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1.0 INTRODUCTION

This report summarizes analyses performed by NUTECH tc
evaluate flaw indications in the Recirculation System
and to design weld overlay repairs on the Recirculation
System and the Reactor Water Clean-Up (RWCU) System at
Carolina Power and Light Company's Brunswick Steam
Electric Plant Unit 1 (Brunswick 1). One flaw indica-
tion detected by ultrasonic (UT) examination was
determined to be acceptable without repair for at least
the next 6 months. Eleven flaw indications were
repaired by application of weld overlay. The purpose of
each overlay is to arrest any further propagation of
intergranular stress corrosion cracking (IGSCC), and to
restore original design safety margins to the weld. The
flaw indications addressed in this report were detected

during the November 1984 mid-cycle inspection.

Flaw indications were identified adjacent to 6 welds in
the Recirculation System and adjacent to 6 welds in the
RWCU System. All flaws are in Type 304 stainless steel
material. Figure 1.1 shows the location of these flaw
indications. Table 1.1 contains a description of each

flaw indication and the disposition of each.

CPL-21-103 1
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During the UT inspection of IGSCC susceptible welds in
the RWCU, flaws were identified in welds 6-RWCU-16
(inside containment) and 6-RWCU-17 (outside contain=-
ment). Between these two welds is weld X-14 which is
part of the penetration flued head assembly, and which
is inaccessible. CP&L made the conservative decision to
cut the process line outside of containment and inspect
this weld from the inside. The dye penetrant (PT)
method was used. A circumferential flaw extending
approximately 180° with significant bleed out was
identified. The inspectors determined that the PT
indications observed suggested the presence of a deep
flaw. CP&L and NUTECH agreed to repair this flaw by
application of weld metal on the inside of the pipe at
the affected location. This repair is comparable in
concept to the other overlay repairs performed at

Brunswick Unit 1.
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Table 1.1

BRUNSWICK UNIT 1 FLAV DISPOSITION

OVERLAY DESIGN, INCHES Pipe

Weld No. Flaw® - L L, Size

28-B-12-A 2.5"x10% N/A N/A N/A 28"
Pipe Side

12-AR-A4A 1.6"x19% 0.19 1.5 (b) 12"
Pipe Side

12-AR-B2A 2.0"x20% 0.19 1.5 1.5 Iz
Pipe Side

12-AR-B4A 1.0"x45% 0.19 1.5 (b) 12"
Pipe Side

12-BR-F4A 0.5x23% 0.19 1.5 (b) 12°
4.0"x9%
Pipe Side

X-14-C 5.5" (¢c) 0.25 1.5 1.5 6"
2.0" (¢)
Pipe Side

RWCU=-6-4A 1.25"x10% 0.16 1.5 1.5 6"
Elbow Side

RUCU-6-6A 2.75"x31% 0.18 1.25 1.25 6"
Elbow Side

RWCU-6~7A 3.0"x81% 0.17 1.25 1.25 6"
Elbow Side

CPL-21-103

Revision 1

nutech



Table 1.1
(Continued)

BRUNSWICK UNIT 1 FLAW DISPOSITION

OVERLAY DESIGN, INCHES Pipe
Weld No. Flaw? Thin L, L, Size
RWCU~6-8A 1.125"x23% 0.185 1.25 1.25 6"
Pipe Side
1.125"x19%
Elbow Side
RWCU-6-10A 2.75"x14% 0.17 1.25 1.28 6"
Elbow Side
1-RR-4A10-A (d) 0.125 1.0 (e) 4"

We ldolet Side

NOTES: a. All flaws are circumferential unless otherwise noted.

b. Effective length varies (See Figures 2.1 and 2.2).

Ce Flaws detected from I.D. by P.T., assumed to be
through-wall for measured length.

d. Leaking flaw. Unable to size due to geometric
constraints. Assumed to be either circumferential 2"
long or axial 1/2" long.

e. Overlay to extend to and blend smoothly with

we ldolet.
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2.0 REPAIR DESCRIPTION

The UT and PT flaw indications requiring repair were
remedied by establishing additional "cast-in-place" pipe
wall thickness with weld metal deposited 360 degrees
around and to either side of the existing weld, as shown
in Figures 2.1 through 2.6. The weld-deposited band
over the cracks provides, as a minimum, wall thickness
equal to that required to meet the requirements of
Reference 1, as modified by Reference 2. Also, a
favorable compressive residual stress results from
overlay application, which will tend to inhibit further
crack initiation or growth. The deposited weld metal is
type 308L, which is resistant to IGSCC propagation.
Table 2.1 presents design and as-built information for

the overlay repairs applied to Brunswick 1.

The flaw observed in weld X-14, which was not accessible
from the outside of the pipe, was repaired by applying
weld metal on the inside of the pipe at the flawed
location. This inside overlay ("inlay") was applied
around the entire circumference of the pipe, and
extended axially approximately 5 inches, centered on the

flaw.
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All weld overlay repairs were inspected using non-
destructive examination. The non-destructive examina-
tion of the completed weld "inlay" applied to the X-14
penetration weld, Figure 2.5, included a PT examination
(in accordance with ASME Section XI) of the completed
overlay and 1" either side of it (to demonstrate that no
new flaws had been opened by overlay application), UT
thickness, UT pre-service inspection (in accordance with
ASME Section XI), and delta ferrite measurement after
overlay completion. Non-destructive examination of the

remaining weld overlays consisted of the following:

1) Surface examination of the first weld overlay layer
by the liquid penetrant examination technique in

accordance with ASME Section XI.

2) Delta ferrite measurement of the first layer, using

a Severn gauge.

3) Surface examination of the completed weld overlay
by the liquid penetrant examination technigue in

accordance with ASME Section XI.

4) Volumetric examination of the completed weld
overlay by the ultrasonic examination technigue in

accordance with ASME Section XI.

CPL-21-103 7
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5) Volumetric examination of the weld overlay and
existing circumferential pipe weld by the
ultrasonic examination technique in accordance with

ASME Section XI (Reference 1).
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Weld I.D.

6-RWCU=-4A
6-RWCU=-6A
6-RWCU-T7A
6-RWCU-8A
6-RWCU-10A
12-AR-A4A
12-AR-B2A
12-AR-B4A
12-BR-F4A
1-RR-4A10-A

PENT. X-14-C

* Does not include first overlay layer.

CPL~-21-103
Revision 1

Table 2.1

WELD OVERLAY AS-BUILT DIMENSIONS

Design* As-Built* As-Built
Pipe Size Thickness Thickness Length
6" 0.16 0.217 2.771
6" 0.18 0.473 2.808
6" 0.17 0.252 2.460
6" 0.185 0.189 2.890
6" 0.17 0.215 2,565
12" 0.19 0.351 2.515
12" 0.19 0.205 3.450
12" 0.19 0.262 2.200
12" 0.19 0.290 2.620
4" 0.125 0.409 1.732
6" 0.25 0.440 5.800
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WELD INLAY
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PIPE

Pmuaum Weld .?e:
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SCHEMATIC DIAGRAM OF RWCU WELD INLAY
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WELD NO. 1-RR-4A10-A

e

WELDOLET — \ /

|

|

NOTE 17 |
/ |

i

|

/\/ . f

/ ‘ N\

/ | \
THRU-WALL < 6 0.337" THICK
FLAW LOCATION WALL, 304 SS PIPE

NOTES:

1. OVERLAY SHALL EXTEND TO WELDOLET ON WELDOLET SIDE
FINAL SURFACE OF WELD OVERLAY SHALL BLEND SMOQTHLY
INTO CONTOUR OF WELDOLET

2. THICKNESS OF OVERLAY SHALL BE 0.125" MINIMUM, NOT
INCLUDING FIRST LAYER

Figure 2.6

CONFIGURATION OF 4" PIPE TO WELDOLET OVERLAY
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Sl Fracture Mechanics Evaluation

The allowable end-of-cycle flaw depth was determined

~ from Reference 1 and 2. Calculation of crack growth due
to IGSCC was based on Reference 10 and NUTECH's computer
program NUTCRAK (Reference 13). Input to NUTCRAK
included the as-measured flaw depth, a conservative
residual stress distribution, and the following

conservative crack growth law.

da

£ = 3.59 x 10 -8 g 2.161 (Reference 14)

Where da = differential crack depth
dt = differential time

K = stress intensity at the crack tip
Based on this conservative analysis, it was predicted
that the flaw in weld 28-B-12 would not exceed the end

of cycle allowable crack depth for at least 41 months.

5.3 Overlay Shrinkage Effect on Recirculation and RWCU

Systems

The effects of the radial shrinkage are limited to the

region adjacent to and directly underneath the weld

CPL=-21-103 23
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overlay. Based on Reference 8, the stress due tc the
radial shrinkage is less than the yield stress at
distances greater than about 4 inches from either end of

the overlay.

The effect of the axial weld shrinkage on the
Recirculation System was evaluated with the NUTECH
computer program PISTAR (Reference 6) using the piping
model presented in Figure 5.1. The measured shrinkages
due to all overlays applied this outage, as well as
those due to previously applied overlays, were imposed
as boundary conditions on this model. Since the ASME
Code does not limit weld residual stress, all stress

indices were set equal to 1.0.

The PISTAR program was used to elastically calculate
stress due to weld shrinkage. The maximum calculated
stress for an IGSCC susceptible weld was 16.7 KSI at
weld 12-AR-B4. This weld is a 12" pipe-to-safe-end weld
on a recirculation riser. This weld was overlaid. The
above stress value does not include the stress reduction
at this location due to the application of weld
material. Table 5.1 gives the shrinkage stress for all
welds in the recirculation system found to have flaws

this outage.

Revision 1
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Since weld shrinkage-induced stresses are not limited by
the ASME Code, the Code acceptability of these welds is
not in question. It is judged that stresses of the
magnitude calculated will have negligible effect on the

integrity or IGSCC susceptibility of these welds.

The RWCU System welds were not analyzed for weld overlay
shrinkage-induced stresses, since a spool piece was
removed from the affected piping after the overlays were
applied. Displacement-controlled stresses due to weld
overlay shrinkage were thereby relieved, and are

therefore not a concern.

CPL-21-103 25
Revision 1



Weld Number

Table 5.1

SUMMARY OF SHRINKAGE STRESSES AT

RECIRCULATION SYSTEM FLAW LOCATIONS

28-B-12-A

12-AR-A4A

12-AR-B2A

12-AR-B¢ ",

12-BR-F4A

Shrinkage
Overlay Stress (PSI)
NO 121
YES 6787
YES 5330
YES 18517
YES 654

* Includes allowance for additional wall thickness due to weld
overlay application.

CPL-21-103
Revision 1
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6.0 LEAK-BEFORE-BREAX ASSESSMENT

The following considerations apply to welds with
undetected flaws or welds with IGSCC flaws judgec to De
small enocugh not to regquire repair. These considera~-
tions form the basis for continued plant coperation for

ancther fuel cycle.

6.1 Net Section Collapse

The effect of IGSCC on the structural integrity of
piping is evaluated through the use of a1 simple
*strength of materials® apprcach to assess the locad
carrying capacity of a piping section after the cracked
portion has been remcwved. Studies have shown (Feference
10 and 11} that this approach gives a coanservati-e,
lower-bound estimate of the loads which would cause
unstable fracture of the cracked section. Typical
results of such an analysis are shown in Figure 6.1
(Reference 10). This figure defines the locus of
limiting crack depths and lengths for circuaferential
cracks which are predicted by the net section ccllapse
method to cause failure. Curves are presented for bdboth
typical piping systems stresses and stress levels egual
tc ASME Code limits. Note that a very large percentage

of pipe wall can be cracked before reaching these limits

CPL~-21-103 28
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(40% to 60% of circumference for through-wall cracks,
and 65% to 85% of wall thickness for 360° part-through
cracks). Also shown in Figure 6.1 is a sampling of
cracks which have been detected in service, either
through UT examination or leakage. In each case there
has been a significant margin between the size of the
crack observed and that predicted to cause failure under

service loading conditions.

6.2 Leak Versus Break Flaw Configuration

Perhaps of more significance to the leak-before-break
argument is the flaw configuration depicted in Figure
6.2. This configuration addresses the concerns raised
by the occurrence of part-through flaws growing
circumferentially before breaking through the outside
surface to cause leakage. Figure 6.2 presents typical
size limitations on such flaws based on the conservative
net section collapse method of Section 6.1. Note that
very large crack sizes are predicted. Also shown on
this figure are typical detectability limits for short
through-wall flaws (which are amenable to leak
detection) and long part-through flaws (which are
amenable to detection by UT). The margins between the
detectability limits and the conservative, net section

collapse failure limits are substantial. It is

CPL-21~-103 29
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noteworthy that the likelihood of flaws developing which
are characterized by the vertical axis of figure 6.2
(constant depth 360° circumferential cracks) is so
remote as to be consid2red impossible. Material and
stress asymmetries always tend to propagate one portion
of the crack faster than the bulk of the crack front,
which will eventually result in "leak-before-break”.
This observation is borne out by extensive field

experience with BWR IGSCC.

Axial Cracks

Axial cracks can grow through the wall but remain short
in the axial direction. This behavior is consistent
with expectations for axial IGSCC since the presence of
a sensitized weld heat-affected zone is necessary, and
this heat-affected zone is generally limited to
approximately 0.25 inch on either side of the weld.
Since the major loadings in the net section collapse
analysis are bending moments on the cross section due to
seismic loadings, and since these loads do not exist in
the circumferential direction, the above leak-before-
break arguments are even more persuasive for axially
oriented cracks. There is no known mechanism for axial
cracks to lengthen before growing through-wall and
leaking, and the potential rupture loading on axial

cracks is less than that on circumferential cracks.

CPL-21-~103 30
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6.4 Multiple Cracls

Analyses performed for EPRI ’'Reference 12) indicate that
the occurrence of multiple cracks in a weld, or cracking
in multiple welds in a single piping line does not
invalidate the leak-before-break arguments discussed

above.
6.5 Nonde structive Examination

The primary means of nondestructive examination for
IGSCC in BWR piping is ultrasonics. This method has
been the subject of considerable research and develop-
ment in recent years, and significant improvements in
its ability to detect IGSCC have been achieved. Figure
6.2 illustrates a significant aspect of UT detection
capability with respect to leak-before-break. The types
of cracking most likely to go undetected by UT are
relatively short circumferential or axial cracks which
are most amenable to detection by leakage monitoring.
Conversely, as part-through cracks lengthen, and thus
become more of a concern with respect to leak-before-

break, they become more readily detectable by UT.

One weld in the RCWU System, the X~-14 penetration weld,

was inaccessible to UT examination from the ocutside.

CPL=-21~103 31
Revision 1

nutech



6.6

Therefore, a portion of the adjoining piping was removed

and the weld was inspected from the inside by the liquid
penetrant (PT) method. Flaws were detected by this

method and a subsequent "weld inlay" repair was made.

Leakage Detection

Typically, leakage detection for BWR reactor coolant
system piping is through sump level and drywell activity
monitoring. These systems have sensitivities on the
order of 1.0 gallon per minute (GPM). Plant technical
specification and administrative limits typically
require investigation/corrective action at 5.0 GPM
unidentified leakage, or when there is a 2.0 GPM

increase in unidentified leakage in a 24 hour period.

Table 6.1 provides a tabulation of typical flaw sizes
which cause 5.0 GPM leakage in various size piping

assuming a membrane stress of Sm/2 (Reference 10).

Also shown in this table are the critical crack lengths
for through-wall cracks based on the net section
collapse method of analysis discussed above. For
conservatism, the leakage values are based on pressure
stress only, while the critical crack lengths are based

on the sum of all combined loads, including seismic.
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Considering other normal operating loads in the leakage
analysis would result in higher rates of leakage for a
given crack size. Note that there is considerable
margin between the crack length which produces 5.0 GPM
leakage and the critical crack length, and that this

margin increases with increasing pipe size.

6.7 Historical Experience

The above theories regarding crack detectability have
been supported by experience (Reference 12). Indeed, of
the large number of IGSCC inciderts to date in BWR
piping, none have come close to violating the structural

integrity of the piping.
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Table 6.1

EFFECT OF PIPE SIZE ON THE RATIO OF THE CRACK LENGTH
FOR § GPM LEAK RATE AND THE CRITICAL CRACK LENGTH
(ASSUMED STRESS o = S,/ 2)

( REFERENCE 14)

¥k | £ LAY | o () | ¥
4" SCH 80 4.50 6.54 0.688
10" SCH 80 4.86 15.95 0.3CS
24" SCH 80 4.97 35.79 0.139
FCPL83.08-09
CPL-21-102 34
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THROUGH-WALL PLUS 360° PART-THROUGH CRACK
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7.0 SUMMARY AND CONCLUSION

Evaluation of the repairs to the Recirculation and
Reactor Water Clean-up Systems reported herein shows
that the resulting stress levels are acceptable for all
design conditions. The stress levels have been assessed
from the standpoint of load capacity of the components

and the resistance to crack growth.

Acceptance criteria for the analyses have been
established in Section 3.0 of this report which

demonstrate that:

1. There is no loss of design safety margin over that
provided by the current Code for Class 1 piping and

pressure vessels (ASME Section III, Subsection NB).

2. During the design evaluation period of 5 years for
each repair, the observed cracks will not grow to
the point where the above safety margins would be

reduced.

Analyses have been performed and results are presented
which demonstrate that the repaired welds satisfy these

criteria by a large margin. Analyses have also been
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performed which demonstrate that the unrepaired weld

satisfies these criteria by a large margin.

Furthermore, it is concluded that IGSCC experience in
the Reactor Recirculation and Reactor Water Cleanup
Systems at Brunswick Unit 1 does not increase the
probability of a design basis pipe rupture at the
plant. This conclusion expressly considers the nature
of the cracking which has been repaired at Brunswick
Unit 1, and the likelihood that other similar cracking
may have gone undetected. The conclusion is based
primarily on the extremely high inherent toughness and
ductility of the stainless steel piping material.
Cracks in such piping grow through-wall and leak before

affecting its structural load carrying capacity.
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