to our approval of modification
of other plant classes, we shall require analysis similar to that per-
formed on the plant classes of 1. above. The same testing and system
modifications will also be required.

3. We found the 251" BWR/5 (the fifth class analyzed in the March 14, 1979
letter) presently to be unacceptable for modification in that its calcu-
lated flow fell below the acceptable base case value. Further analysis
or plant-specific testing could prove flow capacity to be acceptable.

D-3



Mr. Richard Gridley - 4§ = January 28, 1980

4. We will require that the following modifications be implemented on al)
plants requesting the removal of the CRDRL without rerocuting and those
which reroute but choose to operate with CRD return line flow valved
out;

a. Installation of equalizing valves between the cooling water header
and the exhaust water header.

b. Flush ports installed at high and low points of exhaust water
header piping run if carbon steel piping is retained; and

g, Replacement of carbon steel pipe in the flow stabilizer loop with
stainless steel and rerouting directly to the cooling water header.

2. Each licensee must establish readily-available operating procedures for
achieving maximum CRD flow to an otherwise isolated reactor vessel.

6. Licensees who choose to reroute the CRDRL, either with or without
continuous return line flow to the system being tapped into, must
add the GE-recommended pressure control station to the cooling water
header. This station acts to buffer hydraulic perturbations from

any connected system in order to prevent pressure fluctuations in
the CRD system.

Modification 4.c¢ is based upon our decision not to accept the "do nothing"
alternative addressed in your November 2, 1979 letter. We consider the
“more absolute solution" (your characterization) to be the correct one and
agree with your recommendation, made in accordance with this “more absolute
solution", that the carbon steel piping should be eliminated. We do not
accept the option of filter installation as a means of trapping corrosion
particles that have a deleteriuos effect on the CRD mechanisms. Our con-
cern is that improperly maintained filters on the cooling water header
could result in heatup of drive mechanisms and the possibility of multiple
drive failures of a type not previously analyzed.

Note that we have discussed only the acceptability of the latest GE recom-
mendation discussed in the four letters. We continue to accept CRDRL
re-routing to a line outside containment that in turn provides the return
flow to the reactor vessel (valving out after re-routing results in other
requirements - see 4. and 6. above). We also find acceptable, as a strictly
interim measure, the valving out of the CRDRL. However, this will require
inspection, during each refueling outage, of that portion of the }line
containing stagnant water. No matter which option is chosen, we will
require complete inspection, by dye penetrant techniques, of the CRDRL
nozzle, the apron area beneath the nozzle, and the subsequent removal of
any cracks found during the inspection.
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For the BWRs undergoing licensing review and designed and constructed without
the CRORL and its nozzle or modified with the CRDRL cut and capped without
rerouting, we will require testing (similar to that for operating plants) to
prove satisfactory system operation, return flow capability equal to or in
excess of the base case requirement discussed above, and two pump operation.
Applicable modifications of 4. above also must be implemented. We shall
require the establishment of operating procedures for achieving maximum CRD
flow to an otherwise isolated vessel. Calculations with regard to base case
return flow requirements should be submitted, but in lieu of such calculations,

the staff may accept reference to a bounding analysis if necessary justification
is provided.

Additional guidance on this subject will be contained in NUREG-0619. This
document is tentatively scheduled for publication in February 1980.

Sincerely,
érleum!. gséni;,l utlnEg Director

Division of Pperating Reactors
Office of Nuclear Reactor Regulation
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