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SECTION 1 

INTRODUCTION 

San Onofre Unit 1 is a three loop Westinghouse PWR rated at 450 MWe 

(1347 MWt). Each of the steam generators contains 3794 Inconel 600 

U-tubes with four support plates per steam generator.  

San Onofre Unit 1 was shut down on April 8, 1980, because of a primary

to-secondary leak which was increasing, but less than the Technical 

Specification limit. During the shutdown which occurred two days before 

a scheduled maintenance and refueling outage, steam generator inspections 

were performed and five leaking tubes in Steam Generator C and one or two 

unconfirmed leaking tubes in Steam Generator B were discovered.  

The results of initial steam generator diagnostics, including eddy current 

inspections and tube pulling and metallographic examinations, were submitted 

to the NRC.by.letter dated June 24, 1980. The results indicated the 

following: 

1. Significant intergranular attack (IGA)* appeared to be.occurring 

at the top of the tubesheet in the hot legs (inlet side) of the steam 

generators. Attack was initiated from the secondary side of the tubes.  

2. The circumferential nature of the IGA is such that withi.n the eddy 

current inspection data base gathered using the conventional bobbin 

coil, there are complex eddy current signals for which interpretation 

is inconclusive in detecting and assessing steam generator tube 

indications in excess of the plugging limit.  

As discussed in the June 24, 1980 letter, the acquisition of additional 

data to better understand the complex eddy current signals at the top 

of the tubesheet was initiated as follows: 

*General network of grain boundary attack in the absence of appreciable 
tensile stress believed promoted by higher caustic concentration and 
temperatures.  
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1. reinspect representative sample of tubes with multi frequency, surface 

coil type probe, 

2. remove additional tube samples representing different complex eddy 

current signals observed at the top of the tmbesheet, and 

3. investigate and apply means to test individual tubes to confirm that 

tubes would leak before break for this mode of tube degradation at 

the top of the tubsheet.  

The assessment of the additional acquired data was presented to the Nuclear 

Regulatory Commission staff on July 1 and July 10, 1980. On July 22, 1980 

the NRC was advised that development and implementation of a steam 

generator tube repair program had been undertaken to repair the steam generator 

tube bundle to nominal operating conditions. The objective was to span the 

tube indications at the top of the tubesheet with a leak tight sleeve inserted 

inside the tube. The design, process and testing information related to 

the use of leak tight sleeves was discussed with said staff and was submitted 

to the NRC in the report entitled, "Steam Generator Repair Report, San Onofre 

Nuclear Generating Station, Unit 1, September, 1980". In addition, an 

independent third party review, comprised of non-Westinghouse technical 

personnel, of the proposed repair process was conducted on October 23 and 

24, 1980. Copies of the transcript from such review were submitted to the 

NRC.  

On November 28, 1980, the NRC issued the report entitled, "Interim Assessment 

by the U.S. Nuclear Regulatory Commission's Office of Nuclear Reactor 

Regulation Related to Sleeving of San Onofre Unit 1 Steam Generator Tubes, 

Docket No. 50-206". This report concluded that the use of leak tight 

sleeves was an acceptable approach to steam generator tube repair and that 

the insertion of leak tight sleeves could proceed into production.  
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The "Interim Assessment" also noted that additional aspects of the overall 

repair program, including accident reanalysis, inservice inspection and 

secondary water chemistry, would have to be reviewed and approved by the 

NRC staff prior to authorization for return to power. The accident 

reanalysis is contained in the report entitled, "Reload Safety Evaluation, 

San Onofre Nuclear Generating Station, Unit 1, Cycle 8, Revision 1, October, 
1980", submitted to the NRC on December 10, 1980. This reanalysis is 

expected to bound the final tube bundle configuration following the steam 

generator repair. The other aspects of the overall repair program that 

are required to be reviewed and approved by the NRC staff are contained in 
Section 3 of this report.  

On February 3, 1981, the NRC staff was advised of certain difficulties 

being encountered at SCE in effecting the leak tight sleeve. The NRC 

staff was also provided certain preliminary information with respect to 

the potential use of a leak limiting sleeve. On February 25, 1981 

more detailed design, process and testing information related to such 

leak limiting sleeves was presented to the NRC staff. The staff indicated.  

that they had no objections to the initiation of production installation 
of leak limiting sleeves in the steam generators. Certain design, process 

and testing information related to the use of leak limiting sleeves was 

subsequently submitted to the NRC on March 5, 1981 in the report entitled, 

"Technical Evaluation Report for Hybrid Sleeve, San Onofre Nuclear 

Generating Station, Unit 1, March, 1981".  

In summary, the production installation of sleeves as discussed in the 
aforementioned reports entitled, "Steam Generator Repair Report" and 
"Technical Evaluation Report for Hybrid Sleeve", is an acceptable approach 
to repair of steam generator tubes. On March 20, 1981, Westinghouse 
submitted to the NRC the report entitled, "Steam Generator Repair Report, 

Revision 1, San Onofre Nuclear Generating Station, Unit 1, March, 1981" 

(hereafter referred to as "Repair Report"). The report contains revisions 

to the design, process and testing information related to the use of leak 

tight sleeves in response to: (1) certain questions posed by the NRC and



the independent third party review team; (2) certain data with respect to 

the completion of certain additional testing; and (3) certain additional 

information to clarify the structural and leak tight criteria.  

The aforementioned report entitled, "Technical Report for Hybrid Sleeve", 

has been incorporated into the Repair Report in its entirety. As discussed 

above, the other aspects of the overall repair program which are required 

to be reviewed and approved by the NRC prior to authorizing return to power 

are contained in Section 3 of this report. Moreover, data concerning the 

reinspection of a representative sample of tubes with multi-frequency, 

surface coil type probe, tube pulls and metallographic examinations, and 

in-situ pressure tests of individual tubes are contained in Section 2 of 

this report. This data has been used to establish the steam generator tube 

repair boundary as discussed in the Repair Report.  

1.4



SECTION 2 

RESULTS OF STEAM GENERATOR TUBE DIAGNOSTICS 

2.1 RESULTS OF EDDY CURRENT INSPECTIONS 

San Onofre Unit 1 was shut down in April, 1980 two days before a scheduled 

maintenance and refueling outage because of steam generator tube leakage.  

In accordance with the Technical Specifications, during this outage 

general steam generator surveillance inspections were made in order to 

evaluate steam generator tube integrity; antivibration bar-area inspections 

were made in order to assess the overall growth of steam generator tube 

wear indications at antivibration bar locations; and denting inspections 

were made in order to reassess the magnitude of steam generator tube support 

plate inplane expansion, or hourglassing, and the change of steam generator 

tube denting, if any. These inspections were made using a multi-frequency, 

conventional coil type probe (hereafter referred to as "Bobbin Probe").  

The results of these inspections were submitted to the NRC on June 24, 1980.  

During the course of the inspections a significant number of indications 

were also detected at the top of the tubesheet. Subsequent tube pulling 

and metallographic examination of three tubes to evaluate and assess the 

mechanism or cause of these indications revealed the presence of 

intergranular attack (IGA) at the top of the tubesheet. Additional eddy 

current data was obtained using a multi-frequency, surface coil type 

probe (hereafter referred to as "Rotating Pancake Coil (RPC)") as discussed 

in Section 1 of this report. A summary description of the bobbin probe 

inspection information and the deducted conclusions is provided in 

Subsection 2.1.1 of this report. The additional eddy current inspection 

data acquired using the RPC is provided in-Subsection 2.1.2.  
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2.1.1 Summary of Bobbin Probe Inspection Information 

General surveillance inspections .were made in order to evaluate steam 

generator tube integrity due to wastage. Enclosure 2 of the June 24, 1980 

letter disclosed the inspection programs performed in each steam generator, 

the location of eddy current indications in the tubes of each steam 

generator, the location of tube denting at the tubesheet in each steam 

generator, the number of plugged tubes prior to the current inspections, 

and the number of tubes to be plugged, including location, based on the 

current inspections. With respect to the summary of tubes to be plugged, 

two separate tables were provided: the first table included only those 

tubes having discretely quantified eddy current indications exceeding the 

plugging limit and the second table included both those tubes having 

discretely quantified eddy current indications exceeding the plugging limit 

and those tubes having the complex eddy current signals which could not be 

discretely quantified. Based on the general surveillance inspections, 

significant or excessive degradation of tube integrity due to thinning of 

the tubes is not occurring in the steam generators.  

Antivibration bar-area inspections were made to reassess the overall condi

tion of steam generator tube wear indications at antivibration bar locations.  

Enclosure 4 of the aforementioned letter provided the statistically calculated 

wear rates at antivibration bar intersections in each steam generator, the 

statistically calculated growth rates of eddy current indications above the 

tubesheet in Steam Generator A and C and the distribution of all eddy current 

indications at and above the top of the tubesheet. Based on the antivibration 

bar-area inspections, there is no significant overall growth of tube wear 

indications at antivibration bar locations.  

Denting inspections were made to reassess the magnitude of steam generator 

tube support plate inplane expansion or hourglassing and the change in 

steam generator tube denting, if any. Enclosure 3 to said letter provided 

the results of the steam generator tube gauging/denting inspections conducted 
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in Steam Generator A and C. Based on the results, a number of tubes 

(i.e., 19 in Steam Generator A and five in Steam Generator C) exhibited 

an apparent increase in the amount of restriction when compared to previous 

inspections. Four other tubes (two in Steam Generator A outlet side and 

two in Steam Generator C outlet side) were restricted to less than a .460" 

probe and will be plugged; however, these tubes had not previously been 

gauged. The apparent increase in restrictions is most likely an artifact 

of the gauging technique (i.e., due to pushing speed, pushing force, etc.) 

and does not represent a significant progression of denting. This conclusion 

has been substantiated by an evaluation of the photographic and videotape 

inspections and measurements made to reassess the extent of flow slot hour

glassing and support plate cracking in each steam generator. Based on the 

evaluation, there has been no perceptible change in the overall conditions 

of the secondary side of each of the steam generators when compared to 

previous inspections. Based on the denting inspections, there is no 

significant progression in the magnitude of steam generator tube support 

plate inplane expansion or hourglassing nor steam generator tube denting 

in the steam generators.  
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2.1.2 Rotating Pancake Coil Probe 

As discussed in the June 24, 1980 letter, the metallographic examinations 

of the three pulled tubes showed a circumferential band of IGA at the top 

of the tubesheet on tubes adith qutt'iczdkeddy cutrent indications, as 

well as on the 'ubes without degradation detectable by the bobbin probe 

method; therefore consideration was focused on eddy current probes which 

were optimized for detection of circumferentially-oriented degradation.  

As a result, a probe design was employed which involved a single pancake 

coil which could be rotated using a special probe pusher. This probe is 

referred to as the Rotating Pancake Coil (RPC) Probe. Inspection of the 

3600 arc at the location of the IGA was accomplished by multiple traverses 

300 apart. Figure 2.1-1 is a schematic drawing of a probe similar to the 

RPC probes used for the inspections. The probe is moved in a sawtooth 

fashion, at 300 intervals going up and down approximately.3" above and 

below the target location until it traverses the whole inside circumference 

of the tube.  

The RPC is mounted on a spring so that it rides the surface of the tube on 

the ID; this minimizes the effect of dent signals, for example, which would 

produce a lift-off type signal and minimizes the contribution from the 

competing tubesheet signal because only a small portion of the tubesheet 

would be scanned on each pass. If there was a discontinuity in the tubing 

it would produce its characteristic response, which might be a relatively 

large signal compared to that of the tubesheet.  

The first use of the RPC probe was to test the four tubes selected to be 

pulled in Steam Generator C as discussed in the June 24, 1980 letter.  

These tubes had no reported indications from the bobbin probe inspection 

but did have distortions of the normal tubesheet signals which appeared 

to qualified readers to be dent-like signals or true dent signals. The 

equipment necessary to rotate the RPC probe remotely was not available at 

that time; therefore, inspection of these tubes was done by hand probing 

and rotation. There were multiple traverses made of the tube. Only one 
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of these tubes (R13C67) showed an eddy current indication (44-55%). The 

tube (R14C70) which had only a normal eddy current signal obtained with 

the bobbin probe, exhibited no detectable degradation using the RPC probe.  

Under the force of the tube pulling operation, eith of the three tubes that 

had a dent signal fractured at that location, i.e., the top of the tubesheet.  

IGA was present on each. Tube R14C70 was removed intact but it exhibited a 

visible, circumferentially-oriented crack at the position corresponding to 

the top of the tubesheet. It was later determined by metalilography/fracto

graphy to have a maximum wall penetration of 30 percent.  

The overall findings of the indications at.the top of the tubesheet as 

detected by the RPC are given in Table 2.1-1. Of the 2315 tubes inspected 

in Steam Generator A, 354 were found to have indications greater than 50 

percent. When compared to the 128 reported on the basis of the bobbin 

probe inspection, there was almost a three-fold increase.in the number of 

indications at the top of the tubesheet which could be quantified. There 

were 106 additional tubes which showed indications between 20 and 50 

percent and 194 which had indications less than 20 percent.  

At the request of the NRC, RPC inspections were performed on a sampling of 

tubes on the cold leg. The cold leg has been free from any occurrence of 

cracking at the top of the tubesheet. Four indications were found that 

were greater than 50 percent at the top of the tubesheet. One of those 

tubes (R41C46) was pulled and examinations indicated shallow wall thinning 

(<17%), but no IGA. There was a substantial number of tubes found in the 

bobbin probe inspections with indications at the top of the tubesheet 

which are attributed to thinning on the basis of the distribution of the 

indications which was very similar to the distribution curve for a thinning 

type of degradation as shown in Figure 2.1.-2. This was confirmed by the 

metallography on R41C46.  

In Steam Generator B, 2145 tubes were inspected; 176 were found to have 

indications greater than 50 percent; the bobbin probe inspections identified 

60. 92 were found to have indications between 20 percent and 50 percent, 

and 198 were found to have indications less than 20 percent.  
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In Steam Generator C, 2787 tubes were inspected; 324 tubes were found to 

have indications greater than 50 percent as compared to about 156 detected 

by the bobbin probe. There were 112 more that were found to have indications 

less than 50 percent but greater than 20 percent, and 282 were found to have 

indications less than 20 percent.  

2.1.2.1 Distribution of the RPC Results 

When the RPC results were displayed on tubesheet maps together with the 

pattern of tubes tested, the geometric distribution of the top of the 

tubesheet indications is similar to that found with the bobbin probe, 

except that the number of reported indications is greatly increased.  

Figures 2.1-3, 2.1-4 and 2.1.5 are color coded photographs of the RPC data 

for Steam Generators A, B, and C, respectively.  

The inspection program was developed originally on the basis of a variation 

in 100 kilohertz signals obtained with the bobbin probe; i.e., tubes which 

exhibited something other than the normal signal expected plus a bounding 

line of tubes around those and a 4 x 4 pattern elsewhere on the tubesheet.  

It has been noted that the slude deposition pattern appeared to correlate 

fairly strongly with the distribution, at least in terms of its general 

outline. Topographic maps of the sludge height distribution are provided 

as Figures 2.1-6, 2.1-7 and 2.1-8 for Steam Generators A, B and C, 

respectively.* 

When peripheral tubes were tested (tubes generally above Row 40, below 

Column 10 and beyond Column 90), it was apparent that neither RPC indications 

nor sludge indications were evident. Including Row 1 and other regions free 

from sludge in the intermediate row zone (25-40) creates an annular zone of 

peripheral tubes which are largely free from RPC and bobbin probe indications 

at the top of the tubesheet. Although no tube samples were taken from this 

region, two tubes from the outer edge of the sludge boundary were taken 

*The adjacent isoclines represent a variation in sludge depth of 1 inch 
increasing toward the center of the bundle.  

2.6



from Steam Generator A (R22C84 and R23C83); these tubes had no RPC indications 

and exhibited less corrosion than those removed from the deeper sludge zone 

(e.g., R24C71 and R3lC28). In fact, the condition represented by R22C84 and 

R23C83 is acceptable for continued service under Regulatory Guide 1.121.  

This suggests that in the areas where sludge height is low, approximately 

less than 4", tube repair is not required. Thiese observations were coupled 

with the pattern of RPC indications to develop the boundary for repair of 

the steam generator tubes as discussed in the Repair Report.  
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FIGURE 2.1-1 

ROTATING PANCAKE COIL (RPC) 
EDDY CURRENT PROBE 

*4 

Centering 
Fingers 

3-1/4" 

Rotating Probe 
Body 

Eddy Current 
Coil 

Centering 
Fingers 
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TABLE 2.1-1 

ROTATING PANCAKE COIL (RPC) EDDY CURRENT 

(EC) DATA STATISTICS - TOP OF TUBESHEET 

A. S/G-A 

HL - 2315 Tubes 

354 1 50% 

106 5 50% E 20% 

194 < 20% 

B. S/G-B 

HL - 2145 Tubes 

176 1 50% (+60 tubes plugged) 

92 < 50% 20% 

198 < 20% 

C. S/G-C 

HL - 2787 Tubes 

324 50% 

112 50% 20% 

282 1 20% 
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Variation in Number of Events vs Depth of Penetration 

for Thinning Phenomena Recorded by Eddy Current Testing 
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FIGURE 2.1-7 
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FIGURE 2.1-8 
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2.2 RESULTS OF TUBE EXAMINATIONS 

During 1980 and 1981, nineteen tube samples were removed from the steam 

generators at San Onofre Unit 1 assess the general condition of the 

tubes within the tubesheet and at locations near the secondary face of 

the tubesheet. The purpose of the tube examinations was to: 

* characterize the eddy current indications associated with tubes in 

the portions located within the tubesheet or near the secondary 

surface of the tubesheet, 

* provide quantitative data on the extent of tube wall penetrations as 

compared with field eddy current inspection results with either a 

bobbin probe or the RPC, and 

* provide information on the mechanical properties of tubes with circum

ferentially oriented wall degradation.  

The locations of the tubes from which samples were removed with respect 

to the tubesheet co-ordinates are shown in Figure 2.2-1. These tubes 

were selected to give a sampling of the range of field eddy current signal 

types obtained during inspection of the steam generators. Also, the tubes 

selected gave a good sampling relative to the sludge pile depth on the 

tubesheet. After removal, the tube samples were delivered to Westinghouse 

for non-destructive examination. Some pieces from all of these tubes were 

destructively examined.  

The laboratory non-destructive examination of the tube pieces involved 

visual examination, photography, dimensional measurements, radiography, 

and eddy current tests at 100 and 350 or 400 kHz with bobbin wound coils.  

The destructive examinations provided for scanning electron microscopy (SEM) 

of the tube surfaces and particularly the fracture face, and semi-quantitative 

fluorescence analysis of selected material on the tube surface using EDAX 

equipment attached to the SEM.  
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2.2.1 Identification of Examined Tube Sections 

The following method was used to identify the tubes discussed in this 

report. Each tube was assigned a unique identification consisting of an 

alphabetical letter plus two numbers in parentheses. The letter indicates 

the steam generator from which the tube was removed. The first number in 

the parentheses indicates the row and the second number the column coordinates 

where the tube intersects the tubesheet. Thus, a tube identification of 

A(17-52) indicates the tube is from Steam Generator A, row 17, and column 52.  

During tube removal, the tube sections were cut into lengths to facilitate 

shipping. The tube pieces removed were numbered consecutively starting at 

the end at the primary face of the tubesheet. Table 2.2-7 provides a summary 

of the tube examinations discussed in the following subsections.  

2.2.2 Tube A(24-71) 

Tube A(24-71) was removed from the primary side (hot leg) of Steam Generator 

A. During field inspection of tube A(24-71), an eddy current signal was 

recorded at, or near, the secondary face of the tubesheet. This signal was 

characterized as a distorted dent with a 95 percent through-wall penetration.  

In addition, a second signal indicating 12 percent wall thinning was recorded 

at a distance of 12 inches above the secondary face of the tubesheet.  

Prior to removal, the tube was cut 63.5 inches above the primary face of the 

tubesheet. The tube fractured at, or near, the secondary face of the 

tubesheet during removal, and was subsequently cut at two additional locations.  

The total length of the pulled pieces was 68.0 inches. This indicates that 

the total tube stretch due to the removal stresses was 4.5 inches.  

Non-destructive examination of the tube pieces in the laboratory showed the 

following (See Figure 2.2-2): 

e By radiography, short circumferentially oriented, linear indications near 

the fracture faces of pieces 1 and 2.  
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o By radiography, tube wall thinning for 14 inches above the secondary face 

of the tubesheet.  

* By eddy current, 25 percent wall thinning with 100 kHz at 12 inches above 

the secondary face of the tubesheet 

* The circumferential linear indications detected by radiography could not 

be confirmed by eddy current because of interference due to the nearness 

of the fractured ends to the indications.  

* No significant indications in the tube portion from within the tubesheet by 

either inspection method.  

Destructive examination of the tube pieces showed the following: 

e By scanning electron microscope (SEM) fractography of the major facture, 

intergranular corrosion from the OD was found on approximately one half 

of the circumference. The intergranular corrosion ranged from 0% to 

about 99% of the wall thickness. (See Figures 2.2-3 and 2.2-5 and 

Table 2.2-1) 

* By SEM photography of the OD surface, there were several small intergranular 

cracklike penetrations into the tube wall in the vicinity of the main 

fracture (See Figure 2.2-4). These penetrations are believed to have occurred 

when the tube was removed from the steam generator.  

* By energy-dispersive X-ray analysis (EDX), the deposit on the fracture 

was found to contain aluminum, silicon, phosphorus, chlorine, calcium, 

copper and zinc, varying in concentrations from spot to spot, in addition 

to the base elements normally found in Inconel 600.  

* By metallography, only very shallow intergranular penetration (about half 

a grain to one grain deep) was found in an area 1 inch from the main 

fracture region (See Figure 2.2-6).  
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TABLE 2.2-1 

WIDTH OF INTERGRANULAR PENETRATION 

AT THE FRACTURE OF TUBE A(24-71) 

Angular 1 2 
Location, Wall Penetration, 
degrees percent 

0 99 

30 71 
90 0 

120 O 
150 0 
180 0 
240 84 0 300 99 

Notes: 1) Angular location from an arbitrarily selected 0-degree point 
on tube circumference.  

2) Wall penetration = 100 x intergranular corrosion depth 
total thickness of wall 

* existing at fracture 
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FIGURE 2.2-3 - Portion of fracture face of Tube A (2I-71) Piece 1.  
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FIGURE 2.2-4 - OD surface of Tube A (.24-71) Piece 1, near the fracture.  
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FIGURE 2.2-5 - Fracture surface of Tube A (24-71), Piece 1, near area of 
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F IGU RE 2.2-6 -Transverse section at OD surface of Tube A (24-71) Piece 1 
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2.2.3 Tube A(31-28) 

Tube A(31-28) was removed from the primary inlet side (hot leg) of Steam 

Generator A. During field inspection, a complex eddy current signal 

that could not be unambiguously interpreted was dttected at, or near, the 

secondary face of the tubesheet. This tube was removed to investigate 

the cause of this complex eddy current signal.  

Prior to removal, the tube was cut 200-1/4 inches from the primary face of 

the tubesheet. The tube fractured at, or near, the secondary face of the 

tubesheet during removal. The tube was cut in eleven other locations to 

provide a total of fourteen pieces. The total length of the aggregate 

pieces was 206.0 inches. This indicates that the total tube stretch due 

to removal stresses was 5-3/4 inches.  

Non-destructive examination of the tube pieces in the laboratory showed the 

following (See Figure 2.2-7): 

* By radiography, short circumferentially oriented, linear indications 

near the fracture faces of pieces 1 and 2.  

* By radiography, tube wall thinning for 9 inches above the secondary 

face of the tubesheet.  

a By eddy current, no signals were detected at 100 or 400 kHz. The circum

ferential indications detected by radiography were too near the fracture 

end to allow eddy current confirmation.  

* No significant indications in the tube portions from within the tubesheet 

by either inspection method.  
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Destructive examination of the tube pieces showed the following: 

* By SEM.fractography of the main fracture, general intergranular corrosion 

from the GD was found on about three quarters of the circumference. The 

intergranular corrosion ranged from 0% to about 87% of the wall thickness.  

(See Figure 2.2-8 and Table 2.2-2) 

* By SEM photography of the GD surface, some cracklike penetrations into 

the tube wall in the vicinity of the main fracture were observed.  

(See Figure 2.2-9) 

* By EDX, the deposit on the fracture surface was found to contain silicon, 

aluminum, phosphorus, chlorine, titanium, and calcium varying in concen

trations from spot to spot, in addition to the elements normally found in 

Inconel 600.  

e By metallography, intergranular cracklike penetrations near the main fracture 

were observed. (See Figures 2.2-10 and 2.2-11) 
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TABLE 2.2-2 

WIDTH OF INTERGRANULAR PENETRA.TIONS 

AT THE FRACTURE OF TUBE A(31-28) 

Angular 1 2 
Location , Wall Penetration 
degrees Percent 

30 44 
60 76 

90 74 

120 87 

150 77 

180 79 

210 82 

240 75 

270 0 

300 0 

330 0 

Notes: 1) Angular location from an arbitrarily selected 0-degree point 
on the tube circumference.  

2) Wall penetration = 100 x intergranular corrosion depth 
total thickness of wall 
existing at fracture 
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FIGURE 2.2-8 - Portion of fracture face of Tube A(31-28) Piece 1 
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FIGURE 2.2-9 - OD surface of Tube.A(31-28) Piece 1, near fracture 
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FIGURE 2.2-10 - Axial section through fracture on Tube A(31-28) Piece 1 
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FIGURE 2.2-11- Axial section through area of intergranular corrosion near 

the fracture on TubIe A(31-28) Piece 1 
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2.2.4 Tube A(17-52) 

O Tube A(17-52) was removed from the primary inlet side of Steam Generator A.  
During field inspection, an eddy current indication was recorded on the tube 

within the tubesheet at a location approximately 2 inches from the secondary 

face of the tubesheet. This signal was characterized as a 95 percent 

through-wall penetration.  

Prior to removal, the tube was cut 20-1/8 inches above the primary face of 

the tubesheet or about 1 inch above the eddy current signal. Only one 

tube piece was removed.  

Non-destructive examination of the tube piece in the laboratory showed the 

following (See Figure 2.2-12): 

* By radiography, three axial indications between 1-1/2 and 2 inches from 

the upper end of the tube piece, i.e., 18 to 18-1/2 inches from the 

primary face of the tubesheet.  

o By eddy current, a through-wall signal 2 inches from the top end of the 

tube.  

* By eddy current, numerous short signals all greater than 70 percent 

through-wall and located between 2 and 6 inches from the top end of 

the tube.  

Destructive examination of the tube pieces showed the following: 

Oa By metallography, several penetrations into the tube wall in planes 

approximately 2 inches and 6 inches below the secondary face of the 

tubesheet (See Figures 2.2-13 and 2.2-14). As contrasted with the circumfer

ential linear penetrations located near the secondary face of the tubesheet 

in other tubes examined, these penetrations were oriented axially and 
penetrated the tube wall in narrow bands. One of the penetrations was 

through-wall (See Figure 2.2-15).  
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FIGURE 2.2-13 - Transverse section through stress corrosion cracks in 
Tube A(17-52) Piece 1 at a location about 6 inches below 
the secondary face of the tubesheet.  
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2.2.5 Tube C(11-69) 

Tube C(11-69) was removed from the primary inlet side (hot leg) of Steam 

Generator C. Field eddy current inspection with a bobbin wound coil 

recorded a signal at the secondary face of the tubesheet that was charac

terized as a large tube dent with no signal distortion. Eddy current 

inspection with a hand controlled rotating pancake probe recorded no signals.  

During removal, the tube fractured at the secondary face of the tubesheet.  

Non-destructive examination of the pieces in the laboratory showed the 

following (See Figure 2.2-16): 

* By radiography short circumferentially oriented, linear indications near 

the fractured ends of pieces 2 and 3.  

* By radiography, tube wall thinning for 8-1/2 inches above the secondary 

face of the tubesheet.  

e By eddy current, no significant signals were recorded at either 100 or 

400 kHz. The circumferential indications detected by radiography were 

too near the fractured ends of the tube pieces to allow eddy current 

confirmation.  

* No significant indications on the tube portions from within the tubesheet 

by either inspection method.  

Destructive examination of the tube pieces showed the following: 

* By scanning electron microscope (SEM) fractography of the main fracture, 

intergranular corrosion from the OD was found almost all around the circum

ference. The intergranular corrosion ranged from 0% to 75% of the wall 

thickness. (See Figure 2.2-17 and Table 2.2-3) 
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* By SEM photography of the OD surface, some cracklike penetrations in 

the vicinity of the main fracture were observed. (See Figure 2.2-18).  

* By EDX, the deposit on the fracture surface was found to contain large 

amounts of silicon, as well as aluminum, phosphorus, chlorine, calcium, 

and titanium, varying itnrconcentrations from spot to spot, in addition to 

the elements normally found in Inconel 600.  

e By metallography, a series of deep intergranular cracklike penetrations 

were found in some regions below the main fracture (See Figures 2.2-19 

and 2.2-20). Other regions, diametrically opposed, had no cracks 

(See Figure 2.2-21).



TABLE 2.2-3 

WIDTH OF INTERGRANULAR PENETRA.TIONS 

AT THE FRACTURE OF TUBE C(11-69) 

Angular 1 2 

Location , Wall Penetrations 
degrees Percent 

0 60 

30 20 

60 0 
90 20 

120 22 

150 75 

* 180 63 

210 62 

240 50 

270 68 

300 86 

330 64 

Notes: 1.) Angular location from an arbitrarily selected 0-degree point in 
the tube circumference.  

2) Wall penetration = 100 x intergranular corrosion depth 
total thickness of wall 
existing at fracture 
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2.2.6 Tube C(13-67) 

Tube C(13-67) was removed from the primary inlet side of Steam Generator C.  

Field eddy current inspection with a bobbin wound coil recorded a signal at 

the secondary face of the tubesheet. This signalwas characterized as a 

large tube dent with a small signal distortion. Subsequent eddy current 
inspection in the field with a hand controlled rotating pancake probe recorded 

a 45 to 54 percent through-wall penetration at the secondary face of the 

tubesheet.  

During removal, the tube fractured at, or near, the secondary face of the 

tubesheet. Non-destructive examination in the laboratory of the five tube 

pieces showed the following (See Figure 2.2-22): 

* By radiography, short circumferentially oriented, linear indications near 

the fractured ends of pieces 2 and 3.  

a By radiography, tube wall thinning for 8 inches above the secondary face 

of the tubesheet.  

o By eddy current, no significant signals at either 100 or 400 kHz. The 

circumferential indications detected by radiography were too near the 

fractured tube ends to allow eddy current confirmation.  

o No significant indications were detected on the tube portion from within 

the tubesheet by either inspection method.  

Destructive examination of the tube pieces showed the following: 

* By SEM fractography of the main fracture, intergranular corrosion from 

the OD was found 3600 around the circumference. The penetration of the 

intergranular corrosion ranged from 10% to 85% of the wall thickness.  

(See Figure 2.2-23 and Table 2.2-4) 
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e By SEM photography of the OD surface, there were found some cracklike 

penetrations in the vicinity of the main fracture. (See Figure 2.2-24) 

* By EDX, the deposit on the fracture surface was found to contain aluminum, 

silicon, titanium and phosphorus, varying in concentrations from point to 

point, in addition to the elements normally found in Inconel 600.  

* By metallography, some cracklike penetrations and some general intergranular 

corrosion were shown to extend for a distance below the main fracture (See 

Figures 2.2-25 and 2.2-26).  
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TABLE 2.2-4 

WIDTH OF INTERERANDULAR PENETRATIONS 

AT THE FRACTURE OF TUBE C(13-67) 

Angular2 
Location1 Wall Penetrations2 
degrees Percent 

0 78 

30 72 

60 80 

90 74 

120 20 

150 10 

180 12 

210 14 

240 60 

270 85 

300 80 

330 79 

NOTES: 1) Angular locations from an arbitrarily selected 0-degree point on 
the tube circumference.  

2) Wall penetration = 100x intergranular corrosion depth 
total thickness of wall 
existing at fracture 
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FIGUIRE 2.2-24 - 1 surface of Tube C(13-67) Piece 2 near the fracturre 
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2.2.7 Tube C(32-71) 

Tube C(32-71) was removed from the primary inlet side of Steam Generator 

C. Field eddy current inspection with a bobbin wound coil recorded a 

signal at the secondary face of the tubestur., This signal was characterized 

as a large tube dent with no signal distbrtion. Subsequent eddy current 

inspection in the field with a hand controlled rotating 
pancake probe recorded 

no signals. Some question exists as to the validity of this hand operated 

technique.  

During removal, the tube fractured at, or near, the secondary face of the 

tubesheet. Non-destructive examination shows the following (See 

Figure 2.2-27): 

e By radiography, short circumferentially oriented, linear 
indications 

near the fractured tube ends of pieces 2 and 3.  

* By radiography, tube wall thinning for more than 9 inches above the 

secondary face of the tubesheet.  

* By eddy current, no significant signals at either 100 or 
400 kHz. The 

circumferential indications detected by radiography were too near the 

fractured tube ends to allow eddy current confirmation.  

* No significant indications were detected in the tube portions removed 

from within the tubesheet by either inspection method.  

Destructive examination of the tube showed the following: 

* By metallography, intergranular penetrations into the tube OD of up to 

35 percent of tube wall. These penetrations were located within 0.100 

inch of the fracture faces on pieces 2 and 3.  
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2.2.8 Tube A(20-60) 

Tube A(20-60) was removed from the primary inlet side (hot leg) of Steam 

Generator A. Field eddy current inspection with both a bobbin wound 

probe and a mechanically operated rotating probe itecorded no signals in the 

tube.  

During removal, the tube cutter malfunctioned and the tube was not cut. The 

tube fractured 272 inches (total length of the aggregate tube pieces after 

removal) above the primary face of the tubesheet instead of at the intended 

cut length of 65 inches.  

Non-destructive examination of the tube pieces showed the following (See 

Figure 2.2-28): 

c By radiography, 1 to 5 mils of tube wall thinning for 11 inches above 

the tubesheet.  

e No other indications were detected by either radiography or eddy current.  

examination of the tube pieces.  

Destructive examination of the tube pieces showed the following: 

e By metallography, intergranular penetrations up to 2 mils deep. These 

penetrations were limited to a narrow band located at the secondary face 

of the tubesheet.  
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2.2.9 Tube A(22-84) 

Tube A(22-84) was removed from the primary inlet side (hot leg) of Steam 
Generator A. Field eddy current inspection with a bobbin wound coil 

recorded a small tube dent with nosignal d ttortion at 100 kHz but with 
distortion at 400 kHz. Subsequenteeddy cuerent inspection with a mechanically 
operated rotating pancake coil did not record any signals.  

The tube was removed from the steam generator without fracturing. Non

destructive examination showed the following (See Figure 2.2-29): 

* By radiography, a circumferentially oriented, linear indication with a 

15 mi maximum wall penetration at the secondary face of the tubesheet.  

* By radiography, 1 to 5 mils of tubewall thinning for 5 inches above the 

secondary face of the tubesheet.  

* By eddy current, a 50 percent through-wall signal at the secondary face of 

the tubesheet with a 100 kHz frequency. There was excessive interference 

from the inside diameter of the tube for interpretation of the 400 kHz 

test.  

* No indications were detected in the tube portion from the tubesheet 

region by either test method.  

* By metallography, localized intergranular penetrations were detected at 

the tube OD near the location corresponding with the secondary side of 
the tubesheet (See Figure 2.2-30).  
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2.2.10 Tube A(23-83) 

Tube A(23-83) was removed from the primary inlet side (hot leg) of Steam 

Generator A. Field eddy current inspection with a bobbin wound coil 

recorded a medium size -tube dent with both 100 and400 kHz-. The dent was 

not detected, however, with a mechanically operated rotating pancake coil.  

The tube was removed from the steam generator without fracturing. Non

destructive examination showed the following (See Figure 2.2-31): 

o By radiography, circumferentially oriented, linear indications at, or 

near the secondary face of the tubesheet. The maximum depth of penetr

ation was estimated to be 15 mils.  

* By radiography, tubewall thinning of 1 to 10 mils for 5 inches above the 

secondary face of the tubesheet. It should be noted however that the area 

of maximum crack penetration was not coincident with the zone of maximum 

wall thinning.  

* By eddy current, an 80 percent through-wall signal at, or near, the 

secondary face of the tubesheet using a 100 kHz frequency. There was 

excessive interference from the inside diameter of the tube for 

interpretation of the 400 kHz frequency test.  

* No indications were detected in the tube portion removed from the tube

sheet by either test method.  

Destructive examination of the tube pieces showed the following: 

* By metallography, intergranular penetrations up to 20 percent of the 

tube wall. These penetrations were limited to a 0.090 inch axial length 

of the tube located at the top of the tubesheet.  
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2.2.11 Tube A(20-85) 

Tube A(20-85) was removed from the primary inlet side (hot leg) of Steam 

Generator A. Field eddy current inspection with a bobbin wound coil 

indicated a tube dent. Eddy current inspection with mechanically operated . rotating pancake coil recorded a 38 percent tirough-wall indication at, or, 

near, the secondary face of the tubesheet.  

The tube fractured at, or near, the secondary face of the tubesheet during 

removal. Non-destructive examination of the tube pieces in the laboratory 

showed the following (See Figure 2.2-32): 

* By radiography, circumferentially oriented, linear indications near the 

fracture faces of pieces 2 and 3.  

* No significant eddy current signals were recorded at either 100 or 400 

kHz frequency. The circumferential indications detected by radiography 

were too near the fractured ends of the tube pieces to allow eddy current 

inspection.  

Destructive examination of the tube pieces showed the following: 

* By SEM fractography of the main fracture, intergranular corrosion from 

the OD was found on one half of the circumference. The penetration of 

the intergranular corrosion ranged from 0 percent to 90 percent of the 

wall thickness .(See Figure 2.2-33).  

* By SEM photography of the OD surface, some cracklike penetrations found 

within the distance of 0.17" from the main crack were documented 

(See Figure 2.2-34).  

* By metallography, cracklike penetrations in the vicinity of the main 

fracture were photographed (See Figures 2.2-35 and 2.2-36).  
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TABLE 2.2-5 

WIDTH OF INTERGRANULAR PENETRATKNS 

AT THE FRACTURE OF TUBE A(20-85) 

Angular 1 2 
Location , Wall Penetrations 
degrees percent 

0 19 

45 90 

90 31 

135 9 

180 0 

225 0 

270 0 
315 0 

NOTES: 1) Angular locations from an arbitrarily selected 0-degree point on 
the tube circumference.  

2) Wall penetration = 100 x intergranular corrosion depth 
total thickness of wall 
existing at fracture 
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2.2.12 Tube A(12-70) 

Tube A(12-70) was removed from the primary inlet side (hot leg) of Steam 

Generator A. Field eddy current inspection with a bobbin coil showed 

tube denting at the secondary face of the tubesheet. Eddy current inspec

tion with a mechanically operated rotating pEncake coil recorded a 20 

percent through-wall penetration at, or near, the secondary face of the 

tubesheet.  

The tube fractured at, or near, the secondary face of the tubesheet during 

removal. Non-destructive examination of the tube pieces in the laboratory 

showed the following (See Figure 2.2-37): 

a By radiography, circumferentially oriented, linear indications near the 

fractured ends of pieces 2 and 3.  

* No significant indications were detected in any tube piece with 100 or 

400 kHz frequency eddy current. The circumferential indications were 

too close to the fracture ends to allow confirmation by eddy current.  

Destructive examination of the tube pieces showed the following: 

* By SEM fractography of the main fracture, general intergranular corrosion 

from the OD was found on approximately one half of the circumference.  

The penetration of the intergranular corrosion ranged from 0% to about 

72% of the wall thickness (See Figure 2.2-38 and Table 2.2-6).  

* By SEM photography of the OD surface, there was found a number of crack

like penetrations within the distance of 0.14" from the main fracture on 

some parts of the circumference (See Figure 2.2-39).  

o By metallography, intergranular cracklike penetrations and some general 

intergranular corrosion were found next to the main fracture 

(See Figures 2.2-40 and 2.2-41).  
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TABLE 2.2-6 

WIDTH OF INTERGRANULAR PENETRATIONS 

AT THE FRACTURE OF TUBE P,(12-70) 

Angular 1 . 2 

Location Wall Penetrations 
degrees percent 

0 39 

45 0 

90 0 
135 0 

180 10 

225 44 

270 67 
315 72 

TES: 1) Angular locations from an arbitrarily selected 0-degree point on 
the tube circumference.  

2) Wall penetration 100 x intergranular corrosion depth 
total thickness of wall 

* existing at fracture 
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2.2.13 Tube C(14-70) 

Tube C(14-70) was removed from the primary inlet side of Steam Generator 

C. Field eddy current inspections with a bobbin wound coil and with a 

manually operated pancake coil recorded no signals in this tube.  

The tube was removed from the steam generator without fracturing. Non

destructive examination of the tube pieces showed the following (See 

Figure 2.2-42): 

* By radiography, circumferentially oriented, linear indications at, or 

near, the intersection with the secondary face of the tubesheet.  

* By radiography, tubewall thinning for more than 5 inches above the inter

section with the secondary face of the tubesheet.  

* No significant indications were detected in the tube portion from within 

the tubesheet.  

* Damage to the tube inside diameter interfered with interpretation of the 

eddy current signals.  

An 8 inch long section from piece 2 of tube C(14-70) was pressure tested.  

The intersection of the secondary face of the tubesheet and the circumfer

ential tubewall penetrations were located near the middle of the test 

section. During the test, the tube was pressurized internally by increasing 

water pressure in incremental steps of 200 psi. The tube outside diameter 

was measured after a steady-state condition was achieved at each pressure 

step.  

The specimen ruptured at a pressure of 15,000 psi and at a diameter of O approximately 0.832 inch (See Figure 2.2-43) for a change in diameter of 

about 0.082 inch. During the test, the circumferentially oriented penetrations 

opened slightly; however, the tube ruptured in an axial mode (See Figure 2.2-44).  

The site of initiation of the axial crack appeared to be the circumferential 
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penetrations (See Figure 2.2-45). Examination of the fracture faces showed 

the original circumferential penetrations to have a depth of approximately 

50 percent of wall.  

A burst, or rupture, pressure of 15,000 psi is inethe range of burst . pressures expected for non-degraded Inconel tubing of this wall thickness 

(0.055") and diameter (0.75" OD). Further, the axial rupture of the tube 

is the mode expected in non-degraded tubing subjected to pressure tests.  

Thus, the presence of the circumferential penetrations did not significantly 

degrade the pressure-rupture characteristics of this tube.  
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FIGURE 2.2-44 - Tube A(14-70) Piece 2 after pressure test 
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FIGURE 2.2-45 - Ruptured area of Tube A( 14-70) Piece 2. Note presence of 
circuinferent iailly oriented penetration near middle lerng th 
of the ax i I rupture.  
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2.2.14 Tube A(17-61) 

Tube A(17-61) was removed from the primary inlet side (hot leg) of Steam 

Generator A. Field eddy current inspection with a bobbin wound coil 

showed a dent at the secondary face of the tubesheet. Eddy current 

inspection with a mechanically operated rotating pancake coil recorded 

a 62 percent through-wall penetration at the secondary face of the tubesheet.  

The tube fractured at two locations, 2-1/2 inches and at 7 inches, above the 

secondary face of the tubesheet. Non-destructive examination of the tube 

pieces in the laboratory showed the following (See Figure 2.2-46): 

a By radiography, numerous circumferentially oriented, linear indications 

from 1/2 inch below to 1 inch above the intersection with the secondary 

face of the tubesheet.  

o By radiography, axially oriented, linear indications from 2-7/8 to 3-3/8 

inches below the intersection with the secondary face of the tubesheet.  

This area coincides with the tube length deformed by thetube removal 

grippers.  

* By radiography, tubewall thinning of 1 to 5 mils for 8 inches above the 

secondary face of the tubesheet.  

* By radiography, sporadic, shallow pitting in the tubewall from 8 to 8-1/2 

inches above the secondary face of the tubesheet.  

* By eddy current, many short signals were recorded from 3-1/2 to 5 inches 

below the secondary face of the tubesheet.  

* Deformation of the tube at and above the secondary face of the tubesheet 

precluded inspection of the tube in these areas by eddy current.  

Piece 2 of tube A(17-61) was pressure tested. This piece contained the 

intersection of the tube with the secondary side of the tubesheet and the 
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circumferential tubewall penetrations. The deformed end of the tube with 

the axial indications was cut from the tube prior to test. During test, 

the tube was pressurized internally by increasing water pressure in 

incremental steps of 200 psi. The outside diameter of the tube was measured 

at each pressure step after a steady state condition was achieved. A leak 

initiated at a pressure of 3100 psi with essentially no tube diameter increase.  

This axial opening was approximately 1 inch long (See Figure 2.2-47) and was 

present in the portion of the tube which had passed through the tubesheet.  

A rubber bladder was then inserted into the tube and the procedure initiated 

once again. Upon repressurization, the tube ruptured at 3100 psi. This 

rupture initiated at the previous longitudinal indication. Subsequent 

examination of the fracture surface showed 90 percent of the tubewall 

penetrated by intergranular attack.  

The low rupture pressure of 3100 psi was due to the reduction in the effective 

tubewall by IGA. Within the tubesheet, however, the opening in the tubewall 

will be limited by the hole diameter of the tubesheet itself. Thus, leakage 

from such a tubewall rupture will be limited. Because this specimen ruptured 

in a degraded area away from the circumferential pentrations, little inform

ation was gained as to the effect of these penetrations on the tube wall 

integrity. However, the test results did not suggest any strong propensity 

of the tube to rupture at the circumferential penetrations.  
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FIGURE 2.2-47 - Crack in Tube A(17-61) during pressure testfing. Crack 
located in portion of tube that had been within the 
tubesheet.  
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2.2.15 Tube A(41-46) Cold Leg 

Tube A(41-46) as removed from the primary inlet side (cold leg) of Steam 

Generator A. Field eddy current inspection with a bobbin wound coil 

recorded no signals. Eddy current inspection witha mechanically operated 

rotating pancake coil in the field recorded a signal of 73 percent through

wall penetration.  

The tube was removed from the steam generator without fracturing. Non

destructive examination of the tube pieces in the laboratory showed the 

following (See Figure 2.2-48).  

* By radiography, tube wall thinning at, or just above, the secondary face 

of the tubesheet. No linear indications were detected.  

e By eddy current, tube wall thinning of more than 70 percent was detected 

near the secondary. face of the tubesheet with a 100 kHz frequency. A 

very shallow indication was recorded by eddy current at 400 kHz frequency.  

Destructive examination of the tube pieces showed the following: 

* By metallography, it has been shown that there was a 17% thinning of the 

tube wall under the deposit (See Figure 2.2-49). This thinning was present 

over a relatively long area thus accounting for the relatively high field 

estimate provided by the RPC testing method. No intergranular corrosion, 

cracking or other linear penetrations were detected.  
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2.2.16 Tube C(17-45) 

Tube C0(17-45) was removed from the primary inlet side (hot leg) of Steam 

Generator C. During field inspection, no eddy current signal was 

detected at, or near, the secondary face of the tubesheet by either bobbin 

wound or RPC probes.  

Prior to removal, the tube was cut approximately 69 inches from the primary 

face of the tubesheet and was cut subsequently at three additional loca

tions to provide four pieces of tubing. The total length of the aggregate 

pieces was 72.9 inches. This indicates the total tube stretch due to 

removal stresses was approximately 5.9 inches.  

Non-destructive examination of the pieces in the laboratory showed the 

following (See Figure 2.2-50).  

* By radiography, circumferentially oriented indications estimated to be 

60 percent through wall in the tube length from the secondary face of 

the tubesheet to approximately 2 inches above tubesh.eet.  

* By eddy current, four signals varying from 60 to 80 percent through 

wall in the tube length from the secondary face of the tubesheet to 

1-7/8 inches above the tubesheet.  

* No significant indications in the tube portions from within the tube

sheet by either inspection method.  

Destructive examination of the tube pieces showed the following.  

* By metallography, intergranular, cracklike penetrations in the OD 

surface of the tube in the length from the secondary face of the tube

sheet to 2 inches above the tubesheet. The maximum depth of penetration 

was 60 percent of tube wall at 1-7/8 inches above the secondary face of 

the tubesheet (See Figure 2.2-51).  
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2.2.17 Tube C(22-44) 

Tube C(22-44) was removed from the primary inlet side (hot leg) of Steam 

Generator C. During field inspection, a complex eddy current signal was 

detected using bobbin wound probes at, or near, tile secondary face of 

the tubesheet. No eddy current signals were 6etected when examined using 

a RPC probe.  

Prior to removal, the tube was cut approximately 67 inches from the primary 

face of the tubesheet. The tube was removed from the steam generator 

without fracturing, but was cut at three locations to provide a total of 

four pieces. The total length of the aggregate pieces after pulling was 

72.1 inches. This indicates that the total tube stretch due to removal 

stresses was 5.1 inches.  

Non-destructive examination of the tube pieces in the laboratory showed 

the following (See Figure 2.2-52).  

* By radiography, circumferential indications near the secondary side 

of the tubesheet. These indications were estimated to be a maximum 

of 40 percent through wall.  

* By eddy current, one indication by 100 kHz of indeterminate depth (due 

to tube distortion) near the secondary face of the tubesheet.  

o No significant indications in the portion of the tube within the 

tubesheet by either inspection method.  

Destructive examination of the tube pieces showed the following: 

* By metallography, intergranular, cracklike penetrations in a 0.060 inch 

band Tocated near the secondary face of the tubesheet. These penetra

tions had a maximum depth of 25 percent of tube wall (See Figure 2.2-52).  
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FIGURE 2.2-51 - Axial section through wall of Tube C(17-45) at a location 
2 inches above secondary face of tubesheet.  
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2.2.18 Tube C(10-51) 

Tube C(10-51) was removed from the primary inlet side (hot leg) of Steam 

Generator C. During field inspection, no eddy current signals were 

detected with the bobbin wound probe but a 20 percent through wall signal 

was detected at, or near, the secondary face of the tubesheet with a RPC 

probe. After inspection, a sleeve was inserted and an attempt to braze 

the sleeve was made. Originally, this tube was to be removed for 

examination of the brazed joint, however, the joint separated during 

attempts to remove the tube and sleeve.  

Prior to removal, the tube was cut above the braze joint at 65 inches from 

the primary face of the tubesheet. The tube fractured at, or near, the 

secondary face of the tubesheet during removal. The tube was cut at three 

other locations to provide a total of five pieces. The total length of 

the aggregate pieces after removal from the steam generator was 67.8 inches.  

This indicates that the total tube stretch due to removal stresses was 

2.8 inches.  

Non-destructive examination of the tube piece in the laboratory showed 

the following (See Figure 2.2-54).  

o By radiography, short circumferentially oriented, linear indications 

near the fracture faces of pieces 1 and 2.  

* No indications in the tubing portions from within the tubesheet by 

radiography.  

* A laboratory eddy current examination was not performed.  

Destructive examination of the tube pieces has not been completed.  
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2.2.19 Tube C(25-80) 

Tube C(25-80) was removed from the primary inlet side (hot leg) of Steam 

Generator C. During field inspection, no eddy current signals were detected 

with a bobbin wound probe but a 48 percent through wall signal was detected 

at, or near, the secondary face of the tubesheet with a rotating pancake 

wound probe. After inspection, a sleeve was inserted and an attempt to 

braze the sleeve to the tube was made. However, the brazing temperature 

was not attained. The sleeve and tube were removed from the steam generator 

as an assembly.  

Non-destructive examination of the tube pieces in the laboratory showed 

the following (See Figure 2.2-55).  

* By radiography, circumferential, cracklike indications of up to 30 percent 

of the tube wall. These indications were all within 0.060 inch of the 

secondary face of the tubesheet.  

* No indications were reported in the tube pieces from within the tubesheet 

or from above the tubesheet.  

* No laboratory eddy current inspection was performed.  

Destructive examination of the tube pieces showed the following: 

o By metallography, intergranular penetrations up to 40 percent of tube wall.  

These penetrations were limited to a 0.060 inch band located in the tube 

portion at the top of the tubesheet.  
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2.2.20 Tube C(10-43) 

Tube C(10-43) was removed from the primary inlet side (hot leg) of Steam 

Generator C. During field inspection, no eddy current signals were detected 

with a bobbin wound probe but a 69 percent through wall signal was detected 

at, or near, the secondary face of the tubesheet with a rotating pancake coil 

wound probe. Prior to removal from the steam generator, a sleeve was 

inserted and brazed in the tube. The tube fractured during removal at, or 

near, the secondary face of the tubesheet. The sleeve fractured in the 

lower heat-affected zone of the braze.  

Non-destructive examination of the tube pieces showed the following (See 

Figure 2.2-56).  

o By radiography, circumferential indications of up to 30 percent of the 

tube wall on the OD surface of the tube. These indications were all 

within 0.200 inch of the fractured.end of the tube pieces.  

* No significant indications were detected in the tube portion from within 

the tubesheet by radiographic examination.  

e No laboratory eddy current examinations were performed.  

Metallographic and fractographic examination of the pieces of this tube were 

limited to the braze region and are not discussed herein.  

2.102



CutT 

Linear indications 
Cut all within 0.20 inch 

Tube wall of fracture by RT 
necking 7 only.  

C4-) 

0)10 

DETAIL A 

<0 

Cut 

LI' -Fracture (top 
of tubesheet) 

See Detail a 

4- O 

0 4-) 

Cut - oa 

Primary face 
of tubesheet . *Dimensions of tube pieces after removal 

FIGURE 2.2-56 - Summary of Laboratory Non-destructive Examination 
Results - Tube C(10-43) Hot Leg 

2.103



TABLE 2.2-7 

SUMMARY OF SCE TUBE EXAMINATIONS 

Field Eddy Current Laboratory NDE Fractography 

Tube F C diion RPC Conventional Bobbin Radiography Eddy Current and Metallography Assess-ent 

24-C7l A Fractured at top Not performed 400 kHz - 95% indication Circumferential band of 25% wall thinning 95% circumferential Large venetration 

Leg of tubesheet at top of tubesheet. indications near fracture, about 12" above penetration detectable by conven
12% at 12" above extending 1/8" - 3/16" tubesheet ticnal probe 

100 kHz - distorted for 3600 
tubesheet signal 

340 kz - same as 430 KEZ 
100 kOz absolute 

abnormali ty noted 
400/100 kHz Mix. - thru 

wall indication 

31-C28 A. Fractured at top Not performed 400 kHz - complex with Circumferential band of No significant 90% penetration - Large penetration; 

at jeg of tubesheet denting indications near fracture indications circumferential abror. l signals by 
100 kHz - distorted extending 3/16" for 3600 ccnventionial 

(teardrop) but rot definitive 
340 kHz - Complex with 

denting 
100 kHz absolute 

abnonnality noted 
400/100 kHz Mix. 

complex with denting 

7'-C52 A . Intact (crevice Not performed 400 kHz - 95% 00 4-1/4" Axial indication 1-1/2" Large thru wall Thru wall axial Large axial cenetration 

%zt Leg specimen cut 1" below top of tube- to 2" from tube end fndication at 2" penetration about in tueesndet crevice 
belcw top of sheet from tube end 2" fro-- tube end. which was cetEC-ec t 
tubesheet) 100 kHz - 90% 00 4-1/4" Numerous short 50% wal axial conventional, 'rbe 

below top of tubo- indications >70% penetration abcut 
sheet down 6" from tube 5" from tubetend.  

340 kHz - 95% OD - 4-1/4" end 
below top of tube
sheet 

100 kHz absolute - 95% 
OD L 4-1/4" below top 
of tubesheet 

400/100 kHz Mix. - 95% 
00 , 4-1/4" below top 
of tubesheet 

Abnormality noted at top 
of tubesheet on the 400/ 
100 Mix. and 100 kHz Abso.  

* % penetration mils of maximum penetration (100) 
0055"



-Field Eddy Current Laboratory NDE 
Fractography 

S. CPdion RPC Conventional Bobbin Radiography Eddy.Current and Metallography Assessent 

2i1-CE9 C Fractured at top 100 kHz - indications 400 kHz - large dent Circumferential indications Fracture interfered >60% penetration Local penetration >5 % 

ct Leg of tubesheet 200 kHz - indications 100 kHz - dent near fracture 1/16" x 360* with inspection of for 180 whych was n etect
340 kHz - indications 340 kHz - large dent Thinning for 8-1/2" above top of tubesheet 68% max. penetra- probe, d"c.eirSals 
340/100 Mix - indications 100 kHz Absolute - dent tubesheet a area tion per RP 

400/100 Mix. - large dent Nc .igntficant indications No significant indi- No penetration in 

Swithin tubesheet cations with 100 or tubesheet 
W. 'hi400 kHz 

R23- C7 .C Fractured at top 100 kHz - obvious . 400 kHz - large distorted Circumferential Indications Fracture interfered >60' penetration Local penetration >52w, 

Hot Leg of tubesheet indications 100 kHz - distorted tube- near fracture 1/16" x 3600 with inspection of for 250. aigous by conven
200 kHz - same as 100 kHz 340 kHz - same as 400 kHz Thinning for 8" above top of tubesheet 78% max. penetra- tional probes but o.biou 

340 kHz - same as 100 kHz 100 kHz Absolute - tubesheet area tion per R 0 
340/100 Mix. - same as abnormality noted No significant indi

100 <Hz 400/100 kHz Mix. - same No significant indications cations with 100 or No penetration in 
as 400 kHz within tubesheet 400 kHz tubesheet 

R14-C70 C. Intact 100 kHz - indications 400 kHz - OK Circumferential indications ID damage interfered Examination of Mincr penetration, <501, 

uct Le3 200 kHz - indications 100 ktz - OK . at top of tubesheet 1/8" x with eddy current fractured burst undetected by conven
340 kHz - indications 340 kHz - OK 180 25% of wall interpretation test surface shows tional irotes, but 
340/100 kHz Mix. - 100 kHz Absolute - OK Thinning for 5" above penetration sueste by 

400/100 Mix. - tiny dent tubesheet fng 40 mils 
tubeheetazially 

No significant indications Burst pressure 
within tubesheet 15,000 psi axial rupture 

R:2-C71 C Fractured at top 100 kHz - indications 400 kHz - large dent Circumferential indications Fracture interfered 35% penetration at 35% penetration 
H:t Leg of tubesheet 200 kHz - indications 100 kHz - distorted near fracture 1/8" x 360* with inspection of and below fracture uncetected cy con

340 kHz - indications tubesheet top of tubesheet face venticnal probe, 

340/100 Mix. - indiations 340 kHz - medium dent Tninning for >9" above area but suggested b9 
100 kHz Absolute - te tNo significant di-R 

tiny dent No significant indications cations with 100 or 
400/100 kHz Mix. - within tubesheet or above 400 kHz 

large dent 

R20-C&0 A Stretched 100 kHz - NDD* 400 kHz - OK 1 to 5 mil thinning for No signals with 100 2 mil deep penetra- Essentially ureffected 

H:t Leg 200 kHz - NDD 100 kHz - slightly 11" above tubesheet or 400 kHz tion at top of tube; correcty reporter 

340 kHz - NDD distorted tubesheet No linear indications Tube necked. Probe tubesheet by both techniques 

340/100 Mix. - NDD signal would pass only half 
340 kHz - OK No indications within way thru tube 
100 kHz Absolute - low tubesheet 

level indication just 
above tubesheet 

400/100 Mix. - very small 
dent 1/4 - 1/2 mil 

* No Dectectable Degradation



Field Eddy Current Laboratory NDE 

.ulled Fractography 

Te Condition RPC Conventional Bobbin Radiography Eddy Current and Metallography..Assens.  

R22-CS4 A Intact 100 kHz - OK 400 kHz - small dent with Circumferential indication 50% signal with 20 max penetration at Minor penetration, 

2C Leg 200 kHz - OK slight distortion .1T at top of tubesheet - 15 mil 100 kHz at top of Itp of tbehee 20 dee. 'etec

340 kHz - OK mi1 max penetration, 1/16" x 90* tubesheet ale by er:ar 
340 ZNo peneLtration ot 6/16" techiqe 

100/340 Mix. -OK 100 kHz - small dent No-rr 1lu /1' t -,i.e 
3400/340Mixameas400 kHz -ma1 to 5 mils thinning for 5" 10 interference above top of tu esheet 
340 kHz - same as 400 kHz above tubesheet with 400 kHz 
100 kHz Absolute - 0K 
400/100 Mix. - same as No significant indications 

400 kHz within tubesheet 

R22 -US 3 A Intact .. 100 kHz - OK 400 kHz - small dent Circumferential indications 80% signal at top 20". max penetration in Minor penetretiont, 

HR 7 Leg 200 kHz - some abnormality with slight distortion at top of tubesheet - 15 mil of tubesheet with 90 mil band at top of 20. dEep, u e-ec-d 
at tubesheet elevation 100 kHz - small dent max penetration 1/8" x 1500 100 kHz tubesheet by either te-hnic-a 

340 kHz - same as 200 kHz 340 kHz - same as 400 kHz Thinning 1 to 10 mils for 
340/100 Mix. - same as 100 kHz Absolute - OK 5"iabove t ID interfeence 

200 kHz 400/100 Mix. - same as 5" above t .besheet with 400 kHz 
400 kHz abnormality No significant indications 
noted within tubesheet 

a17-C6 A intact 100 kz - very smell . 400 kHz edistorted Circumferential indications Many short signals 90 penetration based Extended ar~a of 

indications tubesheet-small dent 1/2' below to I" above 3-1/2" to 5" below on visual exam~ination ICG. et-ve t- besneet 

200 kHz - obvious indication 'Ll mil tubesheet 25 mils deep top of tubesheet after burst test u .tecdor by c

340 kHz - obvious indication 100 kHz - distorted x 360A Burst test pressure . vetiral :rpes, 
1030Mx-ovostbsetAll pieces at and Brtespesue but C virO,, Per .:c 

100/340 Mix - obvious tubesheet Axial indications 3-3/8" above tubesheet too 3100 psi at freue.: es ove 
indication. Previously 340 kHz - same as tod fr10 

c .reported as 62% 400 kHz . to 2-7/2" below top of defornmed for 100 kH2 

100 kHz Absolute tubesheet (NOTE: This examination 

abno0 nality noted length of tube severely 
abnon0ality sted a deformed by gripper during 

400/100 Mix. same as pulling) 
400 kHz 

1-5 mils thinning for 8" 
above tubesheet 

Pits in tubewall from 8" to 
8-1/2" above tubesheet 
(probably fiducial mark) 

P2 -C35 A Fractured at top 38% indication 400 kHz - medium dent Circumferential indications Fracture interfered 80% max penetration Local .enetrativns, 

Leg of tubesheet 100 kHz - dent near fracture - 25 mil max with eddy current V' deep. undetected 
penetration 1/8" band x 360' inspection at top by conventional 

of tubesheet probes. but detected 
by RPC.' 

No significant indi
cations with 100 or 
400 kHz



Field Eddy Current Laboratory NDE 
S/G Pulled Fractography 

u e . Condition RPC Conventional Bobbin Radiography Eddy Current and Metallocraphy Asssssment 

R12-C70 A Fractured at top 100 kHz - <20% 400 kHz - distorted tube- Circumferential indications Fracture interfered 50% max penetration Locl penetrations, 
i-.:t Leg of tubesheet 200 kHz - <20% sheet, small dent, near fracture - 25 mils with eddy current - de,:. :detected 

340 kHz - 140% -'l mil max. penetration, 3/16" inspection at top by convent ca 
340/100 Mix. - <20% 100 kHz - same as 400 kHz x 3600 of tubesheet pr-es, D :avious 

340 kHz - same as 400 kHz No significant di- p RC 
100 kHz Absolute - cations with 100 or 

abnormalicy noted 400 kHz 
400/100 Mix - same as 

400 kHz 

14i-C45 A. Intact 100 kHz - Nothing 400 kHz - distorted Thinning at top of tube- >70% indication by Thinning at top of Thinning at top of 
Cold Leg . 200 kHz - obvious indication tubesheet sheet 20% max 100 kHz tubesheet 3600 tubesheet, <201 

340/0 Mi obvious indiation 100t ehetistorted No linear indications Shallow indication Max thinning 17% t c '. en

indication 340 kHz - distorted No significant indications by 400 kHzob u r .C 
tubesheet within tubesheet 

100 kHz Absolute 
abnormality noted 

400/10O Mix. - distorted 
tubesheet 

:^-2-4 C Intact 100 kHz - No indications 400 kHz - distorted Circumferential indications One large indica- 25% max penetration Local penetrations, 
bt Leg 200 kHz - No indications tubesheet at top of tubesheet 1/16" tion per 100 kHz, over 60 mil axial 0 e s 

340 kHz - No indications 100 kz - distorted . x 2800, 40% of wall depth inceterminate band by ccnventiP)al 
340/100 Mix. - No indications tubesheet No significant indications because of tube protes ,.t 

340 kHz - distorted within tubesheet distortion. No undetected ;(r PPC 34CDi signal at 3:0k1 
tubesheet 50 kHz 

100 kHz Absolute - because of inter
abnormality noted ference 

400/100 kHz - abnormality 
noted 

R17-C45 C Intact.. 100 kHz - No indications 400 kHz - OK Circumferential indications Four large indica- General IGA extending Extended area of 
Hot Leg 340 kHz - No indications 100 kHz - OK at top of tubesheet 2" x tions, extending for 2" above tube- IGA, 60t 7ar. peretra

200 kHz - No indications 340 kHz - OK 360", 60% of wall over 2" in length sheet. of varying tion, undetected tv 
340/100 Mix. - No . 100 kHz Absolute - OK and 60-80% depth depth, to max of either technique 

indications . 400/100 Mix - abnormal No significant indications per 100 kHz. Only 60. at 1-7/8" above 
residue within tubesheet one signal observed tubesheet 

per 350 kHz.



Field Eddy Current Laboratory NDE 

S/G Pulled Fractography 
T"be ?io. Condition RPC Conventional Bobbin Radiography .Eddy Current and Metallography Assessrment 

25-CE0 C Tube and Sleeve 48% through wall NDD* Circumferential indication Not performed 40% rax penetration 
hot Leg at top of tubesheet 1/16" over.60 mil axial band 
:E a .x 280*, 30% of wall 

No significant indications 
within tubesheet 

^- 3 Tube fractured at 69% through wall NDb* Circumferential indications Not performed Not perfomed 
r_.t Leg top of tubesheet . near fracture 1/8"-3/16" 

x 3600 
No significant indications 
within tubesheet or above 

10-C51 C Joints did not with- Less than 20% NDD* --- --- Not performed 
hot Leg stand extraction force; through wall 

sleeve removed. Tube 
section in S/G.  

* NO DETECTABLE DEGRADATION



2.3 RESULTS OF INDIVIDUAL TUBE PRESSURE TESTS 

The individual tube pressure tests were designed with a two-fold objective: 

1. to validate leak-before-break for a non-leaking tube, and 

2. to establish a margin to failure consistent with the existing leak

before-break requirement in the case of a leaking tube.  

Because of possible sludge-pile interaction, unambiguous conclusions could 

not be drawn regarding the validity of leak-before-break or margin to 

failure of the tubing. Nevertheless, the results were helpful in establishing 

the in-situ condition of the tube bundle, especially with the observed 

presence of hard sludge.  

2.3.1 Test Description 

A total of twenty-seven tubes were tested; five leaking tubes in Steam 

Generator C and twenty-two non-leaking tubes in Steam Generator A. The 

overall test consisted of three different tasks: 

1. tube pressurization, 
2. leak rate monitoring (and measurement) as a function of the pressure, 

and, 

3. visual examination using fiber-optics of selected tubes for determining 

the presence and mode of tube opening.  

From the destructive examination of pulled tubes (prior to the pressure tests), 

it was believed that the large eddy current indications at the top of the 

tubesheet were associated with a circumferential zone of IGA. For a meaningful 

evaluation of the impact on tube integrity on this type of degradation, 

it was essential that the axial cap forces be properly simulated in the test.  

Pressurizing the entire tube was judged to be the most practical way of doing 

this, in spite of the possibility of leaving a column of trapped air in the 

tube because of its vertical U-bend configuration. To provide that the 

IGA area was pressurized hydraulically by deionized water and not by the 

column of trapped air, the supply mandrel was inserted in the hot leg 

tube-end, and the drain mandrel, in the cold leg tube-end.  
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In the case of leaking tubes, the test specification called for pressure 

test termination at the maximum pressure of %6000 psi or a maximum leak 

rate of 10 gpm, whichever came first. The maximum pressure limit to 6000 

psi was based on the following two requirements: 

1. Stresses in the tube except in the localized region of corrosion 

would remain within the elastic limit and, 

2. The test pressure would be less than the burst strength of a tube 

with a 50 percent indication (current tube plugging requirement).  

The first requirement provides that the tube, following the completion of 

the test, would return to its initial shape and condition except in the 

IGA region. The second requirement guards against the possibility of a 

random tube fracture in case of mistaken tube indexing or eddy current 

indication record.  

In the case of non-leaking tubes, the test pressure was limited to 3000 psi, 

the logic being to verify that the degraded but non-leaking tubes had 

adequate strength capability to successfully withstand the maximum design 

basis accident condition pressure loading (2500 psi during a postulated 

feedline break, adjusted to room temperature material properties and n10% 

additional margin). For this test, the tubes in Steam Generator A were 

selected from various areas of the tube bundle, representative of the 

sludge-lance accessible zone, the active IGA zone, the relatively high 

sludge-depth central zone and the high cross-velocity peripheral zone. 'The 

RPC indications on these tubes ranged from no indication (NDD) to "97 

percent indication. The sludge depths ranged from very small or practically 

zero to ,20.0 inch. Table 2.3-1 lists the non-leaking tubes selected for 

pressure.testing in Steam Generator A along with their respective eddy 

current indications and sludge heights. The locations of pressure tested 

leaking tubes in Steam Generator C and non-leaking tubes in Steam Generator A 

are shown graphically in Figure 2.3-1.  
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2.3.2 Results and Conclusions 

Test results for the five leaking tubes in Steam Generator C are summarized 

in Table 2.3-2. Maximum test pressures ranged from 5600 psi to 6000 psi, 

and the maximum leak rates, between 0.17 gpm to 0.91 gpm. Thus, in spite of 

the high test pressure, the peak leak rate magnitudes are quite small which 

would indicate very small cracks. However, visual inspections using fiber 

optics after the pressure tests indicated substantial wall separations in 

all cases. For these tubes, no visual inspections were performed prior to 

the pressure tests. Therefore, it is not known to what extent the cracks 

opened up during operation prior to the shutdown. Nevertheless, based on 

test observations, it is believed that the leak rates were reduced by 

the presence of hard sludge, and that the sludge pile also confined the 

tube rupture.  

The twenty-two non-leaking tubes in Steam Generator A were pressure-tested 

to 3000 psi. No leaks were observed on any of the tubes during the test.  

Visual examinations were performed on one tuLe both before and after the 

pressure test; no indications of thru-wall cracks were observed in either 

case. Based on the operating experience and the results of pressure tests 

on the leaking tubes above, it is believed that a tube with a thru-wall 

crack would leak in spite of the sludge-pile interference (although, the 

leak rate would be reduced). Thus, the absence of any leaks during the 

pressure test on non-leaking tubes can be taken as an indication of in-situ 

rupture strengths in excess of 3000 psi for all 22 tubes tested. Subsequent 

to pressure testing, the tube that was visually inspected was pulled for 

laboratory examination and testing. (See Subsection 2.2.14 for results of 

pressure test.) 

Based on in-situ pressure tests, the following conclusions can be made: 

1. For the tube-sludge pile composite configuration under the in-situ 

test conditions, results of all 27 tubes indicate strengths in 

excess of the current design basis requirements.  

2. Because of the tube interaction with the hard sludge, the in-situ 

results represent the response of the tube-sludge pile composite 

rather than an unsupported tube. Therefore, conclusions on margins 

to failure or validity of leak-before-break for the tubing in the 

absence of sludge is not clearly known.  
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TABLE 2.3-1 

IN-SITU PRESSURE-TESTED NON-LEAKERS IN STEAM GENERATOR A HOT LEG 

RPC 
R-C Max%.: . . Arco CONVENTIONAL SLUDGE TUBESHEET ZONE 

Penetration ECT HEIGHT 

A-13-70 55% 2200 NDD 6 in. Sludge-lance 

13-71 89% 2400 NDD 6 in. accessible zone 

NDD in. on manway side 
11-60 97% 3500 NDD 8 in.  

17-61 62% NDD 12 in.  

A-12-33 50% 1800 NDD 8 in. Sludge-lance 

13-42 86% 2400 80% 11 in. accessible zone 
on nozzle side 

9-43 97% 1800 45% 7 in.  

12-27 <20% 900 NDD 9 in.  

A-15-54 NDD --- . NDD 12 in. Central low

28-52 NDD --- NOD 19.5 in. velocity, high 
sludge-pile zone 

24-43 64% 1500 NDD 16 in.  

24-42 83% 1200 NOD 16 in.  

17-63 96% 1800 NDD 12 in.  

17-48 94% 2100 NDD 17 in.  

A-38-51 88% 2100 NDD 9 in. Active corrosion 

38-53 91% 1800 33% 9 in. zone with large 
number of plug

39-58 96% 1500 NOD 8 in. gable indications.  
29-73 96% 3600 NOD 14 in.  

A-43-59 NDD --- NDD 0 in. Outer peripheral, 
4034. high cross-flow 

NOD ND.n velocity, low 
12-13 NOD --- NDD 5 in. sludge-pile zone 

8-90 NOD --- NDD 4 in.  
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TABLE 2.3-2 

SUMMARY OF IN-SITU TUBE PRESSURE TESTS 

LEAKING TUBES IN STEAM GENERATOR C WOT LEG 

TUBE NO. MAX. TEST PRESSURE MAX. LEAK RATE 

R11C45 5600 PSI 0.17* GPM 

R12C36 5900 PSI 0.43 GPM 

R12C38 5800 PSI 0.91 GPM 

R12C48 6000 PSI 0.25 GPM 

R12C51 5600 PSI 0.22 GPM 

o FIBEROPTICS INSPECTION AFTER TESTS 

LARGE CIRCUMFERENTIAL SEFARATIONS AT TTS ON ALL 5 TUBES 

* Leak rates, although small, fluctuated widely over the test pressure range.  
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2.4 SELECTION OF TUBES FOR REPAIR 

The results of examinations of pulled tubes, of eddy current inspections 

and of the tube pressure tests were evaluated to determine the tubes to be 

repaired. Three broad criteria were established from this evaluation: 

(1) all tubes with RPC-detectable indications at the top of the tubesheet 

will be plugged or sleeved, (2) any tube immediately adjacent to an RPC 

indication greater than or equal to 50% will also be sleeved or plugged, 

and (3) all accessible tubes within the broad boundary formed by the tubes 

identified in (1) and (2) above will be sleeved or plugged. The boundary 

described in item (3) above is given in the Repair Report. The outer 

peripheral tubes will not be subjected to repair. These tubes have been 

shown by inspection to be generally free from indications of the nature 

observed within the sleeving boundary. In addition, these tubes are located 

in regions that have conditions not believed to lead to the occurrence of 

this mode of attack. Following completion of the repair activities, appropriate 

examinations will be performed to provide that those tubes within the repair 

boundary have been plugged or sleeved.  
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SECTION 3 

CONDITIONS FOR RETURN TO POWER 

3.1 OPERATING INTERVAL 

In order to monitor the effectiveness of the steam generator tube repair, 

San Onofre Unit 1 will be shut down and an inspection will be performed 

following six effective full power months (EFPM) of operation. If a 

degradation rate of fifteen percent per year is assumed, is it assumed 

no tube (without a sleeve or tube/sleeve combination) will experience -tube 

wall degradation in excess of the established plugging criteria as 

discussed in Subsection 3.3.2 of this report.  

A degradation rate of fifteen percent per year was qualitatively predicted 

by comparing the eddy current signatures of thirty-nine tubes obtained 

during inspections in 1976, 1977, 1978 and 1979 with those obtained in 1980.  

Since the eddy current signatures obtained in 1976, 1977, 1978 and 1979 were 

only reported as either distorted tubesheet signals or distorted dent signals, 

degradation values were assigned to each of the signatures, in retrospect.  

By inference from the results of the steam generator diagnostics provided in 

Section 2 of this report, if IGA or cracking was occurring at the top of 

the tubesheet in 1976 and it was sufficiently deep to be detected, then it 

was assigned a value of fifty percent penetration, and then the eddy current 

signatures in subsequent years were assigned values based on the observed 

change in the signatures, again in retrospect. After assigning the degrada

tion values, the average rate on a per year basis for the thirty-nine tubes 

was determined to be thirteen percent per year. This is considered conser

vative since the eddy current signatures going back to inspections performed 

as early as 1973 are similar to those obtained in 1980 suggesting that the 

degradation was present even then.



With respect to continued degradation, each tube (without a sleeve) and 

tube/sleeve combination can be examined as follows: 

1. For those tubes without sleeves, the results provided in Section 2 of 

this report indicate that these tubes (beyond the sleeving boundary) 

exhibit less than 40 percent degradatioi.  

If degradation was to continue at the rate suggested above, it is 

assumed that the overall degradation of the tube wall would be less 

than approximately 48 percent after the six EFPM of operation.  

2. For those tubes with sleeves, the sleeve provides the structural 

integrity required in the event of a loss of coolant accident or 

main steam line accident. Therefore, if degradation of the sleeve 

wall were to progress at the rate suggested above, it is assumed 

that the overall degradation of the sleeve wall would be less than 

8 percent after the six EFPM .of operation.  

Following the shutdown after six EFPM of operation, subsequent shutdowns 

to monitor the effectiveness of the steam generator tube repair will be 

dependent upon the results of the inspections performed during the 

initial shutdown. It is expected that subsequent inspections will be 

performed at scheduled refueling outage intervals.  

3.2 PREPARATIONS FOR OPERATION 

Following completion of the steam generator repair, a series of steam 

generator differential pressure tests and water soaks will be performed 

as part of the preparations for return to power. The objectives of the 

differential pressure tests are to evaluate the repair effort and to 

evaluate the overall integrity of the tube bundles. The objective of the 

water soaks is to remove occluded soluble chemicals from the steam 

generators insofar as possible with this technique. Each of these programs 

is discussed in the paragraphs below.  
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3.2.1 Differential Pressure Tests 

The steam generator differential pressure tests will be sequentially 

performed as follows: 

1. An initial secondary side differential pressure test at 800 psi will 

be performed followed by an inspection for leaks. Any leaking tubes 

will be plugged or repaired.  

. 2. A primary side to secondary side differential pressure test at 1900 

psi will be performed to load the upper and lower joints of the 

sleeved tubes and to demonstrate margin to normal operating condi

tions for repaired and unrepaired tubes (this differential pressure 

also approaches that which might be expected following a main 

steamline or feedline break).  

3. The primary side to secondary side differential pressure test will be 

followed by a secondary-side differential pressure test at 800 psi 

and then by a second inspection for leaks. Any leaking tubes will be 

plugged or repaired.  

3.2.2 Water Soaks 

Appendix A to this report provides a summary overview of steam generator 

chemistry operations since October, 1974. Based on the summary overview, 

the following observations are made: 

1. Since October, 1974, secondary side water treatment has been aimed 

at a sodium to phosphate ratio of 2.6 with phosphate concentrated 

in the range 5 to 10 ppm.  

2. Operation occurred with free caustic present in the steam generator 

bulk solution.  

3. The addition of sodium hydroxide for pH control was discontinued in 

mid-1979.  
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4. During shutdown, startup and power operation, the secondary side 

chemistry cycled from low ratio to high ratio phosphates.  

5. The phosphate inventories were not removed completely during hideout 

return situations.  

6. Condenser leakage (low rate), when it occurred, continued for long 

periods of time.  

7. The make-up water source was changed from evaporated seawater to city 

water during 1976.  

The above observations concerning previous steam generator chemistry 

operations have resulted in the formulation of a program designed to (1) 

maximize the reduction in the concentrations of contaminants and corrodents 

contained within steam generator deposits and sludges, and (2) provide 

buffering with a sodium to phosphate ratio of 2.4 to influence the chemistry 

in localized regions at the top of the tubesheet. The program is described 

in Appendix B to this report and consists of several sequential phases as 

follows: 

1. Cold Water Soak 

2. Hot Water Soak 

3. Chemistry Control During Heatup for Restart 

4. Chemistry Control During Power Escalation and Steady State Operations 

The removal of undesirable chemicals, insofar as the program discussed 

above will provide, followed by the controlled chemistry during operation 

is judged to provide a better chemical environment in the steam generators.  

Another operation which may also assist in removal of contaminants and 

corrodents from the steam generator crevice area involves depressurization 

and flushing of the solution in the crevice area. Since this operation is 
presently under development, it will be considered at a later time when 
certain procedures for this operation have been identified.  
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3.3 POST OPERATIONAL MONITORING 

In addition to the preoperational differential pressure tests and water 

soaks discussed in Subsections 3.2.1 and 3.2.2 of this report, measures 

will be implemented fol lowing resuiptinf poweroperation to monitor 

the continued effectiveness of the steam gnerator repair. These measures 

include (1) close surveillance of primary to secondary leakage, and (2) 

inservice inspection/"leader program" and preventative tube plugging.  

Each of these measures is discussed in the paragraphs below.  

3.3.1 Close Surveillance of Primary to Secondary Leakage 

The Technical Specification primary to secondary leak rate limit (0.3 gpm 

in any steam generator) will be reduced to further provide conservative 

limits for plant shutdown and corrective actions. The reactor will be 

placed in hot standby within six hours and in cold shutdown within the 

following thirty hours on detection and confirmation of any of the following 

conditions: 

1. An increase in primary to secondary leakage of 140 gpd (0.1 gpm) over 

a period of twenty-four hours in any steam generator; 

2. Any primary to secondary leakage in excess of 215 gpd (0.15 gpm) in 

any steam generator; or 

3. Measured increase in primary to secondary leakage in excess of 15 gpd 

(0.01 gpm) per day, when measured primary to secondary leakage is 

above 140 gpd.  

Following reactor shut down, leaking tubes will be repaired or plugged.  

In addition, in accordance with the Technical Specifications, the reactor 

will be placed in hot standby within six hours and in cold shutdown within 

the following thirty hours on detection and confirmation of primary to 
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secondary leaks in excess of the Technical Specification leak rate limit 

(0.3 gpm in any steam generator). Following reactor shutdown, an eddy 

current inspection will be performed as required by the Technical Specifi

cations, any leaking steam generator tubes will be repaired or plugged and 

the NRC will be notified prior to resumption of piant operation.  

3.3.2 Inservice Inspection and Preventative Tube Plugging 

As discussed in the Repair Report, a 100 percent eddy current baseline 

inspection on the repaired steam generator tubes will be performed using 

multi-frequency eddy current techniques. Subsequent inservice inspections 

will be performed in accordance with the Technical Specifications. Following 

resumption of power operation, a steam generator tube inspection program 

will be submitted to the NRC for approval and will be carried out during 

the outage following six EFPM of operation as discussed in Section 3.1 of 

this report. The program will address the inspection plans for those tubes 

not repaired (i.e., tubes in the peripheral region of the bundle) and those 

tubes repaired (i.e., tubes in the central region of the bundle).  

In addition, a "leader tube" program will be implemented as a method to 

monitor the integrity of the leak tight sleeve upper expansion joint. The 

program will consist of approximately four tubes with through wall penetrations 

deliberately made in the tube wall section spanned by the sleeve prior to 

sleeving. These tubes will function as "leaders" with regard to the leak 

tight sleeve upper expansion joint exposure to secondary side environmental 

conditions. There are also four "control tubes" in the program which have 

not been penetrated. Destructive and/or non-destructive examination will 

provide a data base upon which future actions will be based.  

As a result of the steam generator repair and the type of tube degradation 

that may occur at the top of the tubesheet, the plugging limits for steam 

generator tubes remains the same (i.e., 50 percent or greater), except 

where sleeves are installed the plugging limit will be 54 percent or greater 

as applied to the sleeve. The methodology to be employed in assessing tube 

and/or sleeve degradation in relation to the respective plugging limits will 

be included in the aforementioned inspection program.  
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SECTION 4 

CONCLUSIONS 

4.1 CONCLUSIONS 

Based on the information provided in Section 2 of this report: 

1. Intergranular Attack (IGA) is occurring at the top of the tube

sheet for tubes located in the central region of the steam generator 

bundle.  

2. The tubes located in the peripheral region of the steam generator 

bundle are not significantly degraded.  

3. The tubes which have been affected by IGA still retain significant 

residual mechanical properties.  

Based on the information provided in Appendix 1 to this report, operation 

has occurred with free caustic and other water chemistry excursions.  

Based on the information contained in the Repair Report and in Section 1 

of this report, sleeving of steam generator tubes is an acceptable approach 

to tube repair. The sleeving program has been validated by testing, 

analyses and design reviews.  

Based on the accident reanalysis referenced in Section 1 of this report, 

the steam generator repair can be accommodated during Cycle 8 operation 

with the implementation of the identified changes to the Technical Speci

fications consistent with the design and safety evaluation conclusions.  

The results of the reanalysis are expected to bound the final tube bundle 

configuration following the steam generator repair.  
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4.2 ACTION PLAN 

In order to provde that San Onofre Unit 1 can return to full power operation 

the following actions as discussed in Section 3 of this report will be taken: 

1. Preservice eddy current baseline inspection of all repaired tubes will, 

be performed.  

2. Differential pressure tests will be performed following completion of 

the steam generator repair.  

3. Water soaks and chemistry control during heatup for restart, power 

escalation and steady state operation to reduce, if possible, the 

concentration of contaminants and reduce the potential for continuing 

corrosion.  

Following return to full power operation, actions as discussed in Section 

3 of this report will be implemented to monitor the continued effectiveness 

of the steam generator repairs. The actions are as follows: 

1. The allowable primary-to-secondary leak rate will be reduced to 

permit appropriate actions to be taken promptly in the event of 

increasing leakage.  

2. An inservice inspection program and a "leader program" to remove a 

sample of tubes with leak tight sleeves for laboratory analysis to 

monitor the integrity of the sleeved steam generator tubes.  
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APPENDIX A 

OVERVIEW OF STEAM GENERATOR CHEMISTRY HISTORY 

Since October 1974, the San Onofre steam generator bulk water has been 

treated with sodium phosphate to a phosphate concentration of 5 to 

10 ppm and a Marcy-Halstead Na/PO4 ratio of 2.6. During some operating 

periods, the Marcy-Halstead ratio was reported to have been reduced to as 

low as 2.4 while at other times it exceeded 3.0. When significant devia

tions from a ratio of 2.6 occurred, corrective action in the form of 

chemical treatment or condenser maintenance was implemented. The chemical 

treatment usually consisted of altering the proportions of sodium phosphate 

salts. However, during periods of condenser in-leakage when sodium hydroxide 

(free caustic) was frequently added to the steam generators. The practice 

of adding free caustic to the steam generators was discontinued after 

June, 1979. The frequency of wide deviations from the 2.6 ratio was 

reported to be as much as 10% of the operating time within some periods.  

During other periods of several months' duration, the ratio was approximately 

2.6 and required routine chemical feed. The cause of the fluctuations 

in the Marcy-Halstead ratio has been attributed primarily to sea water ingress 

from condenser leakage. Boric acid introduced to the steam side during 

the times of primary-to-secondary leakage is also recognized to have influenced 

the results of steam generator blowdown analyses.  

The chloride buildup in steam generator blowdown provides the most direct 

indication of condenser leakage at seaboard plants. The San Onofre steam 

generators have been exposed to sea water in-leakage over extensive periods 

of time since late 1974. In 1974 and 1975, chloride concentrations in the 

range of 0.3 to 0.5 ppm and greater were present for more than 90% of the 

operating time. In 1976, the chloride exposure above 0.5 ppm was reduced 

to 65% of operating time. Further reductions in condenser leakage, as 

evidenced by chloride in blowdown, were realized in 1977 and 1978 to about 

25 to 30% of operating time. In 1979 and through to March 1980, there 

were several occurrences of sea water in-leakage at low rates which continued 

for several weeks.  
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During May and June, 1978, when San Onofre was being used to load follow, 

the Marcy-Halstead ratio was observed to fluctuate widely. The greatest 

variations during those operations were high ratio results, exceeding a 

Marcy-Haistead ratio of 3.0 for significant time periods. The inability 

to stablize the chemistry has been attrith ed to the effects of hideout 

return on the bulk water chemistry 'whiiedin transient operation.  

In late 1978 and through March, 1980, the Marcy-Halstead ratio demonstrated 

a continuous trend upward until an average Marcy-Halstead ratio of 3.0 was 

observed for the entire first quarter of 1980. The phosphate chemistry 

had been controlled during that operating period using the analytical 

Na/PO4 ratio. The analytical ratio was not a stable indicator of Na/PO4 
ratio for-the period under discussion and, thus, did not provide comparable 

indications .of upward trending as did the Marcy-Halstead ratio. The analytical 

ratio did, on several occasions, spike to a ratio of 3.0 and greater. An 

unexplained occurrence with these data was that the Marcy-Halstead ratio 

consistently was higher than the analytical ratio. The opposite situation 

would be expected since the presence of any sodium contamination would 

increase the ratio, a fact which would be especially noticed at a sea water 

cooled plant.  

A limited amount of blowdown chemistry data performed during shutdown and 

startup has been indicative of significant inventories of hideout chemicals 

as observed during the transient operation. The sequence of operation from 

shutdown and cooldown to heatup and restart has caused variations in the 

blowdown chemistry from concentrations of low ratio to high ratio phosphates.  

The low ratio phosphates returned on cooldown with the high ratio phosphates 

coming into the bulk water at heatup. The high ratio return has not been 

controllable by blowdown. Treatment with mono-sodium phosphate has been 

required, routinely, to bring the Na/PO4 ratio to within operating guidelines 

on startups. The significant hideout return inventories of high ratio 

phosphates observed on each startup indicate strongly that the steam 

generator crevices and sludge continue to contain appreciable quantities of 

undesirable chemicals.  
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When perturbations in chemistry have occurred resulting from sea water 

in-leakage or by primary-to-secondary leakage which introduced boric acid 

to the bulk water, chemical treatment of the generators was generally the 

first course of action taken. If a depressed pH, and therefore, a depressed 

sodium/phosphate ratio, had been attributed to the presence of boric acid, 

action was not taken. The presence of boric acid may be accounted for in 

interpreting the Marcy-Halstead ratio by using curves prepared to show the 

relationship of boric acid at various concentrations relative to pH and in 

a number of different sodium phosphate solutions having Marcy-Halstead 

ratios from 2.0 to 2.6.  

The presence of sea water in the steam generator bulk water has been 

significant over the long term. However, condenser retubing and maintenace 

have demonstrated a reduction in sea water intrusion during recent months 

of operation. The use of sodium hydroxide as a treatment chemical during 

periods of depressed bulk water pH contributes greatly to the risk of 

hideout of free caustic. The use of this treatment chemical has been 

discontinued.  
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APPENDIX B 

STEAM GENERATOR WATER SOAKS & CHEMISTRY CONTROL 

10 INTRODUCTION 

The procedure describes a -sequente bf toperations intended to remove sodium( 

phosphate hideout chemicals from the steam generators after completion 

of sludge lancing and up to the time of initiation of power operation.  

The procedure is designed with the objective of reducing sodium phosphate 

inventories having Na/PO4 ratio compositions outside the range of 2.13 to 

2.85. Recent evaluation of both operating and shutdown steam generator 

chemistry data has indicated particular attention should be paid to removal 

of high ratio sodium phosphates that could return to solution.  

2.0 PURPOSE 

Sodium phosphate contained within steam generator deposits requires appro

priate conditions (i.e., temperature, time, mode of removal) for completion 

of their return to solution and removal from the generators. The.temperature/ 

operating conditions observed in past operations to have caused significant 

hideout return can be used to attain a certain degree of efficiency in 

dissolving the hideout chemicals. This procedure, for dissolution and 

purging of chemicals during both cold and hot conditions and during startup, 

is complementary to the sludge lancing operations already completed. The 

implementation of this procedure, in particular those steps related to the 

actual startup, is intended to be completed only during a period with no 

condenser leakage.  

3.0 INITIAL CONDITIONS 

3.1 Completion of sludge lancing operations, inspections and maintenance.  

3.2 Keep the steam generators drained following inspections and maintenance.  
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4.0 FLUSHING OPERATION SEQUENCE 

4.1 Cold Water Soak 

4.1.1 Upon completion of steam generator inspections and maintenance, 

* and prior to preparations for heatup to restart, fill the steam 

generators with make up water (SIP 5-4, Table 7-1) approximately 

to the operating level. Record the fill volume relative to the 

level reading.  

4.1.2 Allow the cold water soak for a period of up to 24 hours.  

4.1.3 Sample the water locally, using the tubesheet drain line, every 

four hours for chemical analyses. Draw 1 liter samples in 

prewashed polypropylene bottles. At the same time, draw 250 ml 

samples in pre-washed, acid treated polystyrene bottles.  

4.1.3.1 Analyze the samples for the following: pH, conductivity, 

sodium phosphate, chloride, silica and suspended solids.  

Record the analytical Na/PO 4 ratio (correct the sodium 

value for the stoichiometric equivalent of chloride pre
sent before calculating the ratio) and the M/H ratio.  

Retain the unused portions of the samples.  

4.1.3.2 Retain the acid preserved samples for future off site 

analyses for sulfate, potassium, magnesium, lead, 

iron, copper, nickel and.calcium 

4.1.4 Follow the buildup of the phosphate inventory, and using a time 

plot of the phosphate date, estimate a plateau in the hideout 

behavior.  

4.1.5 When a plateau in the phosphate return is judged to have occurred, 

stop the soak and completely drain the generators. Sample during 

the draining as in 4.1.3, but increase the frequency to once per 

hour. Determine the volume drained from the change in level at 

each sample time for mass balance calculations.  
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4.1.6 Refill the steam generators as 4.1.1.  

4.1.7 Repeat the cold water soak for a period up to 8 hours, monitoring 

the chemistry as in 4.1.3 on a two hour frequency. If it is 

observed that amnewVlateauoef5 hosphate release is reached more 

quickly~thnas~berved1w 4.1 5,*ith e-maximum phosphate con

centration approximating 10-15% or less of the phosphate release 

of the initial soak, suspend the soak, drain as in 4.1.5 and 

refill the steam generators as in 4.1.1 with makeup quality water 

to the operating level. Conversely, if it is observed that the 

phosphate release of the second cold water soak approximates the 

first in magnitude of release, allow the release to go to com

pletion as in 4.1.4 and 4.1.5. Then repeat 4.1.6 and 4.1.7.  

4.1.8 Complete as many cold soaks as required by the procedure and as 

practicable before proceeding to the hot soak.  

4.2 Hot Water Soak 

4.2.1 Fill the steam generators with makeup quality water while 

sparging with nitrogen through the blowdown line to the primary 

separator level. Increase the primary side temperature to 

achieve a temperature of 300 - 400OF in the steam generators 

using pump heat. Maintain the specified reactor coolant chemistry.  

Hold the temperature in that range for up to 48 hours.  

4.2.2 Monitor the change in bulk water chemistry using the same pro

cedure as described in 4.1.3. With the generators at 400OF and 

pressurized, this group of samples should be taken at the normal 

sampling location in the laboratory. Allow the sample streams 

to flow continuously to provide representative samples.  

4.2.3 Follow the buildup of soluble phosphate inventory in the bulk 

water, and using a time plot of that data, identify if a plateau 

in the pattern of hideout return occurs.  
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4.2.4 When a plateau in the phosphate return is judged to have occurred, 

or the 48 hours soak achieved, stop the soak and partially drain 

the steam generators while hot. Drain 4 to 5 feet from the steam 

generators, then continue with hideout chemical removal by feeding 

and draining. Sample during the draining. Maintain the level 

above the feed ring. Continue dilution of the bulk water until 

the phosphate concentration is reduced to one hundredth of that 

observed in the peak in 4.2.3. Stop the hot soak and proceed to 

plant startup.  

4.3 Chemistry Control During Heatup for Restart 

4.3.1 Proceed with heatup for restart. Put the feedwater system on 

mini-flow with no feed to steam generators. Overboard the 

hotwell. Monitor the chemistry for iron, copper and suspended 

solids.  

4.3.2 At hot standby, establish the maximum continuous blowdown 

possible. Do not add phosphate chemicals.  

4.3.3 Commence monitoring steam generator blowdown chemistry at a 

frequency of 2 hours.  

4.3.3.1 Analyze the 2 hour samples for pH, conductivity, sodium, 

ammonia and phosphate. Determine the analytical Na/PO4 
ratio (corrected for stoichiometric equivalent to 

chloride) and the M/H ratio.  

4.3.3.2 For the samples taken every fourth hour, expand the 

analytical schedule as described in 4.1.3.  

4.3.4 Maintain a hold at hot standby until the blowdown chemistry 

becomes stable with Na/PO4 ratio less than 2.8 at the maximum 

rate of blowdown in effect. Continue the hold with maximum 

blowdown until removal of any significant return of high ratio 

phosphates has subsided.  
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4.3.5 When a stable blowdown chemistry has been demonstrated, proceed 

with power escalation, maintaining maximum possible blowdown.  

4.4 Chemistry Control During Power Escalation and Steady State Operation 

4.4.1 Ramp the plant loading to 25% and:hIdThfor chemistry stability 

as judged by the presence of phosohates with ratios greater 

than 2.8. Monitor the transport of contaminants and corrosion 

products from the condensate/feedwater systems and determine 

the state of condenser integrity. Condenser leakage should be 

corrected before proceeding with the power ramp.  

4.4.4.1 Sample the steam generator blowdown as in 4.1.3 for 

determination of the following: pH, conductivity, sodium, 

phosphate, chloride, silica, iron, ammonia, hydrazine, 

and suspended solids. Record the analytical Na/PO 4 ratio 

(corrected for stoichiometric equivalent to chloride) 

and the M/H ratio.  

Sample .the feedwater (1 liter) using polypropylene 

bottles for determination of pH, conductivity, hydrazine, 

ammonia, copper, iron, suspended solids, chloride, and 

cation conductivity.  

Retain the unused portion of the blowdown and feedwater 

samples. Retain the acid preserved blowdown samples for 

future off site analyses for sulfate, potassium, magne

sium, lead, iron, copper, nickel, and calcium.  

4.4.2 Repeat the chemistry sampling one to two hours later as described 

in 4.4.1.1 while holding at 25% power.  
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4.4.3 If no high ratio phosphate hideout return is observed, (while 

at maximum blowdown, phosphate does not exceed 2 ppm, Na/PO4 
does not exceed 2.8) commence phosphate injection to achieve a 

2.3 Na/PO 4 ratio with a 50 ppm residual. Maintain that chemistry 

for a miminum of 24 hours. Proceed jith plant loading to full 

power, maintaining maximum blowdown while continuing the 

phosphate feed as described.  

4.4.4 Monitor the blowdown chemistry and feedwater chemistry at a 

four hour frequency as described in 4.4.1.1.  

4.4.5 Reduce the phosphate residual to 20 ppm with limits of 15 to 

30 ppm and a target Na/PO 4 ratio of 2.4 (limits 2.3 to 2.6) 

determined using the Marcy-Halstead ratio. Confirm the Na/PO 4 
ratio by determination of the analytical ratio with the sodium 

value corrected for the stoichiometric equivalent of chloride 

present.  

4.4.6 If high ratio phosphate return is observed during the hold at 

25% power, continue blowing down and hold for chemistry stability 

as instructed in 4.4.1 and 4.4.2 for a minimum of 24 hours.  

When stability is achieved as described in 4.4.3, proceed with 

phosphate treatment and plant loading (4.4.3).  

4.4.6.1 When the phosphate concentration has been reduced to 

20 ppm with target ratio 2.4 (see instruction 4.4.5), 

continue monitoring the blowdown and feedwater chemistry 

at a four hour frequency until the desired phosphate 

chemistry control has been stabilized.  

4.4.6.2 Analyze the blowdown and feedwater samples as described 

in 4.4.1.1.  

4.4.7 When the blowdown phosphate chemistry control has been stabilized 

at 100% power for a minimum of 48 hours, return to the normal 

analytical sampling schedule (SIP 5-4, Section 9) and maintain 

steam generator chemistry as described in 4.4.5.  
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