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ABSTRACT

Portions of seven (7) tubes were removed from the "B* OTSG at CR-3 during Refuel 8 (June 1992) and
sent to the Rabcock & Wilcox Company's Lynchburg Technology Center (LTC) for a laboratory
evaluation. Six of the tubes contained low voltage ECT indications in the free span region between the
secondary face of the lower tubesheet (LTSF) and the first tube support plate (TSP). The 7th tube had
eddy current indications at the 7th TSP; however, due to difficulties encountered during tube removal,
this region of interest was not recovered. The objectives of the laboratory examination were to physically
characterize any tube degradation for correlation with field eddy current data, to determine the effect of
these defects on the pressure holding capability of the tubing, and to establish the damage mechanism.

The defects responsible for the low voltage eddy current signals in the first span region consisted of
small, relatively shallow, isolated patches of OD-initiated IGA. The IGA damage was associated with
a non-uniform deposit pattern, concentrated in an area 8 to 18 inches above the secondary face of the
lower tube sheet. The corrosion was attributed to low-temperature, reduced-sulfur attack, which probably
occurred early in plant life and is no longer active. The bobbin coil eddy current technique was
successful in detecting this damage, detecting all [GA paiches with depths greater than 50% throughwall
and ~80% of those with depths equal to or greater than 40% throughwall. Additionally, lab tests
determined that the IGA had almost no effect on the burst strength of the tubing.
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SUMMARY

Crystal River Unit 3 (CR-3) is an 860 MWe pressurized water reactor (PWR) plant owned and operated
by Florida Power Corporation (FPC). The plant has been operating commercially since March 1977,
CR-3 utilizes two (2) Model 177 FA once-through steam generators (OTSG) designed and fabricated by
The Babcock & Wilcox Company. Each steam generator has 15,531 Alloy 600 tubes with nominal
dimensions of 0.625 inch OD X 0.034 inch wall thickness.

Analysis of Refuel 7 field eddy current data revealed a significant number of indications along the tube
free spans in the boiling regions of the steam generators. In particular, numerous indications were
observed in the free span between the lower tubesheet secondary face (LTSF) and the first tube support
plate (TSP) of the "B" steam generator. Many of these indications were just below the threshold of
detection, and were difficult to distinguish from background noise. To investigate these indications
further, sections ot 6 tubes were removed from the lower part of the "B" steam generator tube bundle
during Refuel 8 in May 1992 and submitted for detailed laboratory examination and root cause evaluation.
Additionally, an attempt was made to pull a 7th tube which had eddy current indications at the 7th TSP,
The area of interest for this tube was not recovered, however, since the tube became stuck in the steam
generator during the removal process.

The objectives of the examination were as follows:

1. Physically characterize any tube degradation, particularly damage associated with low
signal-to-noise ratio (S/N) indications in the boiling/free span regions, for correlation
with field eddy current and ultrasonics data. This included identification of the type of
and extent of degradation and the degree of through-wall penetration. This data was used
to establish the baseline sensitivity and sizing accuracy of the NDE techniques for this
type of defect.

L]

Obtain burst pressure data to determine the effect of any significant defects on the
pressu-e holding capability of the tubing.

3 Attempt to establish the damage mechanism responsible for the eddy current indications.

4, Evaluate plant chemistry trends with respect to the degradation observed.

The laboratory examination consisted of eddy current and ultrasonics testing, radiography, dimensional
measurements, visual inspection and photography, burst testing, extensive metallography, and corrosion
film and deposit analysis.

In parallel with the tube examination, a review of plant chemistry data and hideout return studies were
conducted by Adams & Hobart, Consulting Engineers. The purpose in conducting a review of the plant

chemistry information was to look for a causal relationship of tube degradion with the steam generator
environment.

In addition to the plant chemistry studies, independent reviews of eddy current test data (both historical

and present) were carried out by the EPRI NDE Center. The objectives in reviewing historical eddy
current data were (1) to establish the approximate date that tube defect indications were first observed,
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and (2) to determine if the defect indications are changing in size or in number. The latter objective
addresses whether the damage mechanism is active or inactive.

The results obtained in this project can be summarized as follows:

The defects responsible for the low voltage eddy current signals in the first span region consisted
of small, relatively shallow, isolated patches of OD-initiated IGA. The IGA damage was
associated with a non-uniform deposit pattern, concentrated in an area 8 to 18 inches above the
secondary face of the lower tube sheet.

The corrosion was attributed to low-tumperature, reduced-sulfur attack, which probably occurred
early in plant life when resin leakage from the condensate polishing system and poor oxygen
control during wet lay-up combined to produce conditions favorable for this type of corrosion.
A review of recent plant chemistry data, including hideout return studies, suggests that the
present chemistry environment does not support continuation of the reduced sulfur acid attack
below the first tube support plate, It is recommended, however, that precautions be taken to
ensure that acidic conditions in the lower part of the steam generators do not recur.

The bobbin coil eddy current technique used for the inservice inspection successfully detected this

damage, detecting all IGA patches with depths greater than 50% throughwall and ~80% of those
with depths equal to or greater than 40% throughwall.

§-2



Section 1

INTRODUCTION

1.1 Background Information

Crystal River Unit 3 (CR-3) is an 860 MWe pressurized water reactor (PWR) plant owned and operated
by Florida Power Corporation (FPC). The plant has been operating commercially since March 1977,
CR-3 utilizes two (2) Model 177 FA once-through steam generators (OTSG) designed and fabricated by
The Babcock & Wilcox Company. Each steam generator has 15,531 Alloy 600 tubes with nominal
dimensions of 0.625 inch OD X 0.034 inch wall thickness.

Analysis of Refuel 7 field eddy current data revealed a significant number of indications along the tube
free spans in the boiling regions of the steam generators. In particular, numerous indications were
observed in the first free span between the lower tubesheet secondary face (LTSF) and the first tube
support plate (TSP) of the "B" steam generator. Many of these indications were just below the threshold
of detection, and were difficult to distinguish from background noise. To investigate these indications
further, sections of 6 tubes were removed from the lower part of the "B" steam generator tube bundle
during Refuel 8 in May 1992 and submitted for detailed laboratory examination. In addition, an attempt
was made to pull a 7th tube (tube no. 133-33) which had eddy current indications at the 7th TSP. The
area of interest for this tube was not recovered, however, since the tube became stuck in the steam
generator during the removal process.

A sketch of the pulled tube segments and their approximate elevation in the CR-3 steam generator is
provided in Figure 1-1.

12 Projsst Objectives

The objectives of the examination were as follows:

§ Physically characterize any tube degradation, particularly damage associated with low
signal-to-noise ratio (S/N) indications in the boiling/free span regions, for correlation
with field eddy current and ultrasonics data. This included identification of the type of
and extent of degradation and the degree of through-wall penetration. This data was used
to establish the baseline sensitivity and sizing accuracy of the NDE techniques for this
type of defect.

2. Obtain burst pressure data to determine the effect of any significant defects on the
pressure holding capability of the tubing.

3. Attempt to estublish the damag> mechanism responsible for the eddy current indications.
4 Evaluate plant chemistry trends with respect to the degradation observed.

1.3 Techaical Approach

Since the sections of tubing removed from the steam generators were contaminated in service with

activated corrosion products from the primary system, the bulk of the tube examination was conducted
under controlled conditions at B&W’s Lynchburg Technology Center. The examination "Table 1-1)
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consisted of eddy current and ultrasonics testing, radiography, dimensional measurements, visual

inspection and photography, burst testing, extensive metallography, and corrosion film and deposit

analysis

In parallel with the tube examination, a review of plant chemistry data and hideout return studies were
nducted by Adams & Hobart, Consulting Engineers. The purpose in conducting a review of the planrt
chemistry information was to look for a causal relationship of tube degradion with the steam generator

environment

In addition to the plant chemistry studies, independent reviews of eddy current test data (both historical
and present) were carried out by the EPRI NDE Center. The objectives in reviewin{ historical eddy
current data were (1) to establish the approximate date that tube defect indications were first observed,
and (2) to determine if the defect indications are changing in size or in number. The latter objective
addresses whether the damage mechanism is active or inactive

|.4 Results Summary

The defects responsible for the low voltage eddy current signals in the first span region consisted of
small, relatively shallow, isolated patches of OD-initiated IGA. The IGA damage was associated with
a non-uniform deposit pattern, concentrated in an area 8 to 18 inches above the secondary face of the
lower tube sheet. The corrosion was attributed to low-temperature, reduced-suifur attack, which probably
occurred early in plant life when resin leakage from the condensate polishing system and poor oxygen
control during wet lay-up combined to produce conditions favorable for this type of corrosion. The
bobbin coil eddy current technique was successful in detecting this damage, detecting all [GA patches
with depths greater than 50% throughwall. Additionally, laboratory tests demonstrated that the [GA has
little effect on the burst strength of the tubing

1.5 Report Organization

Results of the nondestructive and destructive rube examinations are described in Section 2. Evaluation
of the data and correlations with eddy current testing and plant chemistry information are included in
Section 3. All of the results are discussed in Section 4 and conclusions are presented in Section 5. Eddy
current information and individual reports by the EPRI NDE Center and by Adams & Hobart are
included in Appendices A through C




TABLE 1-1: EXAMINATION CUTLINE

TASK 1: NONDESTRUCTIVE PHASE

Receipt Inspection*

Visual Inspection & Photography*

Eddy Current Tasting®*

Uttrasonic Testing**

X-Ray Radiography*®*

TASK 2: DESTRUCTIVE PHASE

Hand-Pull ECT

00 Descaling X

Post-Clean ECT X

Liquid Penetrant X _]
Tube Sectioning X X x ]
Tube Swelling X X X X

Burst Testing x

Deposit Sampling X X X X
Steracvisual X X X X X X

Tube Sectioning X X X X X
SEM/EDS X » X X
Meta/ography X X X X X
SAM/XPS ¥

¢ All tube sections
** These examinations were perforrned only on these tube sections with field eddy
current indications
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Section 2

TUBE EXAMINATION

2.1 Nondestructive Exaninations
2.1.1 Receipt Inspections

The CR-3 tube sections arrived at the Lynchburg Technology Center (LTC) on August 12, 1992. Contact
radiation levels on receipt were approximately 200 mR/hr y and smearable contamination levels were on
the order of SO0K dpm/100cm?, requiring much of the initial work to be performed under Radiation Work
Permits (RWPs).

The tube sagments were measured for length and visually inspected for orientation markings and
landmark features (e.g., lower tubesheet secondary face (LTSF) and tube support plate (TSP) regions)
for comparison with tube removal records. Once the tube orientation relative to the steam generator tube
array was established, each tube segment was notched at an arbitrary 0° position at the bortom to preserve
the orientation. Angular convention used throughout this report is clockwise looking at the bottom of the
tube. Length measurernents and the location of important landmarks were generally verified to within
1/4 inch of the field reported data (see Table 2-1 for lab data).

TABLE 2-1

TUBE RECEIPT INSPECTION RESULTS

Tube No. 52-51 Tube No. 90-28 Tube No. 106-32

f

| piece | tongs | Lantrarts || pice | Longt | Lanimurts | Pioce | Longn | Landota |
" 213 s 2.1 s 2.1
3 91 | TsP(ies f 4 s | TSR f 4 %8 | TSP(1LE)
IA 43 3 2.6

LTSF 2.6) LTSF (7.5) LTSk (7.5)
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TABLE 2-1 (cont.)

TUBE RECEIPT INSPEC™TON RESULTS

Tube Ne¢. 97-91 Tube M. 109-30 Tube No. 41-44
Picce | Length | Landmarks Piece | Length Landmarks Piece | Length | Landmarks
5 289 5 20.0 5 24.0
4 180 | TSP(10.6) 4 2.8 TSP (9.5) 4 19.3 TSP (7.5)
3 118 3 16.6 3 14.5
2 06 | LTSF(7.9) 2 27.1 LTSF (7.9) 2 288 LTSF (5.0)
1 15.5 ! 15.3 1 17.6

Tube No. 133-33

LTSF (15.6)

TSP 6.0) | ; TSP 8.3)

*Not verified due to extensive deposit spalling.
Note: Numbers in parentheses are inches to TSP center from the tube bottom end (TBE).

2.1.2 Visual Inspection and Photography

Each tube segment was examined visually and selectively at low power (up to 40X) with a
stereomicroscope to characterize surface deposits, visible regions of degradation, dimensional variations,
mechanical damage sustained during tube removal and other items of interest. Important results of the
examination were documented photographically.

Gengral Appearance

In general, the freespan tube surfaces were covered with a relatively thin layer of black deposit. The
outer regions of the deposit were powdery and nonadherent, but the underlying deposit was more
tenacious (verified by scraping). These characteristics are typical of magnetite deposits, which form on
boiling surfaces in steam generators utilizing AVT water chemistry control. Minor scratches and saw
nicks from the tube pulling operation were common 0 all tube sections as well.

L)
'
o



On all tubes, regions contained within the tubesheet were essentially free of deposits, although some light
green deposits were noted on most tubes in the first few inches below the LTSF. The areas void of
deposit typically exhibited a copper-colored sheen; this may simply have been due to a thin Ni-Cr oxide
film on the metal surface. Some minor pitting was also typically observed within 2 to 3 inches below
the LTSF. The LTSF regions for all tubes except 133-33 are shown in Figures 2-1 through 2-6.

- - -

For all tubes except 133-33, the deposits had a pronounced irregularly-shaped splotchy appearance,
resulting from (1) spots where the deposit had spalled off exposing the tube metal and (2) areas where
the deposit was thinner and darker than the surrounding bulk deposit giving a scalloped appearance (see
Figs. 2-7 through 2-12). There were some subtle tube-to-tube differences in the deposit character as
discussed below:

Tube Section 52-51-2: The scalloped patterns were less prevalent in the
0° orientation. Also, coarser scallop panterns were present along the
180° and 270° orientations. A half inch wide circumferential band of
relatively smooth uniform deposit was noted 19 inches above the LTSF;
immediateiy adjacent to and on either side of this band, the scallop
parterns were very coarse and appeared to have some significant depth
(see Fig. 2-13). A 3/8 inch wide circumferential band of apparently
deep scallop patterns was observed about 21 inches above the LTSF (see
Fig. 2-14).

Tube Section 9%0-28-2: The scalloped deposit patterns were generally
coarser than 52-51-2 and were more prevalent in the 0° and 270°
orientations. Also, there was large areas of spalled deposit.

Tube Section 97-91-2: The deposits on this tube section were more
uniform than the other tubes. The dark scalloped patterns were not
nearly as evident, although there were many tiny spots of spalled deposit.

Tube Section 106-32-2: The deposit patterns on this tube section were
very similar to §2-51-2, except that coarser scalloped patterns were most
apparent along the 90° orientation.

Tube Section 109-30-2: The deposit patterns on this tube section were
quite similar to 90-28-2, with the coarsest scallop patterns present in the
0° orientation.

Tube Section 41-44-2: The deposit patterns on this tubr. section were
very similar to 52-51-2, except that the scallop patterns were more
uniformly coarse around the tube circumference. Also, an axial band of
spalled deposit was observed along the 0° orientation.

In any case, no defects were identified by visual inspection in any of these tube sections in the first

freespan zone, particularly in the area immediately above the LTSF (i.e., the location of the field reported
bobbin coil indications).
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In general, the suppert plate land contact positions were easily visible on these tubes due to the general
absence of deposit (see Figs. 2-15 through 2-20). There were no obvious signs of wear or significant
pitting in the TSP regions. The deposit patterns described previously generally persisted up to the TSP,
then continued on above. Tube-to-tube differences are discussed below.

Tube Section 52-51-3: Tube section 52-51-3 was bowed rather severely
just below the TSP and the deposits were severely spalled in this area
(see Fig. 2-21). This was probably a result of the tube pulling operation.
Deposits above the TSP were similar to those described previously,
except the scalloped patterns were much larger (see Fig. 2-22).

Tube Section 90-28-4: There was extensive deposit spalling within the
TSP region on this tube section. A typical deposit pattern above the TSP
is shown in Figure 2-23).

Tube Section 97-91-4: Deposit spalling within the TSP was also
reasonably extensive on this tube. This tube section was different than
the others in that the deposit was very uniform, with the exception of
some occasional spalling. A typical area is shown in Figure 2-24.

Tube Section 106-32-4: The scalloped deposits persisted above the TSP
on this tube, but the patterns were coarser than those in the free span
below the TSP. A typical area is shown in Figure 2-25.

‘Tube Section 109-30-4: Similar to tube section 106-32-4 (see Fig.
2-26).

Tube Section 41-44-4: Some possibie, but very minor pitting was noted
at the 30° land contact on this tube section. The deposit characteristics
were very similar to tube section 106-32-4 (see Fig. 2-27).

Comments on Tube 133-33

In a few locations, the deposit in the first freespan zone on tube 133-33 exhibited characteristics similar
to the other tubes, but in general it possessed a relatively uniform, thin deposit layer. The deposit layer
appeared to become somewhat thicker with increasing elevation in the steam generator, but above the 3rd
TSP essentally all of the deposit had spalled off - probably a result of the tube removal operation. The
TSP land contact zones were not nearly as visible on this tube.

2.1.3 Laboratory Eddy Current Testing

All tube segments containing TSP intersections, roll expansion transitions and areas with suspected defects
were inspected by eddy current probes to characterize and to accurately locate the defects, and to
correlate the lab eddy current data with that obtained in the field. The probes used for the examination
were (1) Zetec 0.510" mag-bias universal long coue high frequency (M/ULC/HF) bobbin coils and (2)
Zetec 0.520" 3-coil motorized rotating pancake coil (MRPC) probes. Data was acquired and analyzed
using Zetec DDA-4 and Eddynet software.
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From the examination, two major observations were made:

(1 The defects presented a volumatric (non-cracklike) signature, similar to sigtals provided
by shallow, outside diameter pitting.

(2) The majority of flaws reported in the field were confirmed in the laboratory . No new
or different modes of degradation were detected.

Detailed results of the laboratory examination may be found in Appendix A. Note that for brevity,
figures (lisajous piots and MRPC terrain maps) are not included in the Appendix.

2.1.4 Ulrrasonics Testing

Tube segments containing areas with suspected defects were inspected by ultrasonics. BWNT's rotating
probe ultrasonic inspection system (UT-360) was used for both pre-tube pull and post-tube puil
examination. The objective was to determine if ultrasonic inspection is a viable technique for detecting
defects of the type present in the CR-3 steam generators.

Comparison of the UT (lab and field) data with ECT data showed good correlation between field and lab
UT data, but no correlation with ECT data. Most defect indications found with the eddy current probes
were not detected with the ultrasonic inspection system. Results of the UT-360 examination are
documented in Reference 1.

2.1.5 X-Ray Radiography

X-Ray Radiography was performed on the freespan areas containing eddy current indications and at the
Ist TSP regions on all of the tube segments except 133-33. A Norelco 150 Model MG150 industrial
radiographic unit with a 150 KV heavy duty double focus x-ray tube was used for this inspection. A
double wall radiography technique was used and each area of interest was radiographed in four (4)
angular positions (i.e., 0°, 45°, 90°, and 135°). Two sheets of 14* X 17° Type S(R) Kodak high
resolution film were loaded into the cassettes to obtain two radiographs of slightly different density for
each exposure. Front and back lead screens (5 mils thick) were utilized in the film cassette. For most
of the radio-graphs, the exposure conditions were 150 KV tube voltage and 20 ma tube curreat for 0.9
minutes at a source-to-film distance of 35 inches. These parameters were chosen based on operator
experience to obtain high film contrast and good sensitivity. All of the radiographs were carefully
inspected on a light box using a hand held magnifying glass.

No defect indications were observed in any of the radiographs. Some tube sections exhibited wispy
indications, which may have been due to deposit patterns or residual water (from the ultrasonics testing)
on the inside of the tubes. The observed wispy patterns were in no way related to the OD deposit
patterns noted previously. Since no service related defects were identified, prints of the x-ray film were
not reproduced in this report.
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Figure 2-2: Tube Section 90-28-2. LTS Region As-Received (2.2X. Bottom At Left)
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Figure 2-4: Tube Section 106-32-2, LTSF Region As-Received (2.2X: Bottom At Left)
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Figure 2-6: Tube Section 41-44-Z, LTSF Region As-Received (2.2X; Bottom At Left)
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Figure 2-13: 52-51-2, LTSF+ 19", Circular Band of Non-Uniform Deposits
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Figure 2-14: 52-51-2, Possible Pits and Non-Uniform Deposits above LTSF
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Tube Section 52-51-3, TSP Region (As-Receivea)
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Figure 2-16. Tube Section 90-28-4, TSP Region (As-Received)
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Figure 2-17: Tube Section 97-91-4, TSP Region (As-Received)
" A&



470

285"

Figure 2-18: Tube Section 106-32-4. TSP Region (As-Received)
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Figure 2-20: Tube Section 41-44-4 TSP Region (As-Received)
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Figure 2-21: 52-51-3, Spalled Deposit at TSP-2'4" Where Tube Was Bowed
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Figure 2-23: 90-28-4, Axial Lines of Slightly Heavier Deposit
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Figure 2-24: 97-914, Spalled Deposit 1st TSP-5 5/8"
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DRestructive Phase - Methods & Results
2.1 Slow-Pull Bobbin Coil Eddy Current Testing

The six tube sections containing eddy current indications in the region above the LTSF were reinspected
by bobbin coil eddy current techniques. The axial position of each eddy current indication was more
precisely determined by slowly puiling and centering the probe at each indication, then marking the probe
sheath at the bottom end of the tube section at the 0° orientation and physically measuring the distance
from the mark to the center of the coils. Prior to performing this test, the positioning capability of the
probe was demonstrated using a calibration standard. The results are summarized below in Table 2-2:

Table 2-2
RESULTS OF SLOW-PULL BOBBIN COIL INSPECTION

Section No. Defect Locations (inches above LTSF)

52-51-2 ) 9.9 10.8

90-28-2 11.5

106-32-2 3 9.9 11.3

97-91-2 8.9 12.0

109-30-2 8.4 9.0 96

41-44-2 ) 7.6 12.4 16.1

After completing this test, tube section no. 41-44-2 was archived at the LTC for possible future
analysis.

Following eddy current testing, tube sections 97-91-2 and 106-32-2 were descaled using a two step
cleaning process consisting of a 4 to 8 hour soak in an alkaline permanganate (100 g/1 NaOH and 30 g/
KMnO4) solution at 90 to 95°C followed by a short (i.e., less than 10 minute) duration dilute acid (6N
HCI inhibited with 2 g/l hexamethylene tetramine) rinse at ~60°C.'

As a result of cleaning, the radiation and loose contamination levels on both tube sections were reduced
to less than 2 mR/hr (contact y) and about 1K dpm/100cm?, respectively. The OD tube deposits were
completely removed, although light-colored "stains" were apparent, which generally correlated with the
spailed deposit regions and darker scalloped areas noted previously during the visual inspection.

This process is not aggressive to the base metal, but is very effective in breaking down the spinel
structure associatec with corrosion films formed on Ni-Cr-Fe alloys in high temperature pure
water,

2=36




2.2.3 Post-Cleaning Eddy Current Testing of Tube Sections 97-91-2 & 106-32-2

After descaling, tube sections 97-91-2 and 106-32-2 were reinspected by the bobbin coil eddy current
technique described in Section 2.2.1 to establish any effect the OD deposits may bave had on the eddy
current signals. No significant deposit effect was observed.

2.2.4 Dye Penetrant Inspection of Tube Sections 97-91-2 & 106-32-2

The two (2) descaled tube sections (97-91-2 and 106-32-2) were examined by fluorescent liquid penetrant
inspection to identify defects which may not have been detected previously. Liquid penetrant indications
were photographed to document their location and orientation, and further characterized by subsequent
visual and/or stereovisual examinations.

Other than minor pitting noted in a few locations, no significant defects were identified. There were
localized areas exhibiting general surface roughness - possibly a result of IGA. However, cnly a few of
these indications were actually verified to be IGA after swelling and metallographic examination. The
results of this inspection are summarized below in Table 2-3; pitting and suspect IGA areas are shown
in Figures 2-28 (Section 97-91-2) and 2-29 (Section 106-32-2).

2.2.5 Burst Testing

The two (2) descaled tube sections (97-91-2 & 106-32-2) were pressurized at room temperature to
determine burst strength and open existing defects. The tube se. ..ns were installed in the burst test sytem
using standard Swagelok™ fittings. A pneumatically driven, piston-type hydraulic pump was used to
charge an accumulator to approximately 30,000 psi; pressure was appiied to the test tube section through
a metering valve to achieve pressurization rates on the order of 2,500 psi per second; time to burst the
CR-3 tubing was less than 10 seconds. Tube pressure was monitored by a 0 to 30,000 psi Heise gage
with an accuracy of £0.1%. Also, a permanent record of each pressurization event was obtained via a
pressure transducer connected to a x-y recorder.

Both tube sections burst at relatively high pressures - 12,400 and 11,400 psi for sections 97-91-2 and
106-32-2, respectively. Both tube sections exhibited significant uniform plastic deformation; tube section
106-32-2 ruptured in classical *fishmouth” fashion, but tube section 97-91-2 exhibited a more localized
pinhole failure.



Tube Section 97-81-2:

Table 2-3

LIQUID PENETRANT INSPECTION RESULTS

P&i%‘n' ﬁé‘ﬂh‘dﬁ Description
-0.1 140° Superficial pitting below LTSF
0.0 270° Whth suruco deposit; no defect
8.4 90°
8.9 45°
9.6 135° On
11.4 90° Small pits within an axial scratch
13.3 350° Superficial pitting and locali rf hn
13.8 0° Localized minor surface roughness
14.5 0° Localized minor surface hness

Tube Section 106-32-2:

* Relative to LTSF, inches

PN’ Description
0.1 10¢ White surface deposit; no defect
0.1 315° White surface deposit; no defect J
0.4 200° White suﬂocg_g_cgﬂ,_gg‘ofm
6.4 70° icial pitting and | hness* *
8.4 | _280° jwu_m_“_&m_m_._m“
8.6 90° Single pit with localized s\ rface roughness |
8.8 90°¢ Single pit with localized su face roughness
! 9.0 90° rficial pi “ li rfa ‘

28 200° Superficial pitting and localized surface roughness

10.0 30° Superficial pitting and locali surface roughn

11.4 10° Superficial pitting and localized surface rogghnou

11.8 180° rficia! pitting an liz yrf hn

13.2 150° Superficial gtnng and localized surface rogghmu ‘
14.4 20° Superficial pitting and localized surface roughness ‘

14.9 138°¢ Localized surface roughness

** Verified to be IGA after swelling or bursting, and subsequent metallographic @xamination.



2.2.6 Tube Swelling & Deposit Collection

Seven (7) tube sections as identified in Table 2-4 below were pressurized at room temperatur. to achieve
yielding and swell the tube sufficiently to spall off OD deposits and open up any existing dgfects. .To
prevent chemical contamination of surface deposits, deionized water was utilized as the working fluid.

The tubes reached yield at pressures of about 6,500 psi, then were plastically swelled to a diametrical
expansion of about 10%. The maximum pressure applied to each tube section was 8,400 psi, with the
exception of number 90-28-2, which sprung a pinhole ieak at 8,050 psi; the leak location was LTSF +
10.2 inch and 330°, which was within 1/4 inch of the uppermost field reported eddy current indication
(see Fig. 1-1). In general, the OD tube deposits spalled off in small flakes, leaving behind a relatively
clean surface; the deposits weie collected and dried, then weighed to the nearest milligram.

Table 2-4
SWELLED TUBE SECTIONS & COLLECTED DEPOSITS

Tube Section Areas of Interest for Deposit Deposit Weight

(mg)

52-51-2 Freespan area above LTSF 850
52-51-4 Freespan area above 1st TSP intersection 1697
90-28-2* Freespan area above LTSF 382
90-28-5 Freespan area above Ist TSP intersection 778
133-33-3/2 Freespan area above LTSF 340
133-33-9%+ Freespan areas adjacent to TSP 321
133-33-9%¢ 3rd TSP intersection 1537

* This tube section sprung a pinhole leak at 8,050 psi.
** Highest available TSP intersection with visible deposits.

Note: Prior to swelling tube section 52-51-2, a 2-3/4 inch long section was
removed from the top due to a throughwall saw nick (from tube
removal). Also, prior to performing any swelling of 52-51-4, 90-28-5
and 133-33-3, ring sections were isolated near the top of each section for
metallographic and SEM/EDS characterization of the OD deposits.

In addition to the deposit flakes collected from the swelled tube sections, other bulk deposit samples were
collected as shown in Table 2-5 below. These additional deposit samples were obtained by scraping the
tube surface with a razor knife thoroughly cleaned in ethanol.




Table 2-§
OTHER COLLECTED DEPOSITS

Deposit Weight

Tube Section Areas of Interest for Deposit (mg)
24

52-51-2 Green deposits just below LTSF 4

-
/

90-28-2* Green deposits just below LTSF

133-33-3 Primary deposits® 6

* Obtained after longitudinally splitting and clam shelling a two inch long section of tube; the primary
side deposit was extremely thin,

2.2.7 Post Burst/Swell Test Visual & Stersovisual Inspections

The burst/swelled tube sections were inspected visually and at low power (i.e., magnifications up to 40X)
with a stereomicroscope to identify, precisely locate and further characterize any defects, which may have
opened up

Representative mosaics of tube sections 97-91-2, 106-32-2, and 52-51-2, are shown in Figures 2-30
through 2-32. As stated in Section 2.2.2, light-colored “stains" were present over much of the OD
surface on the descaled tube sections; these stains generally correlated with the spalled deposit regions
and darker scalloped areas noted previously during the visual inspection. The stereovisual inspection
revealed defects within some of these light stains, Most of the degradation was in the form of small IGA
patches, although some minor pitting was occasionally observed. It was also observed that some of the
defects were located at axial scratches. These scratches were most likely created during tube installation
since fresh scratches caused by tube removal would have been observed in the initial examination but
were not. A total of 17 and 56 potential defect areas were identified on burst tube sections 97-91-2 and
106-32-2, respectively. Representative defect areas are shown at higher magnification in Figures 2-33
All defect information is summarized in Table 26 below.




Table 2-6: STEREOVISUAL INSPECTION SUMMARY

Note: Axial position is given relative to the LTSF; axial extent is given in mils.
Tube Section: 97-91-2

A xlm‘r{‘q'uln

mm

Description

Tube Section: 108-32-2

.

A n’n?

ton

B, |AddMiier | A& R uter

18.1 | 285* | 9.1 0.4 Possible minor pit 320° | 19.7 Minor IGA patch
L 188 20| 5.9 0.7 Poesible minor pit ‘K 8.8 | 228° 49.8 3.8 Small IGA patch
‘W 14.1 | 1056° | 80.8 9.8 Small IGA patch | 8.6 | 386° | 8.7 0.9 Minor IGA patch
U 11.8 | 245° | S4.1 9.8 Small IGA patch *G 3.3 20° | 131 0.7 Minor IGA patch
oy 11.8 90° 1810 [ 13.8 Smali IGA patch *E2 28 20| 2.6 1.1 Minor IGA patch
‘S 11.4 98° | 11.2 0.1 Minor pitting *E1 2.8 | 2858* ] 101 3.3 Minor IGA patch
R1 9.3 | 350° | 15.9 2.7 Minor IGA patch ‘D 2.6 350|278 1.3 Minor IGA patch
P 8.4 90* | 73.2 | 15.2 Small IGA patch Minor pitting
Smail IGA patoh * Defects sssvcisted with axial scistches.

" Defects associated with axial scratches

nguler Anm.n"g'ul Description Description
8G 16.8 90° | 29.5 3.1 Srmall IGA patch *AG1 8.7 8% | 9.8 1.5 | Small IGA patch
8F 16.5 30° | 34.8 4.5 Small IGA pateh AE 7.9 | 225°1683.7 | 11.5 | Small IGA patch
80 15.8 50 | 32.2 8.4 Small IGA patch AD 7.7 80* | 26.0 9.8 | Small IGA patch
8C 16.8 30° | 31.3 8.4 Smail IGA patch AC2 7.8 220] 978 8.4 | Small IGA patch
88 15.0 90° | 30.4 5.8 Smail IGA patch AC1 7.8 80° | 3.0 7.6 | Small IGA patch
8A 14.9 35° | 43.2 7.1 Small IGA patoh AB 7.3 70°* | §3.9 40 | Small IGA petch
AZ 14.8 45° (32,4 $.1 Small IGA patch AA 7.1 | 200° | 40.0 9.0 | Small IGA patch
AY 14,6 | 220° | 5583 | 18.1 Small IGA patoh 2z 8.9 [ 180" | S2.4 9.8 | Small IGA patch
AX 14.3 30° | 39.9 9.6 Smail IGA pateh Y 8.4 85° | 14.5 1.8 | Minor IGA patch
AY 13.8 80° | 39.8 2.6 Small IGA patoh X2 8.3 681708 | 11.0 | Minor IGA petch
AU [13.4 45° | 47.2 | 11.2 Small IGA patoh X1 6.3 S0* | 18.0 7.8 | Smail iGA patch
AT 13,2 1 135° 1598 | 103 Small IGA patch V2 53 | 128°|40.8°| 5.3 | Small IGA petch
*AR [ 12.3 90° 449 | 12.8 Small IGA patch V1 $.2 45 | 8.8 2\ Minor pit
AQ2 | 11.8 | 180 | 48.7 | 11.2 Smaell IGA patch T 4.1 8C* 8.8 1.0 Minor pit
AQ! | 11.8 90° | 29.4 4.8 Small IGA patch R 0.0 [ 280* | 165.4 4.0 | Minor IGA patch
*AP | 113 20 | 70.8 8.0 Small IGA patch Q 0.6 | 190° 1171 3.2 Small pit
*AQ | 111 30° | 253 8.4 Small IGA patch 0 -1.8 | 210*| 29 3.1 | Minor IGA patch
AN 10.9 | 240° | 32.4 8.7 Small IGA patch N -1.8 | 270% | S.4 1.0 | Minor IGA patch
*AM3 | 10.9 0% ] 29.2 3.2 Smali IGA patch M1 -2.3 | 308° | 8.8 0.8 | Minor IGA patch
AM2 | 10.8 45° | 18.1 3.0 Srnall IGA patch i -2.3 | 280° | 281 4.8 Minor pitting
AM1 | 10,7 | 180° | 16.8 1.8 Small IGA patch K -2.4 |1 310°% | 24.2 7.8 | Small IGA petch
AM! | 10.7 | 125°* | 25.8 2.9 Smatl IGA patch J -2.86 | 105 | 95 5.8 Smaldl pit
AL2 | 10.8 25 | 481 4.8 Smail IGA petch | -2.8 40° | 14,1 5.3 | Small IGA patch
ALY 110.4 75* |1 19.1 2.3 | Small IGA patches H -2.9 | 120*]| 8.7 3.8 | Minor IGA petch
AK 10.0 28° | 63.2 | 138 Senall IGA patch ‘G -3.3 | 180¢| 8.3 8.5 Minor pitting
AJ 9.7 | 190° | 58.4 9.3 Small IGA patch F -3.4 | 180% 120 9.3 | Minor IGA patches
A 8.9 89° | 58.9 5.7 Srmall IGA patch E -3.9 | 148° | 18.2 3.4 | Small IGA petch
8.7 82.3 Srmall IGA patch “"w ‘5.4 49 Minor pitung




For tube sections 52-51-2 and 90-28-2, the deposits spalled in such a manner that a splotchy pattern of
adhering deposit remained on the tube surface. The adhering deposit areas correlated precisely with the
thin, dark, scallop shaped deposits noted during the initial visual inspection. Additional patterns of dark
stains, with essentially no associated deposit, were also noted; these areas appeared to correlate quite well
with the spotty patterns of spalled deposit previously noted. The stereovisual inspection revealed defects
within some of the scallop shaped deposit regions. Essentially all the degradation was in the form of small
IGA patches, although it is possible minor pitting, as observed on the other two tube sections, may not
have been visible due to obstructing deposits. Again, several of the [GA patches were located at
"old-appearing” axial scratches, which were most likely created during tube installation. A total of 17
and 24 potential defect areas were identified on tube sections 52-51-2 and 90-28-2, respectively (see Figs.
2-34 & 2-35); the defects are summarized in Table 2-7 below.

Table 2-7: STEREOVISUAL INSPECTION SUMMARY

Note: Axial position is given relative to the LTSF; axial extent is given in mils.
Tube Section: §2-51-2

»R . A m‘?ﬂ%&lu Amm.ﬁsulu Description I\R Axr:ﬂ%a Anm.rvq'uu Description

4 180 | 270¢ | 9.1 0.4 Possible minor pit s 11.4 | 180° | 33.5 1.4 | Smail IGA petch
* X 166 | 315° | 40.3 2.0 Small IGA patch *K2 |11.0 | 280° | 27.3 2.1 | Smell iGA patch
b 4 15.8 | 240° | 80.8 3.6 Small IGA petch K1 | 10.9 | 180° | 42.7 5.7 | Small IGA patch
'y 164 | 315° | 327 4.8 Small IGA petch *12 |10.0 {330°|475 7.8 | Small IGA patch ‘

3 147 | 315° | 63.7 8.3 Small IGA petch 11 10.0 | 270° | 52.9 7.6 | Small IGA patch
*R 14,1 | 250° | 38.9 3.7 Small IGA petch G 9.0 | 318° | 365 7.2 | Small IGA patch
p 13.1 | 200° | 43.9 8.3 Small |\GA patch ol 4 8.8 | 350° | 824 $.3 Small IGA patch
*N2 [12.5 [ 190° 1314 3.2 Small IGA petch [*] 8.5 | 266° | 80.9 8.4 | Small IGA patch
N1 [ 123 35.8 1.4 Srnall IGA patch B 0.8 10° | 38.8 2.0 | Minor IGA patches

Tube Section: 90-28-2

[ i
IR T I O P T
*AF

Iy o
17.2 1180° | 28.9 | 2.0 | Smaell IGA pstch *$1 [12.8 1110°]127.8 | 1.5 | Small IGA patch
AD2 | 18.1 | 180° | 52.4 | 3.5 | Small IGA patch *Q (123 [340°[859.2 | 3.1 | Small IGA petch
*AD1 | 18.1 | 318° ne na | Small IGA pateh *0 |11.8 |340°[81.7 | 1.8 | SmailIGA patch
AB | 155 | 340° [ 544 | 8.3 | Small IGA patches o [11.8 |100°[ 808 | 4.3 | SmalliGA patch
4 161 |328°/38.2 1 1.3 | SmallIGA patch M (114 |290°!581 | 8.7 | SmallIGA patch

X2 | 146 | 340° | 38.0 2.0 Smaii IGA patch K 108 | 290° (318 3.8 Smail IGA patch
X1 144 | 110° | 831 Q.7 Small IGA pateh | 10.4 | 200° | 628 4.7 Small IG A catch
V2 | 141 | 270¢ | 8§68 3.1 Small IGA patch H 10.2 10° | 58.7 4.5 Small IGA patch
V1 140 | 350* | 51.9 4.4 Small IGA patch G 10.1 | 330* | 79.1 8.1 Small IGA patch
‘T2 |13.2 | 110% | 440 7.8 Small IGA petch b 7.8 | 340° | 70.9 7.9 Small IGA patch

T 13.2 | 330* ] 28.8 0.1 Small IGA patch Cc 8.2 20° | $3.2 2.0 Small \GA patch
1.7 Smaeill IGA patch 4.1 Smali IGA patch

' Defects associated with scratches

2.2.8 Tube Sectioning

As defects were identified and selected for specific analyses, they were sectioned into smaller specimens
of working size. Sectioning was performed with either a slow speed diamond saw or a high-speed
abrasive cut-off saw For tube specimens which were to be used for deposit analyses, sectioning was
performed dry or with deionized water to prevent chemical contamination of the deposits. Sectioned
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specimens were stored in clearly labeled clean plastic bags to prevent loss and/or confusion of the
samples. Sectioning diagrams were maintained for each tube section and defect area examined.

All of the defect specimens from the first freespan region identified in Tables 2-6 and 2-7 were utilized
for metallography, except specimens 52-51-2F and 9(-28-2N, which were analyzed by SEM/EDS and
SAM/XPS. In addition, two (2) specimens were isolated on 109-30-2 based on the laboratory slow-pull
bobbin coil ECT data; these defect specimens correlated with the field reported bobbin coil indications
at LTSF + 8 inches (27% TW; 0.94 V; Specimen B) and LTSF + 9.2 inches (§/N; 0.54 V; Specimen
D) for metallographic examination by incremental grinding. Detailed sectioning diagrams for tube
sections 52-51-2, 109-30-2, 90-28-2, 97-91-2 and 106-32-2 are shown in Figures 2-36 through 2-38.
Additional ring sections were taken from tube sections 52-514, 133-33-3 and 133-33-9 for
characterization of the OD deposits by metallography and SEM/EDS.

2.2.9 Metallography

Selected samples were mounted in Epomet (a thermoset resin), and prepared for metallographic
examination using standard techniques. Deionized water was utilized as the grinding and polishing
lubricant for preservation of corrosion product chemistry within defect regions on tube specimens
subsequently used for microchemical analyses. The specimens were examined as-polished on the
metallograph at magnifications up to 1,000X to characterize defects and deposit morphology. Selected
grinding planes on specimens 109-30-2D and 109-30-2B were etched electrolytically in % nital solution
to reveal the grain structure, then re-examined to establish the defect path relative to the grain boundaries.

IGA patches were identified on both of these specimens (see Figure 2-39). The IGA exhibited a classic
thumbnail shape. The IGA had maximum depths of 40% and 50% throughwall for 109-30-2D and
109-30-2B, respectively.

A summary of the metallography results for these specimens is provided in Table 2-8.

Table 2-8
SUMMARY OF INCREMENTAL GRIND & POLISH DATA

Dafect Extent Defect Extent E

Gnnd Axial Grind Al
No. | Position Remaerks Circ. | Depth| Vol. No. | Position
Extent | (%TW)| (10%«"

Pemarks Cire. -
Extent |(%TW)| (10* a"

Specimen 109-30-20: Speciman 109-30-28:
IGA Pstoh st 285° 8.38 |IGA Patch st 275° 40
2 10.02 |IGA Psatch ot 288° 9° 0% 8.5 1" 8.39 |IGA Patch ot 278°%| 11 48% | 11.7

10 10.03 [iGA Patch ot 285° 6° 2% | 35 12 8.41 |IGA Patch st 275° 12 | 50% | 133

n 10,04 [IGA Patch ot 288°% 8¢ | 40% | 5.9 13 8.42 A Patch ot 275° 9 5% L B

12 10,08 |IGA Patch ot 285°% 23° W% | 27 14 844 IUGA Petch at 275°%| 2 10% 0.6

IGA Patch at 275°



51- 78.2 07.91- f

The majority of defects identified by stereovisual inspection (as well as the type of damage) were
confirmed by metallography (see Figure 2-40). Again, tube degradation was primarily in the form of
small patches of "thumbnail-shaped” IGA. A total of 108 defects were confirmed, with maximum and
minimum depths of 62% and | % througbwall, respectively, with an overall average depth of 28% and
a ctandard deviation of 16%. Metallography data is summarized in Table 2-9.

Table 2-9
FIRST SPAN METALLOGRAPHY SUMMARY
£2.81.2 90-28-2 97-91-2 108-32-2
0 | Type|Depth| 1D |Tvpe [Depthi ID |Type|Depth| ID |Type [Depthi D Type |Depth
7 | Mt | NDD | AF | 1GA |51%| AA | Pt | NOD | BG | IGA | 11% | AG1 | IGA | N/A
X |wAl32% [ AD | 1GA [24%] v | P | NOD | BF | 1GA [17%| AE | 1GA | 24%
v | 1GA| N/a | AD | 1GA |49%]| w | 1GA | 54% | BD | IGA |31% | AD | IGA | 25%
U Liga | 26% | a8 | 1Ga |30%] U | 1GA | 48% | BC | IGA [30% | AC2 | IGA | 22%
s |iGa | 33% | 2 |iGa30%| T |iGA | 4a% | B8 | 1GA [17% | AC1| 1GA | 18%
R |iGA | 18% | x2 | 1GA |24%] s | A | 1% | 8A | 1GA [20%] AB | 1GA | 18%
P |iga | 33% | x1 | 1GA [82%| R1 | iGA | 4% | AZ | IGA |22%| AA | IGA | 17%
N2 | IGA | 19% | vz | 1GA [ae%| P 1iGA | 48% | AY |1GA |38%| 2 | GA |S1% |
N1 | IGA | 40% | v1 | 1GA la9% oo Fian i 4% 1 Ax | iGA [32%] ¥ | IGA | 8%
Loligal1a% ] T2 |icalsan] m [ 1GA ] 18% | AV | 1GA [29%| X2 | IGA | 49%
k2 | 1Ga | 19% | T | 1GA j48%] x | iGA | 29% | AU | iGA [39% | X1 | 1GA | 27%
K1 | 1GA | 48% | 2 | 1GA [28%] 1 | iGA | 4% | AT | iGA [31%]| v2 | IGA | 14%
12 | 1GA | 52% | $1 [ 1GA [23%] G [1GA ]| 5% | AR | IGA |19%] V1 | Pit | NOD

i {1GA | 28% | o | i1GA |es%| €2 | 1Ga | s% |Ac2]iGA |ee%i T | Pt | NDOD
G |1GA | 34% | 0 | 1GA las%]| E1 | 1GA | 5% | AQ1|IGA |24%| R | iGA | NDD
Fe L ica | 3% | N* | 1GA |60%| O [1GA| 8% | AP | 1GA |42%| —~ | ~ | —
D |iGa|24% | M [1Ga 27%] 8 | Pt | 8% | A0 |1GA l12%| a | Pt | 7%
e = | = | kK |ica]18%]| - | = | — | AN |iGA [36%| 0 | iGA| 3%
8 38% | | | I1GA |48% AM3| 1GA [25% | N | 1GA | 15%
H | I1GA [37% AM2| 1GA |22% | M1 | 1A | 3%
@ Piaa | 6I% AM1 | 1GA J12%] L | Pit | 14%
£ | IGA |50% AM1 | 1GA [18%] x | iGA | 17%
c | 1GA [56% AL2 | 1GA [18%] o | Pt | 5%
B | IGA |12% ALt | ica [10%]| 1 [iGa|31%
-] =] AK | 1GA |40%| H | 1GA | 3%
AJ | 1GA [38%] G1 | Pit | 4%
A | 1GA [29% ] F | 16a | 9%
| @a € | iGa | 23%
c | P | 1%
Statistics:
Maximum | F | 1GA | 83% | x1 | 1A |82%| o.w | 1IGA | 53% 2 IGA 51%
Mimum | L | 1GA | 13% | B JiGal12%] s | A | 1% 0, M1, i IGA 3%

Average 312% 40% 22% 22%

S. Dev. (o) 12% 14% 21% 13%

NDD = No Detectable Degradation; N/A = Data not available; Boldfece/Shaded = Burst location; — = LTSF
* Spe s utlized for SEM/EDS & SAM/XPS; depth estimated from SEM of fracture surface.
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2.2.10 SEM/EDS/WDS

Selected specimens were examined at higher magnifications in the SEM for characterization of defect and
OD tube deposit micromorphology. The EDS (Energy Dispersive Spectrometer) and WDS (Wavelength
Dispersive Spectrometer) attachments to the SEM were utilized for qualitative analysis of deposits and
corrosion products to establish elemental composition and distribution within defect regions and other
areas of interest. The examination included analysis of existing tube or defect surfaces, as well as
metallographically prepared cross sections.

- - -

Typical IGA regions are shown after swelling in Figures 2-41 through 2-44. The intergranular nature
of the fracture surfaces is readily apparent. At higher magnifications an obvious grain boundary film was
noted (see Figs. 2-43 and 2-44). EDS analysis of the grain facets indicated chromium, oxygen and nickel
were the major corrosion film constituents. However, significant levels of iron, sulfur, aluminum, silicon
and carbon were also detected.

As noted previously, although the majority of the deposit spalled away from the tube as a resuit of
swelling, “stains” were left on the tbe OD surface where the scalloped areas of dark thin deposit had
been. It was noted that the IGA patches were contained entirely within these stained regions, although
there were obviously large numbers of "stained” regions which had not deveioped IGA. A ring of deposit
typically remained on the surface outlining each stain (see Fig. 2-45). EDS analysis indicated the heavier
deposits in this surrounding ring were rich in aluminum, silicon and oxygen; lower levels of base metal
elements were also detected. Within the ring of heavier deposit (i.e., within the stain itself) and on the
tube surface outside of the stain, a EDS fingerprint more typical of oxidized 1-600 was observed, although
the chromium appeared to be somewhat enriched relative to base metal composition. It was also noted
that the area within the stain exhibited a higher oxygen peak and had slightly higher silicon and aluminum
levels than the tube surface outside of the stain.

One (1) grinding plane from each of these specimens was inspected by SEM/EDS. Typical patches of
IGA are shown in Figures 2-46 and 2-47. EDS analysis of the grain boundary corrosion products
revealed very high sulfur levels (see also Fig. 2-48). Sulfur enrichment at the grain boundaries is further
illustrated by the sulfur line scans in Figures 2-46 and 2-47.

Metallography and SEM/EDS results on these metallography specimens revealed a relatively thin (about
| mil thick or less) porous deposit layer. The deposits on specimen 133-33-3 were slightly thinner on
average than the other specimens, while specimen 133-33-8 exhibited slightly thicker (up to 1.5 mil)
deposits. Typical deposit cross sections are shown in Figure 2-49. The porosity levels were highest at
the outer surface, giving the outer deposit a "fluffy” appearance, and decreased to very low levels near
the deposit/tube interface.

For the most part, the deposits appeared to be a single phase, with iron and oxygen as the major
elemental constituents (see Figs. 2-50 through 2-53); trace levels of chromium, nickel, copper, and silicon
were also detected. It was interesting to observe that a thin layer (perhaps on the order of | um thick)
of deposit at the tube/deposit interface was typically enriched in chromium and nickel relative to the bulk
deposit (see esp. Fig. 2-52). Very infrequently, a copper-rich secondary phase, which was generally




present as discrete particles in the deposit, was observed on most of the samples. In specimen 109-30-2D
a copper-rich particle appeared to be present as an oxide (see Fig. 2-50), while small particles of apparent
metallic copper were observed in one location on specimen 133-33-8 (see Fig. 2-53). No sulfur was
detected in the bulk deposit by EDS.

QD Deposit Flakes (52-51-2, 52-51-4, 133-33-3 & 9)

SEM/EDS results indicated the outer flake surfaces were rough and porous, giving the deposit a "fluffy®
appearance (see Figs. 2-54 through 2-57). The outer surfaces were comprised chiefly of iron and oxygen.
The inner surfaces were smooth with the circumferential grinding marks replicated in the deposit surface,;
composition of the nner surfaces were also predominantly iron and oxygen, but eariched with chromium
and nickel relative to the outer deposit surface. Traces of aluminum, silicon and titanium were also
occasionally detected on the flake inner surfaces, but no significant amounts of sulfur were found.

2.2.11 SAM/XPS

Two (2) selected defect specimens were examined by SAM (Scanning Auger Microscopy) and focused
XPS (X-ray Photoelectron Spectroscopy) for characterization of in-situ grain boundary and OD surface
corrosion films, The inner and outer surfaces of OD tube deposit flakes from a total of four (4) locations
in both defect and non-defected regions were also analyzed by SAM/XPS. After spalling and light rinsing
in ethanol, no additional specimen preparation was performed on the flake specimens prior to performing
the analysis. Qualitative and semi-quantitative analyses were performed using both SAM and XPS t0
establish elemental composition. The original sample surfaces were analyzed by SAM/XPS, sputtered
to remove a few angstroms of deposit and then reanalyzed. Some additional sputtering and reanalyses
were performed to depth profile selected elements on the defect specimens. Electron binding energies
for detected elements were determined by XPS to establish their oxidation states and subsequent inference
of the chemical compounds present.

IGA Defect Specimens 52-51-2F1 & 90-28-2N1

The major elemental constituents of the grain boundary corrosion film were nickel, oxygen, chromium,
iron, and carbon (see Table 2-10A through 2-10D). Energy shifts in the XPS spectra for Ni, Cr and O
indicated the bulk of the film was probably composed of Ni(OH),, with significant levels of Cr,O, as
well. After short sputter times, the chromium content approached levels that would be expected in the
base metal (i.e., chromium was not depleted significantly, see Fig. 2-58). Conversely, nickel was
generally depleted slightly relative to base metal composition (see Fig. 2-59). This was also apparent in
the Ni/Cr ratios, which were generally slightly lower for the grain boundary film as compared 0
reference spectra taken on fresh ductile fracture surfaces; average values were 3.0 (0 = 0.6) and 4.5 (¢
= (.8) for the grain boundary film and ductile fracture surface, respectively.

Lower levels of sulfur and titanium, and trace levels of chlorine were also consistently detected
throughout the grain boundary corrosion film. Generally, sulfur levels peaked after a short sputter at
levels of about 3 to 5 atom percent. XPS results indicated the suifur was present predominantly as
sulfate, but with appreciable quantities of sulfide. Silicon was also detaected in significant quantities, but
tended to be more prevalent near the OD tube surface and in the outer region of the film, indicating it
was probably a surface contaminant which washed into the defect region from the outside surface. Low
to trace levels of copper, calcium and phosphorous were only occasionally detected.

Auger spectra collected on the OD tube surfaces indicated that areas with residual deposits were
predominantly composed of iron and oxygen, with significant levels of copper, nickel, silicon and carbon
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(see Table 2-11). No chromium was detected in these regions. Low to trace levels of sulfur, chlorine
and titanium were also detected.

Table 2-10A
SAM RESULTS ON TUBE SPECIMEN 52-51-2F1 DEFECT SURFACES - AREA 1

B
Elementai Composition (Atomic %)

Anasiysis

ocation s | 8i (o) Ti

04| 9.1 0.1 0.3
43| 7.7 0.9
Near OD 3.8] 30| 0.1] 0.7
Surfece 5 . 3.1 0.1] 1.0
33 0.1] 1.3
0.8 0.1
3.4 0.8
3.4 0.1] 0.8
2.4 0.1 0.9
0.7 0.1] 0.8
0.7 0.2] 0.4
3.3 0.2] 0.8
9.1 3.0 0.1 1.8
9.6 2.0 0.3] 1.4

03| 2.3

e Shes
putter Elsmental Composition (Weight %)

Time | Depth

Ratios
Analysie
H.ocstion (min) | (nm) Cl] Fe Si Ti NiNK | Cr/Cr,

0 ) 8.1 2.8 ) 0.7 0.4 0.5
30 129| 38 1.4 0.8 0.8
Near OD 80 17.2] 8.0 ' g : 0.9 0.7 3.3
Surface 5 150 184 9.4 ) ' X 1.3 0.7 h
300 1811110 ’ : . 1.8 0.7 2
0 4.0 0.4 0
30 17.6] 8.1 : 0.9 0.9
80 18.1] 5.8 : ; , 0.8 0.9
150 18.7] 8.5 ; q .9 0.9
300 18.8f 7.8 ‘ ’ ) 0.% 1.0 1

0 78] 4.3 ' : 1.2 0.8 0.8
30 18.8] 8.2 " . 0.9 0.9 1.0
80 18.3] 4.8 : . . B 0.8 1.2
150 140| 8.8 g : 1.4 0.9 0.9

17.3] 7.1 : 2.2 0.9 11
AR A AN ST 2




Table 2-10B

SAM RESULTS ON TUBE SPECIMEN 52-51-2F1 DEFECT SURFACES - AREA 2

putter

Elarnental Composition (Atomic %)

Ratos
Anaiveie [Time | Depth
ocation |(min)| (nm) Ni Cr | Fe 0 c S Sl 1 Ti | NINL | Cr/Cr,
0 o1100] 3.3] 1.4|280/470] 08[120] 01] 08] o©01] 02
"1 30 [290]100] 3.1]31.0/17.0] 42| 4| 02| 07] os| os}
Neer 0D 2| 80 |380|140] 29]/31.0| 98] 34| 21| 02 1.1] 0S O.ll
Surface 5| 150 | 44.0]|14.0] 49|240] 80| 27] 1.2 1.1] o6l o8
0| 300 |48.0]14.0] 44|200| 9.2] 20 01| 18] 07| os}
0 0l2s0Ma | 10/230]|400] 06| 65| 0.1 03| 0.3
I macreck| 1| 20 |3sol130] 3sl220(170f 43| 07| 01| 10] 0S| 08
2] 8o |470l120] s.2[18.0[130] 38 18] oe| 07
s| 180 |52.0]/10.0] 58/110]/13.0] 20 1] 18] o7 o9
10| 300 |s7.0]18.0] 82| s.6|13.0f 10 01| 18] o8 o.LI
0 0]12.0] 4] 1.4]/28.0{48.0| 06]11.0] 0. 02| 0.2
1] 30 |400| 89| 38|19.0/220] 25| 31| 01] 08l 08 osl
CrackTip| 2| o0 |480]12.0{ 3.9/180]180] 3.7] 1.3} 0.1] 14| 06| 07
5| 180 |48.0]18.0] 49]|140]140] 3.7 1] 07| o9
10| 300 |48.0/10.0] 5.0|140]/120] 33 01] 1.2] o7 o9
putter Elementsl Composition (Weight %) Retics
Anatysis [T | Dopth
ocation |(min)| (nem) | Ni | Cr | Fe 0 c [ si | & Ti | NINg | Cr/Cr,
0 0]28.0| 7.3] 3.3|17.7124.1] 08]17.9] 0.1] 1.2] o3| o8
11 30 l49.7018.2] s.1]148] 60l 39| 48| 0.2] 10| 07| 10
Near OO 2| 80 |s48|18.9]| 42[/129]| 30| 28| 19| 01| 14| 07] 1.2
Surtace 8| 150 |80.8|17.1] 8.4] 2.0l 23] 20| 10 12| osf 1.4
10| 300 |6458|18.7] 58| 7.3{ 25| 18 o1 18] os| 111
0 o|s1.8] 7.9 20(12.9[189] 07| 80| 0.1 07| 0.8
Mid-Crack| 1] 2301%7.4/17.4| 58| 91| 53| 3as| oe| 01] 1.2{ o8] 1.
2| o0 |ea0f145| 67| 87| 36| 28 1.7] o09] o3
5| 180 |es.4]|17.8] s8] 38| 33| 1.4 o1l 18] o8] 1.1
10| 300 |ees|170] 710 18] 3.2] 07 01] 18] 098] 1
0 0|209| 91! 33/170/235| c8f18.3] 0.1 0.4
1| 30|e1.7012.2] 1] sol es]| 21] 298] 0.1] 10| o8
Crack Tip 2 80 |63.1]149] 52| 69| 43| 28| 1.1} 0.1} 1.6 0.8
8| 180 |sas]178] 82| 51| 38| 27 1.2] 09
10 83| 50 0.1




Table 2-10C
SAM RESULTS ON TUBE SPECIMEN 90-28-2N1 DEFECT SURFACES - AREA 1

Elementsl Composition (Atomic %)

NI/Ni, | Cr/Cr,
0 20.0|1820] 0.7
1 30 |210| 8.1 228/210]41.0] 3.2] 2.1} 03} 1.2 0.3 0.5
Near OD 2 80 |37.0{18.0] 5.3|230]130) 3.4 0.4] 0.4 0.8 1.1
Surface 5 150 | %0.0/200| 89]|13.0| 79| 1.5 0.1f§ 0.9 0.7 1.2
10 300 {[51.0(18.0] &6.7[11.0[/11.0] 1.0 0.1 1.7 0.7 1.4
Q 0]13.0 19.0/820| 0.86] 3.8] 08| 1§ 0.2 0.0
Mid-Crack 1 30 |17.0] 4.2] 0.9]190/540] 1.8 23] 0.3} 0.9 0.2 0.2
2 80 |30.0{10.0] 3.3|180]340] 3.8 0.3{ 0% 0.4 0.8
$| 180 |38.0/13.0] 3.7]16.0{270]| 3.8 0.3} 09 0.8 0.8
10| 300 {410]150] 48|12.0]|240] 23 0.3 1.8 0.8 0.9
0 0j140| 48| 1.2/180(580| 05| 36| 0.8 0.2 0.3
1 30 [ 220 7.1] 2.0/19.0{470| 2.1} 10] 0.4} 0.7 0.3 0.4
Crack Tip 2 80 350|160 44|160]240]| 35 03] 08 0.5 0.9
] 160 |45.0|16.0( 5.1]13.01180} 1.7 0.3 0.7 2.8 0.9
10| 300 |S20[160| 68 7.7|160| 1.2 0.2 0.7 0.7 0.9
' Tra ;:;!: Elsmental Composition (Waight %) Retios
Analysis : i ) i
ocation [(min)| (nm) | NI | Cr | Fo | O | C | 8 | 8i | € | T | NINK | Ci/Cr,
0 Q0 | 30.1 16.6/38.68] 1.2]110.3 3.2 0.4 0.0
| 30 |42.811468] S 4|11.7[171] 3.8] 268] 03] 20 0.8 0.9
Neer OD 2 80 |63 4|1230| 73| 90 3.8 2.7 03] 0.8 0.7 1.8
Surface ] 180 | 81.7]21.9| 8.1 44| 20| 1.0 0.1] 0.9 0.8 1.4
10 | 300 |83.3|/19.8} 79| 3.7| 28| 0.7 014 1.7 0.8 1.3
Q 0 ]37.2 1481363| 09| 85] 0.7] 358 0.5 0.0
Mig-Creck 1 30 141.6]| 9.1 21[12.7]270]| 20| 3.4] 0.4} 18 0.8 0.3
2 80 |529]1568| 55| 8.7]1123] 35 03] 1.3 Q0.7 1.0
6| 150 [584]|780| 55| 6.8] 87| 3. Q.21 1.2 0.8 1.2
10| 300 |69.0]19.1] 63| 47| 71| 1.8 021 19 0.8 1.2
Q 360[110.9] 29[(12.6]30.8| 07| 58| 0.7 0.5 0.7
1 30 |48.3]113.2] 40]1109/20,2] 24| 1.3] O4| 1.2 0.6 0.9
Crack Tip 2 80 [83.6|121.7| 64| 87! 75| 29 0.2 0.7 0.7 1.4
S 150 | 81.7]19.4| 8.7| 49| S1} 1.3 0.2]1 0.8 0.8 14
10| 300 (658|179 7.8




Table 2-10D
SAM RESULTS ON TUBE SPECIMEN 90-28-2N1 DEFECT SURFACES - AREA 2

Elemental Composition (Atomic %)

0
1 30 |25.0] 9.0] 2.8|230[{350| 3.2 0S| 03] 1.3 0.3 0.5
Near OO0 2 60 |310|130| 4.2]|270{19.0| 3.2} 06| 03] 0.8 0.4 0.8
Surface S 150 | 37.0/15.0| 4.21240/180}| 2.7 0.8 0.7 0.8 0.9
10| 300 [41.0]160]| 44{19.0{15.0] 2.2 0.6l 1.3 0.8 0.9
0 0}140] 3.1 190|870 06| 41| 09] 1.2 0.2 0.2
Mid-Creck 1 30 |190]| 49 18.0/83.0f 1.8] 23| 09| 0.7 0.3 0.3
2 80 |26.0/100| 26]17.0(380| 39| 09| 08| 08 0.4 0.8
§ 150 {30.0{130]| 3.1/17.0{29.0| 48] 08| O7] 1.2 0.4 0.8 h
10| 300 [370/'60| 4.2]140|240] 4.1 o8| 09 0.8 0.9
0 0|180| 60| 1.8/21.0]/470| 23] 42| 01| 09 0.2 0.4
1 30 [230| 99| 30j170| 40| 43| 18] 03] 1.0 0.3 0.8
Crack Tip i 80 |330(160| 3.9|/200/220| 36| 05) 01| 1.0 0.8 0.9
) 180 {38.0]|180| 4.7]117.0/21.0] 33 0.2] 0.5 0.5 0.9
10 | 300 |420{170| 5.3]|13.0{18.0| 2.7 0.1} 1.0 0.6 1.0

Elemental Composition (Weight %)

Ratios
Anaiysis
ocation (mun) | (nem) Ni Cr Fe 0 c S Si Cl Ti | Ni/Ni | Ci/Cr,

0 012921114 151/38.4| 19| 58| 05 04 0.7
1 30 |[478(16.2] 81]12.0{13.7| 3.3] 0S5} 0.3} 2.0 0.8 1.0
Near OD 2 80 |51.3/190]| 86{12.2| 6.4 29| 0.5] 03| 08 0.7 1.2
Surface 5 150 |586.7/200]| 80| 9.8 49| 2.2 08| 0.9 0.7 1.3
10 300 [58.4{20.2| 60| 7.4| 44| 1.7 08| 1.8 08 1.3
0 0/374| 73 13.8/31.2] 09| 5.2] 1.5] 2.8 0.8 0.8
Mid-Creck 1 30 14501103 11.8125.7] 2.1] 2.6]1 1.3] 1.4 0.8 0.7
2 80 |48.7/168| 48| 8.7[{145] 40| 08| 098] 1.2 0.7 1.1
S 180 |50.8/19.4| 50| 7.8|10.0] 4.4] 05 0.7] 1.6 0.7 1.3
10 300 | 850211 58] 57! 7.3{ 3.3 0.8 1.1 0.7 1.4
Q 01379(126]| 38{13.8]228] 3.0| 48| 0.1} 1.7 0.5 08
1 30 /519|198 84]1085| 1.8| 53] 1.9] 0.4] 1.8 0.7 1.3
Crack Tip 2 860 |5168/22.2| 58| 85| 20] 3.1 04| 0.1} 1.3 0.7 1.4
5 150 |56.0/209| 86| 68| 63| 2.7 0.2] 0.8 0.7 1.3
10 300 {58.8|210| 70| 49| S| 2.1 0.1 .1 0.8 1.4




Areas on the OD tube surface, which were essentially free of deposit, were composed primarily of nickel,
oxygen, chromium, iron, and carbon as was the grain boundary corrosion film (see Table 2-11). Low
levels of sulfur (below | at%), were consistently observed throughout the OD corrosion film. Significant
levels of silicon and titanium, and low levels of chlorine, calcium, phosphorous and copper were
occasionally detected. The nickel and chromium levels were similar to those observed in the grain
boundary corrosion film (i.e., exhibited nickel depletion, see Fig. 2-60).

Table 2-11
SAM RESULTS ON TUBE OD SURFACES

Tube Section |Sputter Elemental Composition Elementasl
& Anaiysis | Time | Depth (Upper Table: atom % - Lower Table: weight %) Ratow
Location iman) | (nm) Ni Cr T 0 c Si (=] T Cu Ca P NiNI | Cu/Cr
§2-51-2F1 0 ol1so| 30} 28 290|410 0.7] 7.9 1.0 0.2 0.2
Tube Outer 0.5 151300| 7.2] 8.41370 sol| 0.7 83| 0.2 1.8 0.5 0.4 0.4
Surface 2 80|300|18.0| 69/370 58| 08| 29 0.8 0.8 0.4 0.9
Deaposit-free s| 180|38.0]17.0]| 89 36.0| 5.7 0.8 0.4 0.5 0.5 1.0
Ares 10! 300|38.0]|200| 80 31.0{ 55| 04 0.4 0.5 1.2
Q olaze| 82| 5.6{188 19.7] 09| 89| 00 2.5 0.5 0.4
0.8 15|49.6{10.5]10.1118.7 27| o8| 88| 0.2] 2.4 0.8 0.7 0.7
2 80|48.3/21.9]10.1115.8 18] 0.7] 2.1 1.0 0.8 0.8 1.4
s| 180|%1.2]/220] 9.8 140} 1.7] 0.6 0.8 0.4 0.7 1.4
10l 300(s%3.1|248]| 8.0 11.8] 1.8f{ 03 0.9 0.0 0.7 1.8
90-28-2N1 o 2.8 1.86/18.0/75.0] 0.4) 2.4 0.0 0.9
Tube Outer 0.8 16|23.0] 7.6] 651260 380] 071 1.0 0.3 0.4
Surface 2 s0|30.0{100]11.0]340]1201 O 1.8 0.9 04| 08
Deposit-free 5] 1%50]39.0113.0]100 300| 65| 0.4 0.4 0.8 O.II
Area 10| 300]47.0{15.0] 9. 230! 51| 04 0.2 08 0.9
0 0]10.8 59]18.9[59.2| 08| 44 0.! 0.0
0.% 15|46.1]13.2112.1113.9 140| 0.7] 09 0.6 0.9
2 80|47.7|14.1118.86(14.7 39| 0 1.9 1.0 0.8 0.9
5 180 |%$8.7|16.5]13.8 11.7] 181 03 0.3 0.7 5.1
10| 300|e81.4{17.3{11.3 8.2 1.4] 03 0.2 08 1.




S i Flake Speci $2-51-2. 52-514. 133-33:3 & 133-33-9

After a light sputter, the outer flake surfaces were found to be predomiantly composed of iron, oxygen
and carbon (see Table 2-12). Carbon is normally present in high quantities as the result of handling
and/or exposure to the atmosphere, and is probably of no significance to this analysis. Lower levels of
nickel, copper, silicon, titanium and sulfur were also detected on the outer surfaces. Energy shifts
determined by XPS indicated the copper may have been present as CuO. The sulfur levels were generally
quite low (i.e.,, < 1.0 at%). Low levels of zinc and trace levels of chlorine and calcium were
occasionally detected. However, chromium was virtually absent at the outer surface with the exception
of one analysis point on a flake from above the 1st TSP on 52-51 (52-51-4).

The inner flakes surfaces were of similar composition, with the following exceptions: (1) nickel levels
were generally higher, (2) significant levels of chromium were detected in most cases, and (3) besides
sulfur and titanium, other elements (e.g., copper, silicon, zinc and chlorine) were not found in
appreciable quantities. Significant point-to-point variations in composition were noted on both surfaces
by both SAM and XPS.

Table 2-12
SAM RESULTS ON OD DEPOSIT FLAEKE SURFACES

Tube Section Elemental Composition

& Anaslysis (Upper Table: atom % - Lower Teble: weight %)
Loceauon

52-51-2 Deposit Flake:

Outer 0 o| 2.4 13.0/ 200]87.0 47 2.9

Surfece os| 18] 38 3s.0/38.0{150] o8| 2.9 2.3 i
inner 0 ol 14.0 3.1]220]81.0] 0.3 0.2 i
Surface 08| 15[12.0|240] s0[420]/180] 05 2.7

Outer 0 ol 6.4 33.2|14.8] 31.3 8.0 8.4

Surfece 08| 18| 6.1 saal170] 53| 08| 2.4 43 b
innee 0 0| 39.2 8.3]10.8[3438] o8 0.3 1
Surface y 18

133-33-3 Deposit Flake:

Outer 0 0| 3.9 2801250/430}( 0.7] 0.7] 0.2 0.2
Surface 0.% 1] 1.9 5201380 68| 0.8 0.2] 08

Inner 0 0} 18.0 268|1220{57.01 09 0.2] 0.2] 1.1
Surface 0.% 15/12.0]320| 7.9[(380] 7.2] 0.2 0.2] 20

Outer [ 0| 8.6 5471151195 0.8] 0.7 0.3 0.3
Surface 0.5 18! 3.0 770118.1] 2.2] 0.5 0.2] 1.0

Inner 0 0| 42.4 0.8{159|309| 1.3} 03] 03] 24
Surface 0.8 15| 19.6(480/12.2|168] 24| 0.2 0.2] 2.7



TABLE 2-12 {Continued)

Tube Section Elamental Composition
& Analysis (Upper Table: stom % - Lower Table: weight %)
Locaton

52-51-4 sit Flake (Outer Surfscs):

Aree 1 0 o] 2.1 220|200/ 40.0] 0.4] 07] 0.2] 1.3] 1.9] 04] 1.9
08| 18] o8 490[{410] 8.1] 0.2 071
Aroe 2 0 o| 3.7] 7.2]24.0|37.0]/220{ 0.4 2.9 o8l 1.3} 09l 1.1 |
08| 18| 29| s.8]/42.0/290] 48] 04| 19 0.9 0.8
Ares 1 0 o| 48] 0oles.2]17.4]18.1] 08| 0.7] 0.3] 23] as| o8] 47
08| 18] 1.3] 0.0]7e.8]18.4] 2.7] 0.2 0.8l
Ares 2 0 ol 7.0l120[/43.1]190] 8.8] 0.4] 2.6 1.2) 27| 1.2] 2.3 !
18] 4.8 620|165

52-51-4 Depownit Flake (Inner Surface):

Arsa | 0 0121.0 220|540| 0.7] 20
0.5 15| 44.0 3.2/1340(117.0] 0.4 0.11 0.8

Ares 2 0 0111.0 6.8/200/600] 03 1.7
0.5 15| 4.4 340|33.0|28.0] 0.4

Aros 1 ) 0]8%53.3 16.21281] 10| 2.4
0.8 151728 50[/153| 5.7] 0.4 0.1] 11

Ares 2 0 0} 288 17.4|14.7133.0] 0.4 4.9
0.8 18| 8.8 82.6(17.4/11.1| 0.4




2.2.12 Bulk Deposit Analyses

Several techniques were used to analyze bulk tube deposits collected from both defect and non-defect tube
sections to establish elemental composition and the chemical compounds present, as well as the density
and amount of open porosity.

A number of elemental analysis techniques were utilized to establish the concentrations of selected
transition elements, alkali and alkali earth metals typically found in nuclear steam generating systems.
The techniques used and analyzed elements are summarized below in Table 2-13. These analyses were
performed at B&W's Alliance Research Center (ARC).

Table 2-13
SUMMARY OF ELEMENTAL ANALYSIS TECHNIQUES AND PURPOSE

ANALYSIS TECHNIQUE PURPOSE g
Atomic Emission Spectroscopy (AES): Quantitative Elemental Analysis
by Inductively Coupled Plasma (ICP-AES) Al, Ca, Cr, Cu, Fe, Pb, Mg, Mn, Ni, P, Ti, & Zn
by Flame Emission Spectroscopy (ES) Na & K
ISE (lon Selective Electrode) Quantitative Elemental Analysis (Cl)
Gravimetric Analysis Quantitative Elemental Analysis (Si)
Combustion/Thermal Conductivity Quantitative Elemental Analysis (C)
Turbidimetric Analysis Quantitative Elermaental Analysis (S)
X-Ray Fluorescence (XRF) Qualitative Elemental Analysis
(all elemants > atomic number 11)

Compound analysis techniques included X-Ray Diffraction (XRD), Fourier Transform Spectroscopy
(FTTIR) and Raman Spectroscopy. The purpose of XRD was to identify crystalline compounds, such as
metal cxides and/or sulfides present in concentrations of a few weight percent or more; XRD was
performed at B&W's ARC. FTIR and Raman analysis were intended to identify crystalline, as well as
amorphous compounds. Ia particular, FTIR would be expected to identify various molecular species such
as sulfate, silicate, phosphate and borate and other oxyanions. It was expected that Raman analysis would
help establish chemical composition, stoichiometry, and other crystallographic phases which may have
been present in the metal oxides. Both FTTR and Raman analyses were performed at AECL's Whiteshell
Laboratories.

—ensity, both bulk and skeletal, as well as open porosity volume and pore size distribution were
quantified in selected deposit samples by mercury porosimetry. This analysis was performed at AECL's
Chalk River Laboratories.

Selected deposit samples were also sent to Rockwell International for Mossbauer Spectroscopy to establish
the oxidation state of iron in the deposits. This analysis was to be performed under separate contract
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established by EPRI directly with Rockwell. However, results of this analysis were not available for this
report.

Lastly, gamma spectroscopy was performed to identify and quantify the radioisotopes present in the
primary side deposits.

A total of nine (9) deposit samples, as identified below, were utilized for analysis by selected analysis
techniques as discussed above.

Three (3) samples from the first freespan regions above the LTSF. These included:
* One (1) sample from tube section 52-51-2 exhibiting IGA damage.
* One (1) sample from tube section 90-28-2 exhibiting IGA damage.

* One (1) sample from tube section 133-33-3, which did not exhibit IGA damage.

Three (3) samples were taken from higher regions in the steam generator for comparison with the first
span deposits. These included:

* One (1) sample from the second freespan region above the st TSP on tube section
52-514;

* One (1) sample from the 3rd and 4th freespan regions around the 4th TSP on tube
saction 133-33-9;

¢ One (1) sample from the 3rd TSP intersection on tube section 133-33-9.

Two (2) samples of the light-green colored deposits from the tube sheet crevice region just below the
LTSF on tube sections 52-51-2 and 90-28-2.

One (1) sample of primary side deposit collected off a 2-inch long segment from tube section 133-33-9.

The results of the deposit analyses are summarized in Tables 2-14 and 2-15. The elemental analyses
indicated the major elements were iron and oxygen (calculated as a balance). This is consistent with the
XRD and FTIR analysis results, both of which detected major peaks for magnetite (Fe,0.)." For all
samples except the 90-28-2 st freespan deposit, the atom ratio of O/Fe was about where it should be
(i.e., 1.33); this sample may have contained some excess moisture. The next most prevalent element was
nickel, which was typically present in quantities of a few weight percent. Chromium and copper were
also detected consistently, but at levels typically below 1%. Low levels (< 0.5%) of potassium, silicon
and carbon were routinely detected, as were trace levels (50.1%) of all other elements analyzed except
phosphorous, which was not detected. Based on this limited analysis, most elements did not exhibit an
appreciable tendency to partition to specific areas of the generator. Nickel, chromium, silicon and sulfur
all tended to be present in slightly greater quantities at lower elevations, while the opposite behavior was
noted for copper. The distribution of elements with respect to steam generator elevation is illustrated
graphicaily in Figure 2-61.

No spectra could be obtained by backscatter Laser Raman Spectroscopy due to the intense
absorption of light by the magnetite, which is black.
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The mercury porosimetry analysis results indicated skeletal densities on the order of 4 to 4.7 g/cnr’; this
is just slightly lower than the density of magnetite (5.2 g/em’). Bulk densities were significantly lower
(about 3 to 3.7 g/cmy’), indicating open porosity levels of about 20% to 25%, with a pore diameter range
of ~0.1t0 0.7 um. The slightly lower skeletal densities might be partially explained by the presence
of some closed porosity. In general, the densities increased, while porosity levels decreased, with
increasing steam generator elevation.

Table 2-14
DEPOSIT ANALYSIS RESULTS

SAMPLE LOCATION
62512 90-28-2 133-33-3 §2-51-4 133-33-9 133-33-9
Freespen®**® | Freespen®*® Freespan Freeaspen Froespan Freespan Analysis
Anslvses | Above LTSF Above LTSF Above LTSF |Above 1st TSP | Newr 3rd TSP At 3rd TSP Techrique
Elemental Analyses (wt %i:
“a 68.10% $5.88% 85.53% 70.65% 69.39% 70.53% ICP
Q* 26.98% 36.23% 26.94% 25.92% 28.63% 25.01% | 8y Balance
Ni 3.01% 5.52% 4.75% 1.90% 2.20% 2.06% iCP
Cr 0.57% 0.87% 1.42% 0.50% 0.32% 0.25% ICP
Cu 0.25% 0.45% 0.14% 0.14% 0.60% 1.15% ICP
X 0.18% 0.17% 0.17% 0.17% 0.16% 0.18% FAA
S 0.19% 0.27% 0.29% 0.07% 0.06% 0.11% | Grsvimetnc
C 0.22% 0.24% 0.24% 0.28% 0.22% 0.22% | Combuston
Cl 0.05% 0.11% 0.08% 0.08% 0.08% 0.08% | Blectrode
Na 0.06% 0.0%% 0.06% 0.07% 0.05% 0.08% FAA
S 0.07% 0.06% 0.05% 0.04% . 6.01% | Turbidimetnc
Al 0.06% 0.07% 0.04% 0.03% 0.03% 0.04% ICP
Cs 0.05% 0.08% 0.06% 0.06% 0.05% 0.04% ICP
Pb 0.00% 0.01% 0.01% 0.00% 0.01% 0.01% ICP
Mg 0.07% 0.07% 0.07% 0.07% 0.97% 0.08% ICP
Mn 0.08% 0.08% 0.09% 0.08% 0.07% 0.12% IcP
Ti 0.04% 0.04% 0.06% 0.08% 0.03% 0.03% ICP
| 2n 0.03% 0.03% 0.03% 0.01% 0.02% 0.02% ICP
P L LR LR LR . LR ‘c'
* Below 40 ppm; detsction threshold
** Ingufficient semple svsiabis.
v %% Gresn deposits st LTSF were Fe & Ni by XRF; insufficient sample for XRD.
Compound Analyses:
Fo.0, Major Major Major Major Major Major XRDFTIR
Q‘m 1.38 1.44 1.28 Calculeted

Density Analysis (g/em?):

2-56

Bulk 3.1 3.02 3.74 Hg Poros
Skeletal 421 4.04 468 Hg Poros.
Open 27 8% { 25.3% 20.1% Hg Poros.
Porosity | 0.12-0.69 ym 0.120.59 ym| 0.12-0.68 ym Hg Poros.




Table 2-15
GAMMA SCAN RESULTS ON ID TUBE DEPOSITS FROM TUBE SECTION 133-33-3

\m
Isotope Specific Activity
Activity (uC, /gm) Contribution

1,587.00

H Co-58 546.20 24.7%
Sb-125 41.59 1.9%
Mn-S54 19.97 0.9% !
Ce-144 9.72 0.4% I
6.22

2,210.70
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Liquid Penetrant Inspection (LP!) Results on Tube Section 97-91-2
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Figure 2-36: Sectioning Diagrams for 52-51-2 & 109-30-2
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(Note high suifur peak in corrosion product at grain boundary)
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Figure 2-47: SEM/EDS Results on Specimen 109-30-2B, 8th Grind, 80 IGA Patch

Note sulfur enrichment at grain boundaries)
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Figure 2-54: SEM/EDS Results on OD Deposit Flake from 52.51-2
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Section 3

DATA ANALYSIS AND EVALUATION

3.1 Summary of Tube Degradation

Tube damage was predominantly in the form of isolated, small patches of OD initiated intergranular
attack (IGA), although some minor pitting was observed in a few instances. The IGA exhibited, in
general, a classical "thumbnail” shape. A total of one-hundred eight (108) defects were observed in four
tube sections with maximum and minimum depths of 62% and 1% throughwall, respectively and an
overall average depth of 28% (¢ = 16%). The defect depths approximated a normal distribution (see
Fig. 3-1). Damage was primarily confined to the first free span region, although a few small defects
were found within a few inches below the LTSF. The majority of the defects and those with any
significant volume were concentrated in a region extending about 6 to 18 inches above the LTSF (see Fig.
3-2). It was also observed that many of the IGA patches were located along "old-appearing” axially
oriented scratches, which were probably created during tube installation.

3.2 Comelations with Eddy Current Testing

In order to correlate the destructive examination data with the eddy current results, the defects were first
grouped into sixty (60) "eddy current distinguishable” defects (i.e., defects spaced sufficiently far apart
50 as to be detected as separate indications by eddy current) as shown in Table 3-1.° The scatter plot
shown in Figure 3-3 shows a general correlation between defect volume and depth as might be expected.
In addition, this graph also illustrates that eddy current (field bobbin data) was more effective at detecting
those defects with significant volumes. This also would be expected since bobbin coil eddy current is
a volume sensitive NDE technique. In general, defects with volumes of ~40(10%) in® or greater and
depths of ~22% or greater were detected reliably (83%) by field bobbin ¢coil. Detectability was
somewhat worse for smaller (i.e., less volume) defects with the same depth range; for example, defects
with volumes in the range of ~ 10 to 40(10°) in’ and depths of ~22% or greater were detected at about
a 48% frequency. This is further illustrated in the bar graphs of Figure 34, which provide a general
indication of bobbin coil detectability (combined field and lab data). Detectability increases with
increasing defect depth and volume. The combined bobbin coil data, shows defects with depths of 41%
to 50% throughwall were detected at a frequency of about 75%, while gll deeper defects were detected.

MRPC data showed similar behavior, but in general its detectability was lower than bobbin coil (see Fig.
3-5). It bad been observed previously by eddy current analysts that many of the field MRPC indications
fell along a single angular position; this could easily be explained by the tendency for IGA patches to
initiate at pre-existing axial scratches as noted in Section 3.1. A complete summary of eddy current
detectability is provided in Table 3-2.

?  The criteria used for this compilation of data was an axial spacing of about 0.3 inches. The
voiume of each defect was estimated by assuming an ellipsoid shape for the IGA. For defects
which were combined to form a composite "eddy current distinguishable” defect, axial extent and
depths were determined by a weighted average (based on volume) and circumferential extents
were summed.
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TABLE 3-1

SUMMARY OF EDDY CURRENT DISTINGUISHABLE DEFECTS

Tube Position Defsct Extent Eddy Curreant Resulits
Section | Detect | Axis Cire. I axial | Cire. | Depth Vol. | Bobbin Coil |  MRPC
No. No. | (inches) (*) (mile) | (%) (%TW) | (10%in”) | Fieid | Lab | Fisid | Lab
90-28-2 AF 17.2 150° 289 | 2.0 51% 3.0 S/N
AD2/Y | 18.1 180°/3185° 524 | 3.8 37% 8.9 S/N
AB 15.5 340° 544 | 8.3 30% 13.8
pd 15,1 3285° 382 | 1.3 30% 1.5 $/N
X2/ 14.8 340°/110° 4568 | 2.7 43% 5.4 SN $/N
v2/1 14.0 270°/350° 537 | 7.8 48% 19.8
T2 13.2 110°/330° 363 | 78 50% 14.5
$2/1 12.9 350°/110° 339 | 3.2 28% 2.9 S/N
Q 12.3 340° 9.2 | 3.1 45% 8.5 S/N
ONM | 118 340°/100°/290° | 58.5 | 148 43% 37.5 & $/N
K 10.8 290° 318 | 3.8 18% 2.1 SN
MG | 10.2 200°/10°/330° | 71.5 | 17.3 49% 8623 [ SN|{SN| SN | SN
AFC* 9.2 S/N
3 7.8 340° 709 | 7.9 50% 288 |48%|38% | SN | SN
C/B 8.1 20°/318° 58.5 | 6.1 41% 148 | sN|sSN]| SN | SN
AFC* 1.0 $/N
§2.51-2 X 18.5 318° 40.3 | 20 32% 2.8 SN
U 15.3 318° 327 | 4.8 26% 4.2
$ 14,7 3150 63.7 | 83 33% 17.9
] 14.1 250° 389 | 3.7 18% 2.7 S/N $/N
P 13.1 200° 439 | 5.3 33% 7.9
N2/1 12.4 180°/280° 336 | 46 30% 4.8
L 11.4 180° 335 | 1.4 13% 0.8 S/N
K2/1 11.0 250°/180° 42.7 | 7.8 45% 15.4
1211 10.0 350¢/270° 497 | 18.2 42% 329 | SN SN | SN
G/F 8.9 315°/350° 9.9 | 8.7 47% 19.3 | SN | SN | SIN
AFC*® 7.9 SN | SN| SN | SN
D 85 285° 809 | 8.4 34% 178 | SN | SN ]| SN | SN
8 1.0 20° 88 | 20 38% 3.0
97-91-2 W 14.1 108° 808 | 9.8 54% 320 [87%] SN | SN | SN
AFC* | 12.3 S/N
urs | 118 245°/90°/98° 58.2 | 2860 48% 70.9 SIN| SN | SN
R1 9.2 380° 1.0 | 6.1 4% 0.3 SN | SN
AFC* 8.8 SN | SN| SN | SN
90°/18°
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TABLE 3-1 (Continued)

Tube Defect Extent Eddy Current Resulits
Section Dafect | Cire. Depth s MRPC
No. ) (*) (%TW)
97-91-2 71 320°
(eont.) X 8.8 225¢ 498 | 3.8 | 29% 5.7 i
| 5.8 355° 8.7 2.4 4% 0.1
G 33 20° 131 0.7 5% 0.0 ]
E2/1/D 28 20°/28%°/350°* | 13.8 5.7 8% 08
8 1.1 288¢ 186.3 28 6% 0.2 I
AFC* 1.7 SN
106-32-2 | BG/BF 18.8 90°/30* §8.1 7.8 15% 8.2
8D/BC 15.8 $0%/30° 83158 12.8 3% 285
SN%A/A 149 90°/36°/48° 35.3 129 20% 9.4
AY 148 220° £5.3 18.1 36% 329 SN | SN
AX 14.3 30¢ 399 9.8 2% 12.8
ATAICW 13.2 138%/48°/80° 4868 | 423 4% 69.2 SN | SN | SN
AR 123 90* 44.9 12.8 19% 11.2 S/N
AQan 1.7 180°/90* 38 18.0 I5% 21.9 SN
AP/AQ 11.2 20*/90°* 480 144 27% 19.2 SN
A3'1,271M 10.8 2‘4203?3'./:9/"/;08: 268 |319 27% 238 SN | SN | SN
AL2N1 10.8 254/80°/7%° 27.7 |10.2 1% 3.2 S/N
AJIAK 9.9 190°%/28° 81.3 22.8 9% §8.0 SN | SN | SN
AG2/AM| 8.8 100°/80° $9.1 [13.0 5% 27.8 SN | SN | SN
AFC* 8.2 S/N
AE/CA?/ 7.7 22;2'620' 828 278 24% 424 | SN | SN
AC1/AB| 7.4 60°/70° 53.8 |11.8 18% 11.4
Z/AA 7.0 180°/200°* 48.2 18.8 34% 300
XZ/’Y/X 8.4 85¢/85¢/50° 337 20.4 8% 19.8 SN | SN | SN SN
V2 $.3 128¢ 40.8 21 14% 1.2 SN | SN
Q 0.8 190°* 171 3.2 7% 0.4
N 1.8 270° 54 1.0 15% 0.1
Li/x“.) 2.3 280"63.1,?;61.05' 173 |12 14% 7.8
F 3.4 160°* 12.0 9.3 9% 1.0
E 3.9 145° 18.2 2.4 23% 1.8
Cc 5.4 380° 87 49 7% 0.2

* AFC = Apparent Faise Call

33



Current

Technique 3'

Voilume
(10* in®

MRPC Depth

(10¢ in®

0-10
11-20
21-30
31-40
41-50

Total:

012

0-10%
11-20%
21-30%
31-40%
41-50%

13-24
24-38
37-48
49-80

Total No.

TABLE 3-2

EDDY CURRENT DETECTABILITY SUMMARY

COMBINED

8
12
n
14
13

0%
0%
38%
29%
486%

25%
0%

13%
25%
18%
38%
82%

48%
57%
0%
100%

No.
Detectad

Percent
Datected |

0%
8%
58%
38%
77%

21%

14




In an independent review of the eddy current data (Appendix B), Krzywosz similarly concluded that "the
MRPC detected IGA patches better than bobbin coils®, and that "no reliable IGA depth estimate was
demonstrated with the bobbin coil.”

33 Revigw of Prior Eddy Current Data

A number of reviews of historical eddy current data for the CR-3 steam g ‘nerators were done (2,3,4) in
an attempt to answer the following questions:

(1) When did the observed defects initiate?
(2) Is the corrosion process active or inactive?

Only a limited number of tubes having defect indications had been inspected in the interval between the
baseline inspection (1976) and the May 1992 refueling outage. Only 3 of the 6 tubes removed from the
B steam generator (52-51, 106-32, and 109-30) had eddy current data from the 2 previous outages (3/89
and 4/90). Thirty-seven tubes in the B steam generator had eddy current data from the previous outage
(4/90).

An earlier review (2), carried out in 1990 for 4 tubes (40-47, 46-46, 52-51, and 52-81), concluded that
the defect indications recorded for these 4 tubes during the April 1990 refueling outage were definitely
present as early as March 1980, but were not present at the time of the baseline inspection (1976,. From
this limited review, one could conclude that the defects in those tubes occurred between 1976 and 130,

Krzywosz (3) performed an independent review of prior eddy current data for the 3 pulled tubes (52-51,
106-32, and 109-30) to determine if the IGA could be attributed to a one-time event. To account for
different probe sizes and cable lengths used in the 3 inspections, he normalized the 600 kHz channel data
for a 100% calibration hole to § volts peak-to-peak at a phase angle of 40°. From his review (Appendix
B), he concluded the following:

(1) The eddy current indications confirmed as IGA patches by metallurgical test results were
present in 1989,

(2) The IGA patches have not grown since 1989, but have remained stable and dormant.
(3) There were no new detectable IGA indications since 1989,

[n Reference 4, eddy current signals were compared for indications detected during both the 4/90 and
5/92 refueling outages. Based on the indications that could be compared, the average % TW growth was
2%, with a standard deviation of 17%, while the average signal voltage decreased by 0.21 volts. Based
on this information, it was concluded in Reference 4 that there is no evidence indicating defect growth.

The reviews summarized above are consistent in their conclusions, viz., the patches of IGA present on
the B steam generator tubes initiated prior to March 1989, possibly earlier than March 1980, and are
currently dormant. Based on the information presented in Reference 3, new patches of IGA are not
initiating in the first tube span of the B steam generator.
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Effect of Defects on Pressure Holding Capability of Tubing

TABLE 3-3

BURST TEST DATA

Defect Information
T

Tube Section No, Burst Pressure ! Depth Length

97-91-2 12,400 psi 54% TW 75.6 mils

e e

106-32-2 11,400 psi 32 0% TW 62.3 mils

Since no defect-free CR-3 tubing was burst tested, nor were any tensile tests of the pulled tube sections
performed, a direct correlation to burst pressure degradation could not be made. However, virgin (i.e.,
defect-free) OTSG tubing with a nominal wall thickness of 37.5 mils would be expected to have a burst
pressure of -~ 11,300 psi based on typical values of yield (50 ksi) and ultimate (100 ksi) strengths for
stress relieved Alloy 600 tubing (). Therefore, it can be conciuded that no significant degradation in
burst pressure was exhibited by the defected CR-3 tubing.

Furthermore, burst pressure is highly dependent (exponential relationship) upon defect length, as well
as depth. Since these defects are, in general, very short (< 3 mm) their effect on burst pressure would
be expected to be minimal. The expected drop in burst pressure associated with the above defects is
small (~18% decrease based on an empirical relationship developed by D. Azodi et al), which is
consistent with the observed burst pressures (§).




3.5 Plant Chemistry Data Review

As part of the overall workscope, Florida Power Corporation and EPRI contracted with Adams and
Hobart to review obtainable chemistry data for the period from 1977 to 1982 (Fuel Cycles 1 - 4) and
attempt to correlate the data with the pulled tube examination results. Additionally, Adams & Hobart
were tasked to review chemistry hideout return data from 1988 to the present and to evaluate the risk of
reinitiating and/or propagating the observed IGA in the current operating environmeant.

As is the usual case with historical data reviews, data from early plant operations was limited and did not
cover all impurity species considered today to be important with respect to steam generator corrosion.
Nevertheless, the following inferences were drawn by Adams and Hobart (see Appendix C for the
complete report):

1. Evidence of high concentrations of non-chloride anionic impurities was found in the early
feedwater chemistry data.

Hydrazine concentrations in the feedwater during the 1977 to 1982 time period were high which,
when combined with suspected instances of resin throw from the polishers, could have led to the
reduction of sulfates to the more reactive sulfides.

3. While sulfate was not monitored between 1977 and 1986, cation conductivity was high during
this period and not accounted for by measured chioride concentrations. This would suggest that
elevated levels of sulfate may have been present. It would also indicate that acidic species,
whether sulfate or other anions, may have been available in sufficient concentrations to produce
an acidic environment in the concentrating films on the steam generator tubes.

These inferences appear to be consistent with the surface film analyses discussed in Section 2.2.11; viz.,
appreciable quantities of sulfide were present in the corrosion films. The corrosion films analyzed were
also depleted in nickel, suggesting they formed in the presence of an acidic environment.

Adams & Hobart further concluded (Paragraph 4.2 of Appendix C) that "The low-temperature (< 180°F),
acidic, reduced sulfur attack on the tubing freespan below the first tube support should not be progressing
at present” inasmuch as "the sludge pile chemistry environment would not support continuation of the
reduced sulfur acid attack below the first tube support.”®
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3.6 Susceptibility of CR-3 Steam Generator Tubing t0 IGA

Following fabrication, the CR-3 once-through steam generators were subjected to a full-furnace stress
relief at 600 to 620°C for 8 hours (at temperature) to reduce residual stresses. This step in the
manufacturing process resulted in precipitation of the chromium carbides, leaving the grain boundaries
depleted in chromium content; i.e.,"sensitized”. This type of microstructure has been shown to have
improved resistance to SCC in caustic environments. Following an extensive review of laboratory data
and operating plant experience, Koch and Miglin (7) concluded that "in caustic environments in which
mill-annealed Alloy 600 undergoes intergranular stress corrosion cracking (IGSCC), sensitized and
thermally treated Alloy 600 is far less susceptible to IGSCC (than mill-annealed Alloy 600)." There have
not, in fact, been any documented cases of caustic IGSCC in operating OTSGs.

The "sensitized" Alloy 600 microstructure is, however, susceptible to intergranular attack (IGA, IGSCC)
in acidic solutions containing reduced sulfur oxyanions, even when the sulfur is present in small quantities
(8). This form of corrosion has been observed at 3 operating plants (TMI-1, ANO-1, and Oconee 1),
all of which have once-through steam generators with sensitized Alloy 600 tubing. At TMI-1, the artack
was intergranular and initiated from the primary side (tube ID). It was postulated that the corrosion
occurred with the plant shut down, the reactor coolant level lowered, and the RCS open to the air (9,10).
The source of sulfur was identified as sodium thiosulfate, Na,S,0,, from the containment spray system
that had accidently leaked into the RCS.

At Arkansas Nuclear One-1, intergranular attack occurred from the secondary side of the tubes in the
upper regions of the steam generator. Based on examination of pulled tubes, it was postulated that the
IGA was caused by sulfur oxyanions at ambient temperatures during a long layup period (§,11). The
source of sulfur was thought 10 be the condensate polishing system; i.e., either regenerant chemicals or
thermally degraded resin fines.

Localized regions, ~0.020" X 0.040" X 20% TW, of intergranular penetrations were identified just
within the lower tubesheet crevice on the OD of a tube removed from the Oconee 1-B steam generator
in 1981, Surface chemistry analysis suggested that “the localized intergranular attack may be due 10 a
synergistic interaction of chlorine, sulfur, and possibly silicon” (12).

Basically, sulfur-induced corrosion mechanisms can be divided into at least two regimes: (1) reduced
sulfur IGA of sensitized Alloy 600 in oxygenated environments at low temperatures (< 170°F), and (2)
IGSCC, wastage, and pitting in deaerated acidic sulfate solutions at high temperatures (13,14). Corrosion
at high temperatures by acid sulfates has been implicated at Millstone 2 (15,16), Connecticut Yankee (17),
and St. Lucie 1 (18), and investigated extensively in the laboratory (19). However, the high temperature
mechanisms typically result in severc general corrosicn or wastage (19,20), which is not consistent with
the CR-3 defect morphology.

Corrosion of Alloy 600 by reduced sulfur species requires the presence of one or more aggressive species
such as sulfite, thiosulfate, sulfide, or polythionate. The most common source of sulfur species,
however, are sulfates (SO,”). Sulfates are unintentionally introduced into the steam generators via several
sources, including makeup water, condenser leaks, improper regeneration of makeup demineralizers and
condensate polishers, and leakage of cation resins or cation resin fragments from the demineralizers and
condensate polishers (21). In high temperature deaerated environments, in the presence of reducing
chemicals such as hydrogen or hydrazine, sulfates are not thermodynamically stable and can be reduced
to a more reactive state; e.g., sulfides. In these environments, silica may act as a catalyst in accelerating
the reduction of sulfates to the more reactive sulfides (22).



As noted earlier, the most common mode of attack by reduced sulfur species is intergranular corrosion
in an oxygenated environment at temperatures less than 170°F. However, more recent studies by Sala,
Combrade, et.al. (22,23), suggest that sulfides inhibit the formation of protective oxides in deaerated
caustic and neutral environments as well, leaving the alloy more susceptible to intergranular attack by
other species, e.g., caustic, at normal operating temperatures. Thus, for the CR-3 steam generators,
corrosion by species other than reduced sulfur oxyanions cannot be entirely ruled out.
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Section 4

DISCUSSION OF RESULTS

As noted in Section 2, the majority of the "spots” of intergranular attack were contained within a region
extending about 6 to 18 inches above the lower tubesheet secondary face (LTSF) of the "B" steam
generator. Coincidentally, the affected tubes appear to be within the sludge pile (Figure 4-1) as it would
have existed in the late 1970’s through the early 1980’s (24). This would suggest a relationship, either
direct or indirect, between the occurrence of IGA and the sludge pile.

The IGA was confined to spots on the OD tube surface where the deposits were thinner than the bulk
deposit, giving a scalloped appearance to the deposit. Underneath these deposits, the surface of the tube
appeared to be "stained.” These stained areas were enriched in chromium and surrounded by rings of
deposit rich in silica and alumina. After descaling, the tube metal in the "stained” regions appeared to
have been chemically etched.

Significant levels of sulfur were found to be incorporated in the tube OD surface and grain boundary
corrosion films. Levels of 2 to 5 wt% sulfur were typically observed on the IGA fracture surfaces, while
levels in the OD corrosion film were substantially lower (less than | wt%, predominantly as sulfate
although some sulfide was also detected). It was also observed that the corrosion films were, in general,
depleted in nickel and enriched with chromium (Figure 4-2). This behavior was slightly more
pronounced for the OD corrosion film. This provides an indication that the corrosion films were not
formed under strongly caustic conditions (25,26), but could have formed in mildly alkaline to acidic
solutions.

As discussed in Section 3.6, the presence of suifur in the grain boundary corrosion films is significant
in that stress-relieved (sensitized) Alloy 600 is quite susceptible to intergranular attack by sulfur
oxyanions. In general, acidic-oxidizing conditions (27) and temperatures less than ~ 170°F (77°C) are
required for reduced sulfur IGA (27). As noted in the previous paragraph, acidic conditions would be
consistent with the corrosion film chemistry observed on the CR-3 tubes. In addition, deposits in one
IGA location revealed the presence of copper oxide, which may also be indicative of localized oxidizing
conditions.

As noted in Section 3.3, historical eddy current data, although limited, suggests that corrosion damage
in the B steam generator occurred prior to March 1980. Assuming this is correct, the observed IGA
would have occurred under conditions that would have been present during and shortly after intial startup.
A review of plant operating information (i.e., operating procedures, layup practices, maintenance records,
etc.) during the period from startup through 1983 (28) determined that several incidences occurred during
which one of the steam generators might have boiled dry following a loss of feedwater event’. Such an
event could explain the relationship of the defects to the siudge pile mentioned earlier. Following a loss
of feedwater transient and subsequent loss of inventory in the affected steam generator, boiling in the
siudge pile could have "splattered” the sludge onto adjacent tube surfaces where they would have "baked
on", forming sites for underdeposit corrosion. A similar event occurred at Indian Point No. 3 in 1981
(29) where it was concluded that "in the inner core region of the steam generators some sludge had
spattered and then caked on the tubes, because of some local thermohydraulic condition, such as local
boiling, during a previous operation. The sludge deposits on the tubes acted as crevices and promoted

*  An Emergency Feedwater Initiation and Control (EFIC) system was installed at CR-3 in 1985 to
provide for automatic initiation of emergency feedwater.
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wastage corrosion beneath them, when the oxygen concentration was high at the tume of cool down.*

Since the observed corrosion most likely occurred during plant shutdown (possibly during or following
an event such as that described above), air ingress during shutdown operations or during the subsequent
lay-up period could have created conditions favorable to attack by sulfur oxyanions, assuming that
reduced sulfur species were present. It is known that wet lay-up practices in the period following initial
startup resulted in poor oxygen control (3Q). In addition, it has been observed recently that oxygen
excursions to 1000 ppb in the condensate occur at ~250°F during cooldown (30).

The same study of plant operations referenced previously (31) found that there were numerous incidents
where resin leakage from the condensate polishers may have occurred and frequent repair/maintenance
of resin traps in the 1981-1982 time frame. Thus, condensate polishing operations would be a likely
source of resin ingress.’ Hydrogen form cation resins provide an interesting candidate source for the
sulfur contamination in that they can release significant amounts of sulfur (they contain better than 10
wt% suifur) upon thermal decomposition over a temperature range of ~ 170°F to 536°F (31,32). Also,
breakdown of the resins proceeds through a melted form that could partially coat the tube surface (3]).
This could explain the stains observed on the CR-3 tubes, which may have resulted in localized under-
bead attack of the rubes during the initial stages of the meliting process and interference with subsequent
deposition processes. The enriched-chromium scale observed within these stains is also consistent with
this form of attack (31).

Fresh attack of Alloy 600 by sulfur oxyanions would generally produce a film containing very high levels
of sulfur as sulfide (i.e., > 10 wt%) (8). Since this was not observed in the CR-3 tubes, it seems
probable that the IGA had not occurred recently, and some of the sulfur had been washed away. This
would be consistent with the prior eddy current data and could also explain the lower levels of sulfur on
the OD tube surface compared to the grain boundary films.

*  Several modifications to the condensate polishing operations were made in 1982, including the
change to a gel type resin that is not regenerated, but replaced when exhausted.

42



e N Q2 eld -

o« TUEE KITH INOICATION (150)

TOTAL TUBES : 15531 TOTAL TUBES ASSIGNED : 151
SUPPORT RODS () . 48

SNSRI R A
DO

. . SeaRRbAR RN R hNAS
SGes R s e eI asirrotsenetesed
AAA AR SRR AN AR AR R LR AR RSN R So s nsanssse ey d
Sassnren .o..-o-..---- geses e “aw

saee e

.

.
saaes
sasmaan
sessane
srranae

sassan
OO

- sesane
OO
00

sanen
e
s

-
nac'o-a-oo-o
.o

-
e nen
SErsetraannanns

N SN esseeecsesss s
aane

. a“in
trrsssaN s anan .

OO

g
» ..
FHLANATAG AN s raatenanas
s ssesesansecsssisniie
FARENS NN RR AN AR R s A
AL .

» Y 200
Y OO L)
Do) S raerissinn
ERXEK XX

LA AR
sraw

.
. ..
DO
OO
ROOREE 00000 Sassese
wsssvenafsanenrnnrnnnn
viaesnoglsssannnasinn
O sene s

sevannn
Seanabun
.

ven
OO
sedsase

s o

e

Shoeseves

S nscss
oo

“evunn
SansrErans
“renvunas

o0
sisavanann . . OO0
canean e D8 0890t SO
-o..--nooo-..--. “hsesean Sesmaven

000000 uo--..-..oo RO AR
00000 AR X ] senune .
.5 RO

Figure 4-1: Superposition of Sludge Contour Map from 5/83 an Map for 1st Span ECT Indications

43



ELEMENTAL COMPOSITION OF GRAIN BOUNDARY FILM
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Section §

CONCLUSIONS/RECOMMENDATIONS

In summary, several observations were made during the tube examination and later that are pertinent to
the damage mechanism, including:

Tube wall degradation in the first span region of the CR-3 B steam generator is in the form of
small, relatively shallow, isolated patches of OD-initiated IGA.

Throughwall penetration ranged from |% to 62%, with an average depth of 28% and having
axial and circumferential extents of less than 0.1 inch,

The damage was concentrated in an area extending 6 to 18 inches above the secondary face of
the lower tube sheet and was associated with a non-uniform deposit pattern; specifically, spots
of thinner deposit with an underlying chromium-rich scale surrounded by a ring of silica and
alumina deposits.

The grain boundary and tube OD surface corrosion films contained significant amounts of sulfur,
and were depleted in nickel and enriched in chromium indicating an acidic to mildly alkaline
environment.

Review of prior eddy current data suggests that the IGA initiated as early as 1980 and is currently
dormant or at least growing very slowly.

Based on these observations, the following conclusions were reached:

The observed corrosion was likely caused by reduced sulfur species at a temperature of less than
170°F sometime during the period from startup (1977) to early 1980, probably closer to the
latter, It is postulated that the steam generator boiled dry during a loss-of-feedwater transient.
During either the boildown or duriug the subsequent feeding, the sludge, which was still light and
fluffy (or mud-like) vs the piles of spalled deposit observed later on, splatiered (or geysered) up
and deposited on the tube walls. This established sites for subsequent underdeposit corrosion.

The sludge and tube deposits contained significant levels of sulfate from chronic leakage of cation
resin from the condensate polishers (or a significant sulfur intusion occurred). 1he sulfate was
subsequently reduced to sulfides by hydrazine (or other, including silica or metal ions).
Corrosion could then have occurred following concentration of the sulfides under the deposit
during a period of poor oxygen control (e.g., during cooidown or heatup operations).

Conversely, resin beads or fines could have adhered to the tube wall during the boildown,
meited, and provided local acidic conditions and sulfur species that subsequently attacked the
affected tubes during or following cooldown operations.

Propagation ceased when conditions were no longer favorable to corrosion (suifides were
depleted, e.g.).
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Additional information obtained during the examination includes the following:

Bobbin coil detectability was good and improved with increasing defect depth and volume; all
defects with depths greater than 50% throughwall were detected by bobbin coil.

In general, detectability with the MRPC was not as good as with the bobbin coil probe, although
defects with the largest affected volumes were reliably detected with both probes.

The influence on tube burst pressure for these defects is relatively small (i.e., less than a 20%
decrease).

On the basis of the information obtained during this project, it is recommended that the following actions
be taken:

Those tubes with defect indications in the first span of the B steam generator should be inspected
during subsequent refueling outages to confirm that the corrosion identified in this report is
dormant. Changes in ECT phase angle or voltage for a particular indication, or an increase in
the number of detectable indications should be cause for additional investigation.

Hideout return chemistry should be monitored for the recurrence of acidic conditions in the lower
portion of the steam generator,

Selected tubes with defect indications at higher elevations should be removed for laboratory
analysis to determine whether such indications are similar to those from the first span, or whether
they are a different phenomenon.

Current BOP operating procedures and design features should be critically evaluated to (1)
minimize the introduction of resin beads or fragments into the steam generators, and (2) minimize
the ingress of oxygen during all phases of plant operation. Caution should be exercised in

adopting high hydrazine chemistry since excess hydrazine can act to reduce sulfates to the more
active sulfur species.

EPRI Project $305-9 evaluated the effect of residual sulfur compounds left by chemical cleaning
on the potential for causing tube damage. It was determined in that study (32) that the cleaning
process developed by the Steam Generators Owners Group (SGOG) "did not increase the
susceptibility of tubing materials to degradation” nor *aggravate existing tubing faults.” The
applicability of this study to the CR-3 pit-like IGA should be evaluated to determine if additional
testing is needed prior to carrying out future chemical cleaning operations.
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INTRODUCTION

In May, 1992, sections of six tubes were removed from the "B"
Once Through Steam Generator (OTSG) of Florida Power
Corporations Crystal River Unit 3 Nuclear Station. These tubes
are identified as 41-44, 52-51, 90-28, 97-91, 106-32 and
109-30. This report summarizes the bobbin coil and rotatin
probe results of field and laboratory eddy current examinations
that were performed on these tube sections as well as provides
plots of the results. A detailed description of the pulled
tube sections (tube no's, lengths, regions of interest, etc.)
are provided in attachments 1 through 6.

SUMMARY

The prime objectives of the examination were flaw detection and
characterization, accurate location and variations in signal
response with various examination techniques. The field bobbin
coig eddy current examinations recorded multiple indications in
the freespan rogion between the lower tubesheet seconda face
(LTSF) and the first tube nupgort plate (TSP). Both bobbin
and/or 3~-coil motorized rotat nz g:ncako coil (MRPC)
examinations, performed in the laboratory, identified multiple
indications in each of the tubes as reported in the field
examinations. A few indications were detected in the sections
of tubes where no field results existed. It is ve likely
that these indications are a result of the tube pu§¥
activities. The process of removing the sections of tubing did

ngt,dhownvor, affect the multiple indications reported in the
field.

EXAMINATION

Bobbin coil and MRPC probe examinations were gortorncd prior to
and following the tube pull process. The goal of this report
is to provide both pre and post eddy current data in attempts
to characterize any tube degradation, particularly damage
associated with low signal-to~-noise ratio (S/N) indications in

the boiling/free span regions, for correlation with field/lab
eddy current data.

The probes used for this study were Zetec .510" mag-bias
universal long cone high frequency (M/ULC/HF) and Zetec .520"
MRPC 3-coil probes. Eddy current data was acquired and
analyzed using Zetec DDA-4 and Eddynet programs, respectively.
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As was done with the field data, the bobbin differential 600
kHz primary freguency was used to normalize the voltages of all
channels by settin? the peak-to-peak voltage of the 4 x 100%
drilled through wall (TW) hcles 1n the calibration standard to
six (6) volts.

The MRPC absolute 200 kHz primary frequency was used to
normalize the voltages of all channels by setting the
peak-to-peak voltage of the single 100% TW hole in the
calibration standard to ten (10) volts. This normalization
method is different from the field exam due to the lack of an
EDM calibration standard. The alternate method specified in
the guidelines was used. A difference in the measured voltage
between the field and lab MRPC exams will be observed.

Table 1 lists the calibration standard used in this study.
Tables 2 and 3 show the system configuration for the different

grobcs used. As-built calibration documentation can be found
n Figure 1 following Table 5.

After performing the analysis of the laboratory eddy current
data, the results were compared to those obtained in the

field. Tables 4 and 5 show this comparison. Graphics
depicting the data derived from this comparison can be found in
Appendix A for bobbin field and laboratory and Appendix B for
MRPC field and laboratory results.

AXIAL AND CIRCUMFERENTIAL POSITION INFORMATION

A tube specimen holder fabricated specifically for use in
securing tube specimens during eddy current examination was
used for this task. A drawing is provided in Figure 2 which
shows the holder and gives details on the procedure followed
for positioning tubes in it for the examination.

The holders fixed and moveable grippers produce the signals
used to establish the measurement scaling used to derive the
axial position information of the flaws detected. The signal
produced by the notch cut and copper piece attached to the tube
specimen provide the landmarks used to calculate the
circumferential position of the flaws detected.

The axial location of flaws is measured in inches and
referenced to the bottom tube end. The circumferential
location is measured in degrees and referenced to the notch cut
at the zero degree location. The copper piece attached to the
specmien is the zero degree location. Degrees increase in a
positive manner with clockwise rotation when viewing the
specimen from the copper end. Circumferential position
information is presented in Table 5.
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5.0 CONCLUSION

5.1 The damage mechanism present is volumetric (non-cracklike)
in nature and is believed to be possible shallow outside
diameter pitting.

5.2 Of the thirty (30) tube specimens examined with the bobbin
coil probe the areas of interest were sections 2, 3 and 4
for all € pulled tubes. Section 2 consisted of the
freespan area from the LTSF to the first TSP. All flaw
indications reported in the field for Sections 2 were
confirmed during the laboratory examination. The
signature of the signals were consistent with the field
data such that the tube pull process appears to not have
damaged the indications of interest. The phase, amplitude
and T™W of the indications correlated well with both
fiald and laboratory examinations. An additional 15
flaw-like indications were reported during the laboratory
examination for tubes 41-44, 950-28, 97-91, and 109-30.
Sections 3 for tube 52-51 and 4 for all remaining tubes
wvere reported as no detectable degradation (NDD). The
area of interest for these tubes was the first TSP.

5.3 For the MRPC examination only the sections with areas of
interest were examined. Thirty-eight (38) flaw
indications were reported in e field and (23) flaw
indications were confirmed during the laboratory
examination. The field calls reported as NDD in the lab
data were due to the indications not responding as a real
flaw but exhibited more deposit or non-flaw
characteristics.

5.4 For both bobbin and MRPC examinations the majority of
flaws reported in the field were confirmed in the
laboratory with no change. No new or different modes of
degradation were detected.
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TABLE 1
CALIBRATION STANDARD

Calibration Standard Reference Number

0.6285 ASME 1217345B-0

TABLE 2

SYSTEM CONFIGURATION FOR
ZETEC .510 BOBBIN PROBE M/ULC/HF

COILS
Frequency 12 3 45 67 8 '
600 X X
400 X X
200 X X
35 X x
TABLE 3
SYSTEM CONFIGURATION FOR ZETEC .520 3-COIL PROBE
COILS
Frequency 123 4561738 |
300 X X X ,
200 X X X |
100 X X X |
35 X X X X 1
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BOBBIN
FIELD VS . LABORATORY EDDY
= Vfliln IESUUS

1992
LOCATION VoL 1s PHASE Xy
LISE + 6 86 | 0.89 118 S/M
LISF «12.12% 0.62 17z S/H
LISF +15 .53~ 6 85 126 S/N
LISE + 5.79% 0.98 148 S/N
LISF » 8.03 0.52 78 S/N
LISF ¢ §.22% 6.95 149 S/N
LISF «18.12% 0.47 75 S/
LISF + &.38% 1.00 167 S/N
LISF « 7. 88" 1.73 121 L6
LISE +1D.35% 1.07 19 SIN
tISF + B.28" 0.88 SU 76
LISF + B.5&* G.65 110 S/N
LISF +14 28" 6.Nn 106 &3
LISE = 5. 76" 0.84 135 S/N
LISF + 8. 22% 0.3 138 S/
LISF + 9. 48" e.55 156 S/N
LISF «10 91 0.48 w7 S/N
LESE o101 24" 0.3 131 S/M
LISF +12.82% 8.57 162 S/N
LISF +14. 34" 0.30 110 S/N
LISF « 5.66% 0.79 150 S/N
LISF « 7.99% 0.94 133 30
LISF ¢ © 22¢ .5 132 S/N
LISF ¢« 9.78% 0.60 150 S/%
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+ 7.98%*
$17.45%
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TABLE 5
MRPC
FIELD VS LABORATORY EDDY CURRENT
SPECIMEN FIELD RESULTS LABORATORY RESULTS CIRCUMFERENT IAL
i e A S — SR LOCAT ION
ROM - TURE - AREA OF 1992 AXiAL 1992 TOP(NOTICK) = O
PIECE  INTEREST LOCATION | vours | pwase | xiw LOCATION®+ | voLTS | PHASE | XTw DEGREES ++
- - B Bl Binscll Wil M omnpiue . KoosciiolF| Digiar 0 Bcwll¥ S sepst SN
41-44-2 26.3% 1O 45.30| LISF + 4.99% | 144 | 115 S/M NOD
LISF + 5.93% | 2.02 37 S/u NOD
LISF « 7. 20" 2.06 12% S/N BIN #1411 6.77 74 S/R 130 dEG
LISF +11.89% | 259 2% s/m | emeio e | 176 39 S/n 0 DEG
LISF +13.37% | 1.81 72 s/M | mime2162¢ | 086 80 /M 270 DEG
LISF +15.50% | 1.89 85 s/M | Wi e24. 26 | 1.23 59 S/u 0 DEG
LISE +17.63% | 2.04 87 s/ | Bm26.7¢ | 092 | M SN 270 0EG
$2-51-2 25.3% 10 42.3%] L1sF + 590« | 017 | 108 S/N NOD
LISF » & 22% 1.83 A S/% BIxn « 8 14> 0.88 103 S/N 106 DiG
LISF + 8.0~ 0.24 b4 S/n BIN +10.468" 1.13 64 S/ 180 DEG
LISE « 847 | 2.42 4 s/k NOD
LISF + 9.25% | 0.12 52 s/u DO
LISF » 9.75+ 1.61 30 S/N MDD
LISF «)0 00« 0. 14 142 S/¥ BIn «13 00" 0.35 125 S/w @ vEo
LISF +10.57* 0.90 70 s/8 NOD
90-28-2 21.3" 70 42.3*! LISF « 6.21¢ 0.41% 12 S/N ROO
LISF + 6.33% | 2.09 85 s/ | sm o322 | 0.96 91 /N 130 DEG
LISF + 7.79= | 3.93 15 s/h | smetsB9r | 0.92 86 S/N 90 DEG
LISk + 7.95+ | 0.23 2 s/ | amaz.25* | on 70 /% 210 DEG
LISF » 9.12% | 6.3} 57 s/M | Bime18Ser | 147 75 s/u 200 DEG
LISE +10.15% | 2.70 54 S/N | BIM 21.28% | 0.58 52 S/m 220 DEG
BiN +23.07% | 0.76 s SN 290 DEG
C7-91-2 28.3% 10 43.3%| LISF + B.66" | 0.35 82 s/m | simersee | 109 | 17 S/n 310 DG
LISF + B.95% | 0.17 7] s/ | ommarssie | o100 |1 S/M 310 DEG
LIS +12.15% | 0.2 43 s/ | a9 | L% 89 S/N 310 DEG
LISF +14.84% | 0.36 57 s/ | smoe2188% | 141 71 S/N 340 DEG
aim «19.27% | e.51 68 S/N 310 BEG
§06-32-2 25.3% 10 42.3%] LISF « 5.7/ 0.32 101 S/8 BIN +12 74™ 1.12 132 S/u 180 piG
LISF + &.35% 0.37 92 S/u RIN « 14 0O" 0.94 3 S/u 320 DEG
LISF « B\ 0.25% 101 S/ BIN +15. 12% 0.6% 127 S/ 180 DEG
LISF + 3.85" 0.19 S/n NOD
LISF « 9.09% | 0.20 87 s/ | amm 16360 | 0.8 97 S/R 160 DEG
LISF « 9. 81+ 0.12 86 S/H NOD
LISF #1013+ | 027 93 s/u OO
LISF +10 8% 615 45 S/u DD
LISF +11 BB~ g9 4 61 S/u ROD
LISF 12 2% 0.12 41 S/w NDO
LISF «13 4%~ 0.13 76 S/w @M +18 20" e.69 88 S/ 350 ofa
BN +17.77% | 0.92 | 132 S/M 170 DEG
109-30-2 25.3% 10 33.3%| LISF « B.47% | 0.13 87 s/ | B oe1s59% | 0.42 58 S/M 150 DEG
LISF + 9.66% | 0.28 1) /% 00
*AGDTTIONAL LOCATIONS REPORTED DURING LAB ANALYSIS
SAXIAL LOCATION 15 MEASURED FROM THE BOTTON TUBE EMD
+SCIRCUMFERERTIAL LOCATION IS MEASURED IM DEGREES. THE COPPER PIECE ATTACHED TO THE SPECIMEN

IS THE 2ERC-DEGREE LUTATION.
ROTATION WHEN VIEWING THE SPECIMER FROM THE COPPER PIECE.

DEGREES INCREASE IM A POSITIVE MANMER WiTH CLOCKWISE
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EPRI NDE CENTER

Electric Power Resaarch institute
Nondestructive Evaiuation Center Leagership in Technology Transfer

March 24, 1993

Mr. Paul Sherburne

B&W Nuclear Service Company
155 Mill Ridge Road
Lynchburg, VA 24502-434]

SUBJECT: Review of Successive Eddy Current Data on Pulled Steam Generator
Tubes From Crystal River Unit 3

Dear Paul;

To resolve questions involving occurrence and growth, if any, of patches of
intergrannular attack (IGA) noted i~ the pulled steam generator tubes at Crystal River
Unit 3 (CR3), the subject data review was performed at the EPRI NDE Center.

Also, issues related to eddy current flaw detection and sizing capabilities were
addressed in this letter report.

Please contact me if you have any questions upon reviewing the contents of this letter
report.

Sincerely,

Ken)i Krzywosz f

Manager, Heat Exchanger Inspection
EPRI NDE Center

KK:mph

o P. Paine, EPRI
M. Behravesh, EPRI
R. Thompson, FPC
R. Stone
F. Ammirato
G. Henry

1300 Harns Boulevard  «  Charlotte. Nonh Carolina 28262  » Telspnone (TD4) 547.6100
(PO Box 217097 Chariotte North Carciina 28221 «  FAX (704) 5476188




Evaluation of Pulled Steam Generator Tubes from Crystal River 3

Background

In order to ascertain if the noted patches of intergrannular attack (IGA) were
attributed to a one-time occurrence or continuing activity at Crystal River Unit 3 (CR3),
three successive eddy current outage data were reviewed. Of the six pulled tubes from "B"
steam generator, only three tubes were identified as having been eddy current tested in '89,
'90, and '92 outages. They were tubes 52-51, 109-30, and 106-32. Consequently, their
analysis results were analyzed and compared. Since the B&W data analysis guidelines call
for the use of the 600 kHz differential channel to report quantifiable indications with a
signal-to-noise ratio of 5, this channel was selected for comparison. To compare three
successive outage data acquired by different diameter size probes and varying lengths of
extension cable, eddy current signals from a 100% calibration hole were normalized to 5
volts peak-to-peak at phase angle of 40°. All flaw locations were referenced in the positive
upward direction from the lower tube sheet interface toward the first tube support piate
location,

IGA Status and Occurrence

Attachment A shows data comparison of signal amplitude and phase angle
measurements from 21 indications representing IGA patches. There were no new detectable
' A indications based on the review of three successive outage data. The same number of
eddy current indications confirmed as IGA patches by metallurgical test results in 1992/1993
were also present in 1989, Consequently, the observed IGA patches were already present
prior to 1989.

Any growth or active damage form typically results in higher eddy current signal
amplitude, accompanied by reduction in the phase angle. The net result is the overall
increase in the percent wall loss. Evaluation results showed just the opposite effect of
decreased signal amplitude. The percent wall loss, however, increased slightly. This
amplitude reduction is attributed more likely to a combined effect of tube conditions, signal
quality, and diiferences in the eddy current measurements. The increased percent wall loss
of 9 percent is also considered well within the sizing error band. Therefore, it is concluded
that the IGA patches have not grown, but remained stable and dormant.

Eddy Current Flaw Detection

To determine the capability of eddy current to detect IGA patches, all of the reported
metallurgical test results were tabulated in Attachment B along with the associated bobbin



coil analysis results. Due to the active bobbin coil area with axial extent of around 0.200
inch, any multiple metallurgical test results of less than 0.200-inch apart were combined as
one flaw for comparison. The following correction factors were added tc the bobbin coil
locations in order to compare with the reported metallurgical test results: 2.91 inches for
Tube 52-51; 7.4] inches for Tubes 109-30 and 106-32; and 7.31 inches for tube 90-28.

Figure | shows a distribution of IGA patches by different percent wall losses from
primarily the following three tubes: Tubes 52-51, 106-32, and 90-28. Only two points were
available for inclusion from Tube 109-30. There was a total of 23 IGA patches exhibiting
40% and greater wall losses, while the remaining 30 IGA patches exhibited less than the
40% rcpair limit. The IGA distribution peaked in the 40-49% wall loss range. Using the
information presented in the figure, the percenwize of IGAs detected by bobbin coils was next
plotted at each respective flaw depth range. This IGA percent detection by bobbin coils is
shown as Figure 2. In general, the plot shows any IGAs in excess of 45% wall loss are
reliably detected 80% of the time.

Next, the IGA detection capability of bobbin coils was compared to the motorized
rotating pancake coil (MRPC). The tabulated number of respective eddy current indications
by each tube was compared to the number of metallurgical test results.

90-28 11 13 18
106-32 12 17 22
109-30 2 2 2
52-51 7 9 11
Total 32 4] 53
% Detected 60 77

Based on the comparison, the IGA patches were better detected with the MRPC. One
drawback is its slow .aspection speed. The reported number of MRPC indications were
previously included in my January 12, 1993, correspondence to Rocky Thompson. It should
be noted that the number of bobbin coil indications also increased. This increase was
attributed to 1989 bobbin coil data, which clearly confirmed some of the questionable
indications not originally reported from the May, 1992, field data.

Eddy Current Flaw Sizing

To evaluate the accuracy of bobbin coils to size IGA patches, eddy current depth
estimates were compared with metallurgical test results. Table B also shows the comparative
analysis results by each outage. Tube 90-28 test results were also included in the '92 outage
analysis. Sizing accuracy was evaluated using a linear regression analysis by comparing
eddy current estimates to metallurgical test results. Three statistically derived values were

B4



evaluated. These includs correlation coefficient, root-mean-square (RMS) error, and slope of
the linear regression (best fit) line. Flaw sizing accuracy increases as the value of best-fit
slope and correlation coefficient increases. However, sizing precision decreases with
increasing RMS error values. For optimal flaw sizing, a correlation coefficient of greater
than 80% with RMS error of less than 20% is desirable. Under this condition, the slope of
the best-fit line generally falls between 0.8 and 1.2.

Calculated statistical values from Attachment B show that 600 kHz eddy current
analysis procedure offers no reliable flaw sizing. The tabulated statistical values are listed
below.

Linear Regression Analysis by Each Qutage

3/18/89 4/30/90 5/14/92 5/14/92

Correlation Coefficient 1% -8% 8% 25%
Root-Mean-Square (RMS) Error 28% 34% 31% 27%
Slope of Best Fit Line 0.032 0.314 0.278 0.646
Mean Met Wall Loss (X) 40% 40% 0% 36%
Mean Eddy Current Wall Loss (Y) 30% 33% 3% 30%
No. of Flaws 21 21 21 32

Even after including 11 additional points from Tube 90-28, the best statistical values obtained
were 25% correlation and 27% RMS error with a slope of 0.646. These results, illustrated
graphically as Figure 3, show high degrees of scatter in sizing IGA patches. A similar
comparison at 400 kHz showed no improvements in flaw sizing. If axial positions associated
with the reported metallurgical test results and eddy current analysis results were indeed
accurate, no viable eddy current analysis procedure was demonstrated for estimating IGA
wall losses. It should be mentioned that this condition is not unique to CR3 but applicable to
the whole industry. Currently, no reliable procedure exists for estimating IGAs,

Summary

Review of the successive eddy current data indicated that observed IGA patches were
already present in 1989. No evidence of growth as applied to either existing or new [GAs
was noted. IGA patches were better detected than sized. In addition, the MRPC detected
IGA patches better than bobbin coils. No reliable IGA depth estimate was demonstrated with
the bobbin coil.

Observations

Signal quality of the '89 data was superior in comparison to the '92 data, despite the
smaller diameter probe size. The latest data was "noisier". Consequently, the 400 kHz data
in both differential and absolute forms was better suited for identifying IGA patches than the



600 kHz data. For sizing IGA patches, the 600 kHz data should still be used in the free-
span regions. Therefore, truly high frequency probes which operate optimally at 600 kHz
should be used after factoring the known length of the probe extension cable. Adding
extension cable without considering its effect on probe performance will result in the
lowering of the optimal operating frequency and reduced eddy current sensitivity.

B-6



Attachment A - Comparative Analysis of Eddy Current Signals

§2-51
Lecations (A)

6.38/6.43/6.21
8.66/8.64/8.48
9.89/9.87/9.66
10.77/10.73/10.5%9
12.2/12.07/11.91
12.95/12.86/12.72
14.53/14.5/14.232

109-30
Locations

6.04/6.29/6.13
8.34/8.54/8.46
9.52/9.77/9.66
10.09/11.12/10.16
10.91/11.13/~-
12.72/12.9%/12.87
14.84/15.17/15.15

106~32
Leocatione

6.32/6.32/6.38%
.87/6.80/6.96
.58/7.57/7.71
.01/7.97/8.09
.69/8.67/8.78
.94/8.91/9.01
.71/9.68/9.73
.98/9.97 /===
11.34/11.33/11.44
11.71/11.71/11.78
13.09/13.20/13.34
14.63/14.56/14.81

DOUE®O-In

Notes: (A) Eddy current flaw locations of
(B8) 600 kHz eddy current data and flaw depth estimates

(C) Adjusted locations and associated met resul*s,
indications

3/18/89

Yolt/Phase/N(B)

0.89/148/2
0.47/94/66
0.88/139/17
0.19/80/77
0.19/66/86
0.43/161/0
0.353/119/43

3/18/89
-, N Izni. -

0.67/153/0
0.75/125/3¢&
0.33/131/28
0.43/141/13
0.18/126/35
0.13/45/97
0.32/20/%0

3/18/89

0.62/141/13
0.83/164/0
0.35/145/6
0.39/11/27
0.33/126/35
0.19/74/81
0.49/150/0
0.46/139/16
0.35/127/34
0.5%/134/24
0.57/133/2%
0.22/101/61

Average Peak-to-Peak Volt
Average Phase Angle
Average Percent Wall Loss

4/30/90
Velt/FPhase/N(B)

0.62/153/0
0.57/92/68
0.75/136/21
0.24/47/96
0.22/45/97
0.26/162/0
0.29/105/%7

4/30/90

0.67/157/0
0.66/126/35
0.27/129/31
0.50/135/23
0.16/117/45
0.27/53.93
0.36/28/70

4/30/90

.86/147/2
.93/165/0
-42/132/28
.38/15/37
.27/124/35%
.21/39/95
.60/145/4
.50/146/4
.53/146/4
.65/134/22
.58/140/14
.43/117/44

O0O0O0O0DO0OO0CCOOCOO0O

5/14/92

¥Yoli/Phase/3(B)

.62/148/16
.33/79/82
.61/150/13
.30/66/89
.16/62/91
.32/164/0
0.35/152/9

$/14/92

00000

.54/153/8

.65/137/31
.23/1358/33
.35/132/37

.18/26/60
.20/32/74

CO1 0000

5/14/92

0.58/138/30
0.63/176/0
0.40/167/0
0.26/22/51
0.23/138/30
0.14/82/80
0.29/152/9
0.34/157/1
0.32/150/13
0.24/133/36
0.36/150/13
0.20/110/59

Met
Lecations /N (C)

9.12-9.34/34
11.39-11.57/53(2)
12.57-12.78/52(2)
13.50-13.68/45(2)
14.82-15.11/40(2;
15.63-15.86/33(2)
17.23-17.44/33

Met

Locations/%

No met
15.75-15.95/%0
No met
17.5~18.54/40
No met
No met
No met

Met
Locations/y

13.73-13.76/49(3)
14.21-14.37/51(2)
14.98~15.12/25(4)
15.38-15,.50/24
16.08-16.19/40(2)
16.32-16.42/29
17.09~17.14/38
17.38-17.39/40
18.74-18.85/42(2)
19.12-19.19/46(2)
20.5-20.75/39(3)
21.97-22.22/36(3)

respective tube from sach outage

(X) indicates multiple # of

2/18/89 4/30/90 2/18/22 Rifference

0.472
120 117
30 33

0.499

0.366
127
33

-23%
+6%
+9%



§2-51
Lecations (A)

6.38/6.43/6.21
8.66/8.64/8.48
9.89/9.87/9.66

10.77/10.73/10.589

NDD

12.2/12.07/11.91
12.95/12.86/12.72

NDD

14.53/14.5/14.32

NDD
NDD

109~30
kocations

6.04/6.29/6.13
8.34/8.54/8.46
9.52/9.77/9.66

10.09/11.13/10.16

10.91/11.13/~

12.72/12.95/12.87
14.84/15.17/15.158

106-32
kecations

NDD
6.32/6.32/6.38%
6.87/6.80/6.96
NDD
7.58/7.57/7.71
8.01/7.97/8.09
8.69/8.67/8.78
8.94/8.91/9.01
9.71/9.68/9.73
9.98/9.97/ ===

11.34/11.33/11.44
11.71/11.71/11.78

NDD

13.09/13.20/13.34

NDD

14.63/14.56/14.81

NDD
NDD
NDD

Attachment B -~ IGA Detection and Sizing by Eddy Current

3/18/89

Veolt/Phase/s (B)

0.89/148/2
0.47/94/66
0.88/139/17
0.19/80/77

0.19/66/86
0.43/161/0

0.33/119/43

3/18/8%

0.67/153/0
0.75/125/36
0.33/131/28
0.43/141/13
0.18/126/35%
0.13/45/97
0.32/20/%0

3/18/89

0.62/141/13
0.83/164/0

0.35/145/6
0.39/11/27
0.33/126/3%
0.19/74/81
0.49/15%0/0
0.46/139/16

0.35/127/34
0.55/134/24

0.57/133/25%
0.22/101/61

4/30/90
Yolt/Phase/s (B)

.62/153/0
.57/92/68
.75/136/21
.24/47/96

.22/45/97
.26/162/0

o o0 O00O0O

.29/108/57

4/30/90

0.67/157/0
0.66/126/35
0.27/129/31
0.50/135/23
0.16/117/45
0.27/53.93
0.36/28/70

4/30/90

0.86/147/2
0.93/165/0

0.42/132/25
0.38/15/37
0.27/124/35%
0.21/39/98
0.60/145/4
0.50/146/4

0.53/146/4
0.65/134/22

0.58/140/14
0.43/117/44

B-8

§/14/92

Yolt/Phase/N (B)

0.62/148/186
0.33/79/82
0.61/150/13
0.30/66/89

0.16/62/91
0.32/164/0

0.35/152/9

5/14/92

4/153/8

§/137/31
3/138/23
§/132/37

0.18/26/60
0.20/32/74

5/14/92

wNoO;

0.58/138/30
0.63/176/0

0.40/167/0
0.26/22/51
0.23/138/30
0.14/82/80
0.29/152/9
0.34/157/1

0.32/150/13
0.24/133/36

0.36/150/13
0.20/110/%9

Met
Locations/% (C)

9.06/34
11.37,11.63/53
12.63/52
13.50,13.63/45
14.0/13%
14.88,15.06/40
15.69/33
16.69/18
17.2%/33
17.94/26
19.13/32

Mat
Lecatione /N

No met
15.88-15.96/50
No met
17.5-17.56/40
No met
No met
No met

Met
Leocations/%

12.75/14
13.81,13.94/49
14.38/51
14.63,14.81/18
15.00-15.19/25%
15.44/24
16.18,16.19/40
16.44/29
17.19/38
17.50/40
17.94,18.0/16
18.19,18.25/22
18.36~-18.56/136
18.78/42
19.13,19.25/46
19.81/19
20.69/31
20.94,21.06/39
21.81,22.13/36
22.31-22.5%0/22
23.00,23.13/31
24.00,24.13/17



Attachment B (Cont'd)

90-28 5/14/92 Met

Locatienzg Volt/Phase/% keocations/%
6.46 0.73/1C9/5%9 13.56,13.69/56
7.98 1.26/123/44 15.31/80

10,39 0.75/122/4¢6 17.63,17.69/53
10.65 0.32/124/43 17.88/46

NDD 18.25/18

11.59 0.25/115/53 18.80,19.06/27
11.93 0.79/138/24 19.25/45%

NDD 19.75/45

12.76 0.42/144/14 20.31/23

NDD 20.44/28

NDD 20.69/53

14.36 0.90/128/38 21.50,21.56/49%9
14,84 0.35/112/5%6 21.88,22.06/62
NDD 22.56/30

15.78 0.08/130/36 23.00/30

NDD 23.56/49

16.50 0.50/158/0 23.63/24

NDD 24.69/51

Notes: (A) Eddy current flaw locations of respective tube from each outage
(B) 600 kHz eddy current data and flaw depth estimates
(C) Actual met locaticas and met results
NDD ~ No detectable degradations
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Figure 1 - IGA distribution by depths based on the
metallurgical and eddy current test results from the
four pulled tubes
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% DETECTION BY BOBBIN COIL

DETECTION PROBABILITY
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Figure 2 - IGA percent detection at various depths by bobbin coils
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EDDY CURRENT PERCENT ESTIMATE

COMPARITIVE ANALYSIS

5/14/92
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Figure 3 - Linear regression analysis of eddy current bobbin
coil estimates versus metallurgical test results
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Appendix C

CHEMISTRY SUPPORT FOR CRYSTAL RIVER UNIT 3
PULLED TUBE EXAMINATION

Prepared by

Ada. ; & Hobart
Consulting Engineers
46738 Fremont Boulevard
Fremont, CA 94538

1.0 Introduction

1.1 Scope of Work

Adams & Hobart was contracted by Florida Power Corporation and the Electric Power
Research Institute to support Babcock & Wilcox with the pulled tube evaluation for
Crystal River Unit 3. That support consisted of the following tasks:

A. Review accessible chemistry data from 1977 through 1982 and attempt to
correlate water chemistry history with pulled tube destructive examinations and
surface analyses.

B. Review hideout return chemistry data from 1988 to the present to evaluate the
risk of initiating or propagating IGA under current operation conditions.

Information from both tasks was integrated to develop an hypothesis of plant operating
chemistry and tube degradation.

12 Background

Eddy current (ECT) inspections of the Crystal River Unit 3 "B" steam generator had
shown indications located at 1 to 2 feet above the upper surface of the lower tubesheet
(tubing freespan) and at the seventh, eighth, and ninth tube supports (tube-tube support
crevices). The extent of some of these indications required utility personnel to plug a
number of tubes. There had been no visual indications that would confirm the ECT
results.

This tailored collaboration project involved pulling several tubes from the affected
steam generator for detailed non-destructive and destructive testing. The main body of
this report and the other supporting appendices discuss the results of those tests.



Appendix C

In conjunction with the examinations of pulled tubes, a review of historical chemistry
data was conducted. This review was intended to identify any chemistry trends or
transients that might correspond to the ECT indications.

In order to place the iustorical data review in the proper context, a summary of
chemistry-related operating practices and plant design/configuration changes is
presented below.

C-2

MSR drains were routed forward from 1977 through 1978. In 1978 the MSR
drains were permanently routed back to the condenser.

Condenser was originally tubed with 70/30 Cu/Ni and frequently experienced
leaks. Retubing of one waterbox at a time with titanium was begun in March
1992. The last two waterboxes will be retubed in 1994.

Full-flow, deep-bed condensate polishers are operated with a 2:1 volume ratio
of cation:anion resins. Five beds are on-line during normal operation, with one
spare to use for pH control.

Condensate polisher resin regeneration was stopped in about 1979. At this time,
the plant began operating the polishers in the ammonium cycle and discarding
resins when the effluent sodium or chloride concentration was 2 to 3 ppb.

Feedwater pH (25°C) has been increased gradually — starting in 1985 at
approximately 9.1 increasing to approximately 9.45 by 1987, and in the range of
9.6 to 9.8 in 1993 with morpholine AVT chemistry.

AVT pH control agents have been changed with time.
1977-1989: Ammonia AVT
July 1989-March 1993: Morpholine AVT

- Low morpholine (10-20 ppm), 1989-June 1992

- High morpholine (50-100 ppm), June 1992-March 1993

April 1993-Fall 1993: Ethanolamine/morpholine AVT (3-5 ppm ETA/3-5 ppm
morpholine)
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2.0 Data Available for Evaluation
Chemistry data for three blocks of time were used in this study:

 Fuel cycles 1 through 4 (January 1977, just prior to commercial operation,
through Spring 1982),

* Fuel cycle 8 (June 1990 through April 1992), and

e Fuel cycle 9 (July 1992 through May 1993).

Crystal River plant personnel put forth a significant effort to retrieve archived chemistry
data +a fadilitate this review and evaluation. Data were provided to Adams & Hobart in
the following forms:

Secondary Cycle Chemistry Logs

ChemRad Reports

Hideout Return Study Data Logs

Impurity Transport Study Data Logs

REDAS Data Logs

Spreadsheets of operating chemistry data for Cycles 8 and 9

A detailed listing of data available to this study is presented in Section C.1, Table C.1-1.

As is the usual case with historical data reviews, data from early plant operations are
sketchy and do not cover all impurity species that are considered currently to be
important with respect to steam generator corrosion. However, the data records that
were required during those years were found to be complete and in order.

Supplemental chemistry information was obtained from published reports of plant and
industry studies. Those reports that were found to contain useful data also are listed in
section C.1, in Table C.1-2
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3.0 Data Evaluation
31 Task A: 1977 Through 1982

Insufficient data were available to perform an historical analysis of operating transients
or wet layup chemistry for this time period. An effort was made to evaluate early
operating chemistry in terms of: (a) concentrations of impurities; (b) evidence of any
identifiable impurity excursions; (c) presence of any relationships between pH,
concentrations of hydrazine, concentrations of dissolved oxygen, and concentrations of
ionic impurities; and (d) comparisons with more recent chemistry. The following
paragraphs address these issues for sodium, chloride, cation conductivity, pH, and
hydrazine.

3.1.1 Sodium

Figure 3-1 presents hotwell and feedwater sodium concentrations versus time for the
three periods investigated during this study: January 1977 through April 1982, June
1990 through May 1992, and July 1992 through May 1993. There were no feedwater
data available for the 1977 through 1982 time period.

There was one very high hotwell sodium concentration (500 ppb) at plant startup
(1977), and it is probable that there was a corresponding elevated feedwater value.
Blowdown sodium concentrations were approximately 100 ppb and 40 ppb for steam
generators A and B, respectively, during this same 1977 startup time period (see Figure
3-2), which indicates that feedwater did experience elevated concentrations.

Hotwell and feedwater sodium data are shown on an expanded scale in Figure 3-3.
From this presentation it can be seen that both hotwells experienced increases in sodium
concentration between July 1992 and May 1993. However, the condensate polishers
were able to maintain feedwater in the range of 0.5 to 2.5 ppb, except for a significant
spike (4 ppb) during the May 1993 startup, corresponding to the initial introduction of
ethanolamine (ETA) as a pH control agent.

A cyclical trend in feedwater sodium can be seen in Figure 3-3. Peaks in concentration
of about 2 to 3 ppb occurred in June 1990, December 1990, March 1991, June 1991,
August 1991, March 1992, September 1992, January 1993, and May 1993.

3.12 Chloride

Figure 3-4 illustrates hotwell and feedwater chloride concentrations during the three
time periods studied. Hotwell B experienced elevated chloride concentrations in 1982 (1
to 12 ppb) and during much of the 1990 and 1992 time frame (10 to 42 ppb). The
condensate polishers were able to maintain feedwater concentrations at less than 3 ppb,
except for one sample in June 1990, as shown on the expanded scale of Figure 3-5. Itis
possible that this anomalous value (9 ppb) was from a contaminated sample.

A cyclical trend in feedwater chloride is evident in Figure 3-5. Peaks in concentration of
approximately 2 ppb occurred in June 1990, December 1990, March 1991, June 1991,
August 1991, March 1992, September 1992, November 1992, March 1993, and May 1993.
These peaks correspond almost exactly with the cycle peaks for sodium (section 3.1.1).
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There is nothing in the historical chloride data that appears to explain any pre-1988
steam generator tube corrosion.

313 Cation (Add) Conductivity

From Figure 3-6 it can be seen that cation conductivity of both hotwells and feedwater
has decreased during the life of the plant. (It should be noted that there are no hotwell
cation conductivity available for the period, June 1992 through June 1993.) The patterns
of hotwell chloride concentrations and cation conductivity observed from Figures 3-4
and 3-6 do not appear to be similar. An examination of feedwater chloride
concentrations and cation conductivity on the expanded scales of Figures 3-5 and 3-7
does not indicate a relationship. Therefore, it appears that some non-chloride, acidic
species (e.g., sulfate, phosphate, nitrate, and/or organic acids) historically have
contrciied secondary cycle cation conductivity. It also is apparent that the
concentrations of non-chloride, acidic species in the hotwells were highest during early
years of plant operation.

The concentration of chloride during early plant operation was not sufficient to account
for all the measured cation conductivity. Chloride concentrations of around 0.4 ppb
only provide 0.06 uS/cm of cation conductivity, while 1.0 to 1.5 uS/cm were measured
periociically between 1977 to 1982. If sulfate were the predominant anionic species
contributing to those cation conductivity spikes, it would have had to present at a
concentration of about 170 ppb.

314 Comparison of Feedwater pH and Sodium

Figure 3-8 compares feedwater pH and sodium for the three time periods studied,
except that there are no sodium data for 1977 through 1922. There does not appear to be
a cyclical pattern of pH correspending to that of sodium concentration for 1990 through
1993. The slight upward trend in pH (9.4 to 9.6) in 1992 does correspond to an upward
trend in sodium concentration (1 to 1.5 ppb). However, after the brief December 1992
outage, the sodium concentration dropped by about 0.5 ppb, with no corresponding
drop in pH.

315 Comparison of pH and Chloride

Figure 3-9 compares feedwater chloride and pH for the three time periods studied.
There is no clear relationship between pH and chloride. While both experienced
fluctuations during the April 1993 startup, there was no pH fluctuation in February and
March 1993 to account for the changes in chloride. During the 1977 startup there was
no high value of chloride recorded in response to the high pH.

316  Hydrazine

In Figure 3-10, it can be seen that a very high concentration of feedwater hydrazine
(approximately 20 ppm) was recorded during the 1977 plant startup. This
concentration of hydrazine decomposing to ammonia could have caused a high leakage
of sodium from the condensate polishers, which could have shown up in the condenser
hotwell as the elevated value observed (500 ppb). In addition, there is a cycling in
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hydrazine concentration evident in 1990 through 1992 that might be suggestive of a
relatioriship with feedwater chloride concentrations.

Feedwater chloride versus hydraine concentrations are plotted in Figure 3-11. The
general decrease in chloride concentration during the two periods, 1990 through 1992
and 1992 through 1993, does correspond with a decrease in hydrazine concentration.
The short-term increase in chloride concentration between January and June 1991 may
relate to a slight increase in hydrazine concentration during the same period. However,
there is no apparent drop in hydrazine concentration that would correlate with the
sudden drop in chloride concentration in July 1991.

Higher concentrations of hydrazine (50-100 ppb) were typical in the 1977 to 1989 time
frame than during the rest of the plant history. Following the conversion to morpholine
for pH control in July 1989, hydrazine concentrations were decreased to a nominal 30
ppb. This change was made in order to maintain a sufficiently high morpholine
concentration to reduce corrosion product transport, without produdng excessively
high feedwater pH.

317 Dissolved Oxygen

Figure 3-12 shows a comparison of feedwater and deaerator effluent dissolved oxygen
and hydrazine. During the 1977 plant startup, the deaerator effectively reduced the

dissolved oxygen (filled symbols on Figure 3-12) but the hydrazine level was kept high
(open symbols). An expanded plot is shown in Figure 3-13. The high hydrazine
concentrations relative to oxygen would have created a very reducing environment in
the steam generators, whereby any sulfate species present could have been reduced.

3.18 Sumrmary of Historical Chemistry Review

While sulfate was not monitored between 1977 and 1986, cation conductivity was high
and not accounted for by measured chloride concentrations. This indicates that acid
species may have been available in sufficient concentrations to produce an acidic
environment in the concentrating films on the steam generator tubes.

It can only be speculated about whether or not the non-chloride anionic material was
predominantly sulfate, or whether other species such as phosphates or organic acids
were present in relatively high concentrations. However, the possibility of high
concentrations of sulfate (potentially as high as 170 ppb) does potentially support the
B&W postulate that resin-related sulfonates and sulfates were generated by the
condensate polishers during early years of operation.

High concentrations of hydrazine were also present during early plant operation. The
combination of acidic chemistry, possible presence of sulfur, and documented presence
of high concentrations of hydrazine in feedwater during those early years supports the
B&W postulate that reduced sulfur species were responsible for steam generator tube
damage prior to 1988

A second issue, not particularly related to this project's objectives, is the apparently
anomalous behavior of chloride observed in historical data. It would be expected that
decomposition of hydrazine to ammonia would increase condensate pH and shift
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demineralizer equilibrium to result in chloride throw. This means that chloride in
feedwater should be related to both changes in hydrazine and pH. However, elevated
feedwater chloride concentrations appear to be more related to hydrazine
concentrations than pH during the past few years and hydrazine and pH did not track
together well. It is not apparent why hydrazine concentrations do not parallel pH and
why chloride concentration trends are more similar to hydrazine trends than pH. One
possibility for this behavior could be that the hydrazine has had chloride contamination.
If that were the case, both pH and hydrazine concentrations would affect chloride.
However, hydrazine solutions (purchased as 35 wt %) would have to contain chloride
contamination roughly on the order of 12,000 ppm in order to affect feedwater
concentration by the 1 ppb transients observed. Plant personnel have not analyzed
incoming hydrazine for chloride, but they believe the certified analyses should be close
enough in accuracy to assure that these high concentrations do not exist.

3.2 Task B: 1988 Through 1992
3.21 Transient Periods

Available operating data for these two recent operating cycles were obtained from
spreadsheets containing secondary chemistry data. The data were reviewed to identify
three types of chemistry transients: hotwell high sodium and chloride; hotwell high
sodium and low chloride; and condensate demineralizer effluent high sodium and low
chloride, with no evidence of high sodium in the condenser hotwell. High sodium and
chloride concentrations in the condenser hotwell would most probably be the result of a
condenser tube leak. High sodium and low chloride concentrations in the hotwell could
be indicative of sodium throw from the makeup water plant, while high sodium and
low chloride concentrations in the demineralizer effluent could be indicative of sodium
throw from those demineralizers. The transients shown in section C.2, Table C.2-1,
were identified from review of the data.

For each of the transients shown in Table C.2-1, where feedwater chemistry data were
available, MULTEQ runs were performed to estimate deposit/crevice chemistry.
Recorded feedwater data used in this analysis consisted of concentrations of sodium,
chloride, sulfate, formate and acetate.! It should be noted that chemistry data were not
available for some strong acid and strong base species (e.g., potassium, calcium,
magnesium, phosphate). Neither were concentrations of silica available, although
recent measurements of MSR drains samples indicate that feedwater concentrations
should be on the order of only 2 ppb. Although it is a weakly ionized species, silica is
important because formation and precipitation of silicates in basic solutions can impact
predicted crevice chemistry. Because of the incomplete data, there is a large degree of
uncertainty in the MULTEQ predictions. The results are summarized in Table 3-1.
Detailed results are shown in section C.2, Table C.2-2.

Crevice pH estimates are shown in Tables 3-1 and C.2-2 for two conditions: a
concentration factor of 1000, which should be indicative of under-deposit conditions,

I Additional feedwater chemistry data available include cation conductivity and dissolved oxygen, pH,
ammonium, hydrazine, and morpholine concentrations.
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and a boiling point elevation of 7 ‘C, which should be indicative of OTSG tube-tube
support crevices. Because of the inherent uncertainty in results, given the limited data
sets available, the predicted crevice conditions were used only qualitatively. Therefore,
there was no need to interpolate to establish an estimated pH for a boiling point
elevation of precisely 7 'C. The notations, "Insufficient data to evaluate”, were used for
three situations: (a) there was no sulfate concentration available; (b) the observed
transient occurred mid-way between weekly feedwater sample analyses; and (c) no or
limited analytical data were recorded for the week. When weak organic acid
concentrations were not available but adjacent data points appeared stable, they were

i Lt -

Summary — Transient Chemistry, 1988-1992

Recent transient data provide circumstantial evidence of neutral under-deposit
chemistry for both steam generators, but acid-sulfate crevice chemistry in steam
generator A and a nearly equal times of acid-sulfate and neutral/caustic crevice (tube-
tube support) chemistry in steam generator B. The acidic chemistry predicted in both
steam generators is due to relatively high concentrations of sulfate present.

TABLE 3-1

Summary of MULTEQ pH Predictions
From Feedwater Chemistry Data During Transients

Condenser High Na and Cl
=103 U it ABP=-7C
Date EW Train pH NpH pH NpH
10/1/90 A 6.98 5.74 9.42 5.02
B 552 5.74 2.53 5.12
12/19/90 A 4.76 573 223 5.01
3/26/91 A 6.35 5.74 593 5.15
B 6.22 5.74 4.21 5.14
5/21/91 A 6.96 5.74 6.29 5.02
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TABLE 3-1, cont'd.

Summary of MULTEQ pH Predictions
From Feedwater Chemistry Data During Transients

Condenser High Na and Low C!

CF=103 (Under Deposit) 4
Date FWTrain |pH NpH pH NpH
9/18/90 A 433 5.74 0.05 5.06
B 439 5.74 1.01 5.18
10/1/90 A 6.98 5.74 9.42 5.02
10/8/90 A 4.66 5.75 0.47 5.20
10/30/90 |B 5.81 5.74 3.52 5.17
1/22/91 A 4.58 5.74 0.54 521
B 4.94 5.74 1.02 5.13
3/12/91 A 4.20 5.74 0.45 520
B 4.67 5.74 0.93 5.16
3/19/91 A 592 5.74 3.44 5.16
B 6.40 5.74 5.66 499
7/9/91 A 6.19 5.74 37 5.04
B 6.71 5.74 9.35 4.95
7/16/91 A 6.73 5.74 9.35 513
7/23/91 B 6.46 5.74 5.30 5.03
8/20/91 A 591 5.74 3.42 365
B 6.94 5.74 9.39 5.04
9/3/91 B 5.98 5.74 3.76 525
9/10/91 A 6.20 5.74 3.76 5.16
B 6.78 5.74 9.23 5.10
9/18/91 A 455 5.74 0.20 5.09
H 513 5.74 130 5.19
9/24/91 B 6.08 5.74 3.80 521
10/1/91 B 723 5.72 9.01 5.14
3/10/92 A 6.79 5.74 9.23 5.06
i 6.44 5.74 6.41 512
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While only one data point was available that represented potential sodium throw from
the condensate demineralizers, there were several instances where elevated sodium in
the hotwell passed through the demineralizers. With only two exceptions, all cases ¢’
high sodium in the hotwell and/or condensate demineralizer effluent coincided with
acidic-concentrating feedwater for Train A. However, only half of the cases of high
sodium in the hotwell and/or condensate demineralizer effluent coincided with add-
concentrating Train B feedwater. The apparent difference in steam generator
chemistries could reflect simply the uncertainty in analytical results.

There is a potential for significant amounts of feedwater-borne sulfate to adsorb on
oxide surfaces inside the steam generator. Adsorbed sulfate would not be available for
influencing pH in flow-restricted areas of the steam generator. However, the sulfate
levels are high enough to indicate that the water would be probably acid-concentrating,
even with removal of some sulfate by adsorption.

322 Investigation of Sulfate

The relatively high levels of sulfate (2-3.3 ppb) observed in feedwater during analysis of
recent chemistry transients prompted an investigation of its origin. Operating
chemistry data from Cycle 9 were examined to determine if the feedwater sulfate
corresponds to condenser inleakage. Condenser hotwell samples are not rou inely
analyzed for sulfate, so Figure 3-14 compares concentration of hotwell sodium with
concentration of feedwater sulfate. There is no apparent correlation between those data.

To obtain more detailed and accurate information on the behavior of sulfate in the
secondary cycle, a special sulfate analysis test was initiated by Crystal River-3 personnel
in January 1993. Figures 3-15 through 3-17 plot data from that test. Figure 3-15
compares concentrations of sulfate in feedwater with those in the hotwells. The
measured concentrations track closely, with the "A” hotwell and "A" feedwater train
showing similar trends and the "B" hotwell and "B" feedwater train behaving similarly.
Plant personnel have commented that this correlation cannot always be observed. Itis
interesting tc ote that there is no obvious and consistent bias between hotwell and
feedwater concentrations, although the full-flow, deep-bed condensate polishers were
in use.

Sulfate concentration in the condensate demineralizer effluent header does not trend
particularly well with those in the feedwater trains, as can be seen in Figure 3-16. If the
header were well mixed, there were no removal of sulfate by the condensate
demineralizers, and the sample analyses were accurate and precise, the common
condensate demineralizer effluent concentration would always be positioned between
the hotwell concentrations.

To investigate whether the condensate demineralizers were either removing or
throwing sulfate, mass flows were determined using hotwell (influent) sample points
CE-2 and CE-3 and feedwater (effluent) sample points CE-9 and CE-10. Results are
presented in Figure 3-17. It is apparent that during the test period the demineralizers
were neither removing nor contributing ionic sulfate. That could indicate that either
that the demineralizers were in equilibrium with the condensate with respect to sulfate,
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or that the top portion of the beds were removing sulfate while the lower portion of the
beds were releasing sulfate.

To determine whether the demineralizers are throwing colloidal resin particles or
soluble sulfonates from resin decomposition, the concentrations of sulfate in high
pressure heater drains (condensed extraction steam) was compared with those in
feedwater. The results, shown in Figure 3-18, are inconclusive. While there are four
peaks in heater drains sulfate concentration that are higher than feedwater
concentrations, many of the sample points show concentrations that are slightly lower.
This could reflect a routine loss of sulfate by adsorption on secondary plant piping and
steam generator surfaces, with periodic throw of organic sulfonates from cation resin.
However, this possibility can not be proven with the data.

3.43 Analysis of Water Treatment Plant Effluent and Cooling Water

whule it is expected that condenser leakage of cooling water from the Gulf of Mexico
would result in the addition of acidic-concentrating species to Crystal River's secondary
coolant, samples of circulating water were analyzed to verify that assumption. The
results are shown in Section C.3, Table C.3-1. Not surprisingly, the Crystal River
circulating water is virtually identical to published results for sea water. Major
impurities include sodium, calcium, bromine, magnesium, potassium, silicon,
sulfur/sulfate, strontium, and chlorine/chlonide. The molar concentration of chloride
exceeds that of sodium, but is balanced by the other cations present. When Crystal
River circulating water chemical data are used in MULTEQ with a dilution factor of
1E6, the resultant pH predictions are:

Under deposit (CF=1E3) pH=4.79 NpH=572
Sludge pile (BPE=11) pH=2.81 NpH=4.87

Precipitates predicted are MgSO4 and AIO(OH). Condenser leakage would produce an
acid-concentrating secondary coolant, as expected.

Demineralization of a fresh water source usually produces water that is caustic-
concentrating. In order to determine whether that is the case at Crystal River where
makeup water is drawn from deep wells, samples of water treatment plant effluent
were analyzed. The results are presented in Section C.3, Table C.3-2. Crystal River

makeup water is remarkably high purity. MULTEQ pH predictions for concentration of
this water are:

Under deposit (CF=1E3) pH=6.50 NpH=5.74
Sludge pile (BPE=8.72) pH=5.36 NpH=4.85

Precipitates predicted are NiO, ZnSO4, ZnO, SiO3, and PbO. In the absence of
condenser leakage, secondary coolant should be neutral to slightly basic.

324 Hideout Return Studies (1988-1992)

Currently, EPRI recommends that three types of plant hideout return data be input to
MULTEQ when studying crevice chemistry conditions: prompt return concentrations,
cumulative hot soak quantities, and cumulative cooldown return quantities. However,
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the shutdown/cooldown sequence historically used at Crystal River-3 has not included
a true hot soak and insufficient data have been obtained historically to compute total
return quantities. The prompt return data discussed below was obtained just after
draindown, at the start of feed and bleed operation. Because a careful industry-wide
study of this type data for once-through units has not been conducted, there is a great
deal of interpretation required of the data and results. Consequently, there is also a
significant uncertainty in the conclusions drawn. Total return during feed and bleed
operation for the March 1992 shutdown have been used in MULTEQ to obtain
additional insights. Total return data for the March 1993 shutdown were not available
at the time this report was prepared.

Results For October 1988 Qutage. Analytical data records are sketchy from this
shutdown, so there is considerable uncertainty in the MULTEQ output. Under deposit
and sludge pile pH predictions are shown in Table 3-2.

Table 3-2
MULTEQ pH Predictions From
1988 Hideout Return Data
Steam Generator A
RCS T = 533 °F (initial shutdown):
Input Species Concentration PredictedpH NpH A4BP CE
Na+* 40 ppb 3.82 5.69 - 108
Fe* 57 0.86 5.06 5.71 .
g 84
504" 93
H3Si04 189.6
RCS T = 440 F (sludge pile soak):
Input Species Concentration PredictedpH NpH A4BP CE
Na* 8 ppb 7.64 5.73 - 108
Fet 40 9.73 487 7.83 -
Cl- s
SO4= 9
H3Si04 72
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Table 3-2, cont'd.

MULTEQ pH Predictions From
1988 Hideout Return Data, cont'd.

Steam Generator B
RCS T = 533 °F (initial shutdown):

Na* 60 ppb 8.45 5.69 . 108
Fe+ 17 9.56 499 501 ;
- o 25

SO4= 17

H35i04 254

RCS T = 440 F (sludge pile soak):

Na* 25 ppb 8.36 5.71 - 108
Fe* 34 9.86 491 5.85 -
C]- -

SO4= 8

H1Si04 66

These data could indicate that steam generator A has acid chemistry in its upper areas,
but caustic conditions within the sludge pile. They could also indicate that steam
generator B has caustic conditions throughout the steam generator. However. the data
are sufficiently incomplete to preclude the drawing of firm conclusions.

It should be noted that no chloride was detected for the samples during the sludge pile
soak (RCS temperature of 440 ‘C). Apparently the chloride concentration was below the
laboratory's limit of quantification (probably 1-2 ppb). Inclusion of the actual
concentration would have resulted in a slightly lower calculated pH than those shown
in Table 3-2. However, the water should still have been slightly basic concentrating.

Results For October 1991 Mid-Cycle Qutage. Analytical data records also are sketchy
from this shutdown, so there is considerable uncertainty in the MULTEQ output.
Under deposit and sludge pile pH predictions are shown in Table 3-3.
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Table 3-3

MULTEQ Results From 1991
Hideout Return Data

Steam Generator A

RCS T = 552 °F (initial shutdown):
Input Species  Concentration
Na+ 1ppb

I 0.42

S04= 3.01
HaSiOy4 7.9

RCS T = 534 °F (18 hr after shutdown):

Input Spedes  Concentration

Na* 1.1 ppb
Cr 0.5
SO4= 2.32
HiSiO4 79
Steam Generator B

RCS T = 533 °F (initial shutdown):
Input Species ~ Concentration
Na+t 0.5 ppb
Cl- -

SO4= 423
H3Si0y4 -

RCS T = 537 °F (18 hrs after shutdown):

Input Specles  Concentration

Na+* 0.5 ppb
Cl- 4
S04~ 1
H1S5104 -

Appendix C

PredictedpH NpH ABP CF
547 5.74 - 108
202 517  3.89 .

PredictedpH NpH ABP CF
521 5.74 . 103
0.91 509 478 -

Predicted pH NpH CF
4.64 5.74 - 103
0.81 513  4.00 -

Predicted pH NpH ABP CE
6.32 5.75 - 103
9.81 504 538 -

These data could indicate that steam generator B has add chemistry in its upper areas,
but caustic conditions within the sludge pile. They could also indicate that steam
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generator A has adid conditions throughout the steam generator. However, the data are
sufficiently incomplete to preclude the drawing of firm conclusions.

ip. Analytical data records are sketchy from this shutdown,
so there is considerable uncertainty in the MULTEQ output. Under deposit and sludge
pile pH predictions are shown in Table 3-4.

Table 34
MULTEQ Results From 1992 Trip
Hideout Return Data
Steam Generator A
Initial shutdown:
Input Species  Concentration PredictedpH NpH ABP CE
Na* 0.2 ppb 4.37 5.74 - 108
Q- - -0.09 5.00 4.58 -
SO4= 4.89
H3S5i04 :
9.5 hr after shutdown:
Input Species  Concentration Predicted pH NpH ABP CF
Na+* 280 ppb 9.21 5.62 - 103
Cl- 25 9.98 4.88 7.63 -
S04~ 1245
H35i04 390
Steam Generator B
Initial shutdown:
Input Species ~ Concentration PredictedpH NpH 4ABP CF
Na+ 0.5 ppb 4.55 574 - 103
Cl- - 0.09 5.10 448 B
SO~ 472
H35i04 "
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[able 34, cont'd.

MULTEQ Results From 1992 Trip
Hideout Return Data, cont'd.

Steam Generator B, cont'd.

RCS T = 537 °F (18 hrs after shutdown):

Input Spedies = Congcentration
Na+ 850 ppb
Cl- 60

3

4
56

These data could indicate that both steam generators A and B have add chemistry in
their upper areas, but caustic conditions within the sludge pile. However, the data are
sufficiently incomplete to preclude the drawing of firm conclusions.

Results For April-June 1992 Refueling Outage. The results in Table 3-5 were obtained
using initial concentrations and total returns from feed and bleed in MULTEQ. Details
of data used as input to MULTEQ and outputs for specific data sets are shown in
Section C.4, Table C.4-1

The notation, "B&W Data," denotes MULTEQ runs that were made using data
generated exclusively by B&W chemistry analyses. The notation, "FPC plus B&W
Data," denotes runs there were made using a combination of data generated by B&W
and FPC plant laboratory chemistry analyses.

An examination of the steam generator feed and bleed return quantities versus time
plots indicates that the following precipitates or associated species might be present:
sodium hydroxide, sodium silicate, sodium sulfate, potassium sulfate, and potassium
silicate.

There is no obvious correlation between these possible precipitates and any one of the
data sets used to predict crevice pH with MULTEQ, above. However, Adams & Hobart
postulates that the tendency of initial feed and bleed concentrations to predict neutral to
acidic pH indicates that tube-tube support plate crevice areas probably have neutral to
acidic chemistry. The feed and bleed total return quantities represent a soak of the
tubesheet deposits. Hence, the MULTEQ pH predictions from total feed and bleed
return would reflect dissolution of a sodium silicate precipitate from the sludge pile and
the back-diffusion of soluble sodium hydroxide remaining after volatilization of HCL.
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Table 3-5
Summary of MULTEQ Results
From 1992 Shutdown Hideout Return
CF=10% (Under ' =g
| Date/Time |pH NpH - pH NpH
SGA
4/30/92, 7.06 573 6.52 5.13
0607
-B&W Data
-FPC plus 3.95-7.07 573 0.51-6.27 5.09-5.22
B&W Data
Total Return | 7.86 573 9.99 4.87
SGB
4/30/92, 3.80 5.74 0.85 5.41
0609
-B&W Data
-FPC plus 3.32-4.08 5.72-5.74 0.37-0.64 5.24
B&W Data
Total Return | 8.84 5.68 10.15 5.11

Preliminary Results From March 1993 Mid-Cycle Qutage. Chemical analyses and
operational data from the March 1993 outage have not been completely evalu:ted, to

date. However, some preliminary observations can be made from studying the raw
data.

Expanded sampling and analysis was performed during the power-dac.vn in order to
detect whether the combination of turbine wash and hideout return impurities would
provide insight into the sludge pile and under-deposit chemistry environments.
Chemistry data from three times during the power-down are presented in Table 3-6.
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TABLE 3-6
Selected Power-Down Chemical Analysis Results

Concentration, ppb
SamplePoint Dae Time MNa* K G Mg~ L' F & SO NOy PO, SiQ; QAg HCO»

Feedwater-A 37393 1300 24 01 <01 <01 <05 <01 01 <01 36 < < «l 9
230 15 01 <01 <01 <05 <01 02 15 €@ < < «l 74

3493 0130 22 02 <01 <01 <05 <01 04 22 @ < G «l ;|

Feedwater-B 32383 1300 2 00 <01 <01 <05 <1 12 1l @ <& G «l 54
220 18 02 <01 <01 <05 L1 12 4 Q@ & G «i 6.2

34093 0130 13 01 <01 <01 <05 <01 13 16 @ <& d «l 85

HP Heater 3383 1300 31 01 <01 <01 <05 <01 06 <01 29 < <G «l 93
Drains 2230 08 02 <01 <02 <05 <01 02 12 €@ < <G «l 42
3483 0130 07 01 <01 <01 <05 <01 <01 <01 @ <& < «l 74

MSR Drams 33893 1300 18 05 <01 <01 <05 28 16 19 @ & 18 %4 110
2230 15 05 <01 <01 <05 24 10 14 Q@ < 2 130 90

3/4893 0130 18 04 <01 <0 <05 42 19 28 Q < U 20 170

LP Heater 3383 1300 05 <01 <01 <01 <05 <01 <01 <01 @ <5 & «l <l
Drains 2230 04 01 <01 <01 <05 <01 <01 09 @ < Aa «l <l
3493 0030 31 03 <01 «0]1 <05 <01 15 1 <« <5 53 «1 <1

Although increased chloride concentrations were present in low pressure heater drains
during the latter part of the power-down, increased sodium concentrations were also
present. In the low pressure heater drains sample at 0030 on March 4, 0.135 pmoles/L
of sodium were present and only 0.042 pumoles/L of chloride. This does not support the
hypothesis that HCl was volatilizing and leaving soluble NaOH in the steam generator
sludge pile. The MSR drains samples had relatively steady and high concentrations of
chloride during the entire power-down, but there was a slight excess of sodium present.
Thus, the turbine and MSR wash that occurred during power-down appeared to contain
sodium chloride and, possibly, sodium hydroxide, rather than hydrochloric acid.

Mass balances have not been constructed for this shutdown, to date. However, an
examination of the concentration data leads to the conclusion that significant amounts
of NaOH did not return from the sludge pile during power-down and cooldown. The
only strongly ionized species observed during hideout return were sodium, potassium,
chloride and sulfate. Selected data during the cooldown are presented in Table 3-7.
MULTEQ predictions of concentrated pH from these data are listed in Section C.5, Table
C.5-1 and summarized in Table 3-8. The under-deposit and sludge pile pH predictions
for both steam generators are neutral or acidic at all three points of time evaluated,
although relatively high concentrations of sodium were present. Sufficient amounts of
sodium were complexed with sulfate in every case so that the remaining ionic sodium
could be balanced in charge by free anions (such as nitrate, acetate, chloride, and
bisulfate). While there was no notable difference in predicted pH conditions for the two
steam generators, concentrations of sulfate returning from OTSG-B were significantly
higher during cooldown than from OTSG-A (approximately 5 times higher).
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TABLE 3-7
Selected Cooldown Chemistry Analysis Results

Concentration, ppb

SumplePoins Dme Time Na° K' Q™ Mg™ L° F Q@ 507 NOy PO S0 QAs HQO:
OTSG-A 4o 0225 26 12 <01 <01 <05 <1 01 19 36 < 10 36 4
1030 01 <0/1 <01 <01 <05 <01 <01 07 @ < < 13 99

1830 85 13 <01 <01 <05 <01 21 17 @ < 9140 9

1593 0630 36 04 <01 <01 <05 <01 14 26 @ < W 10 75

OTSG-B y4p3 0225 31 03 <01 <01 <05 <01 35 1 @ < 511002
1630 02 <01 D1 01 D5 Q1 01 D1 @ <& S 27 49

1830 13 <01 <01 <01 <05 <01 <01 16 21 S S <1«

YSE3 0630 53 21 <01 <01 <05 03 11 2 @ < 58 60 340

TABLE 3-8
MULTEQ Results for Selected Cooldown Chemistry Results

| Date/Time | pH NpH NpH
SGA

3/4/93,022515.82 574 5.10 5.43
3/4/93,10305.10 5.75 204 5.62
3/4/93,1830|5.41 5.73 4.84 5.45
3/5/93,0630 | 5.34 5.72 4.93 5.54
SGB

3/4/93,0225|4.12 5.73 1.22 5.42
3/4/93,1030 | 6.02 5.75 5.62 547
3/4/93,1830|5.97 5.74 3.16 5.07
3/5/93 6.02 6.59 5.30 5.35

These results appear to be significantly different than the results from the previous
shutdown. While the 1992 shutdown produced acid-concentrating water during
power-down and initial cooldown, the quality of the hideout return changed to caustic-
concentrating during the cooldown. This recent 1993 shutdown produced enly acid-
concentrating water during both power-down and cooldown. However, relatively high
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concentrations of sodium began appearing during the subsequent layup. Chemistry
analysis data and MULTEQ results from the layup are presented in Table 3-9.

TABLE 3-9
MULTEQ Results for 1993 Shutdown Layup

OTSG B, 3/20/93, 1830

Na* 190 ppb 8.77 5.65 - 103
cr 10 9.58 5.00 6.56 -
SO4= 150

o . Na;Si0s precipitaied.

OAc” 444 NaSQOyq4, NapS04, NaHSO4, HSO4", HOAC,

HCOn" 97.1 HCO;H, Hg(Si03)4, and HgS1O4 in solution.

H3S8104 544

OTSG B, 3/21/93, 1200 !
Input Specics Concentration Predicied pH NeHd ABP CE
Na* 228 ppb 8.90 5.64 . 103
cr 15 9.65 498 7.11

SO4= 120

F - NaSiOs precipitated.

OAc" 86 NaOH, NaSO4, NaHSOg4, NagS04, HSO4", HOAC,
HCOp" 101 HCOqH, H8104, He(SiOn)4, and HgS104 in

H3Si04 635 solution.

OTSG B, 3/22/93, 1200

lopw Specics Concenuaton Bredicied oH NpH ABP CE
Na* 293 ppb 9.02 5.62 . 103
cr 13 9.72 494 7.56

SO4= 113

F . N;SiOs precipiaied.

OAc” 31 NaOH, NaSOy4, NaHSOg4, Na804, HSO4", HOAc,
HCO7" 101.4 HCOqH, H8i04, Hg(S103)4. and HgSiO4 in

H3S8i04 785 solution.
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OTSG A, 3/24/93, 0900

[nput Species Concenanon
Na+* 249 ppb
cr 47
S04™ 153

F 325
OAc” 12
HCOy" 50
H18i04 296

OTSG A, 3/25/93, 0745

Loput Species Concenranon
Na* 330 ppb
1 88
S0O4™ 220
F‘ ®
OAc- 163
HCOy" 91
H35i04 424

OTSG A, 3/26/93, 1215

lnpu Specics Concenuanon
Na* 403 ppb

cr 89

S04* ”

p -

OAc” 23.5

HCOy" 118

H385104 593

c-2

TABLE 3-9, cont'd.
MULTEQ Results for 1993 Shutdown Layup

Predicied pH NpH 8P CE
8.79 5.63 - 103
942 495 .72 .
NaySiOs precipitaied.

NaOH, NaSQ4, NaHSO4, Na2504, HSO4", HOAC,
HF, HF4, HCOgH, H28i04, Hg(SiOn)4, and
H4Si04 in solunon.

Predicied i Npd aBP &

8.73 5.62 ' 103
9.35 5.09 192 -
$i0; precipitated.

NaOH, NaSOg4, NaHS 4, NapSO4, HSO4", HOAc,
HCO4H, HSi04, Hg(5101)4, and HgSiO4 in
solution.

Predicied pH NpH V:) S 3

9.16 5.60 . 103
9.69 5.01 4.75 -
No precipitates.

NaOH, NaSOg4, NaHSO4, Na3S04, HSO4", HOAC,
HCOZH, H3Si04, Hg(S101)4. and HySiO4 in
solution.




TABLE 3-9, cont'd.

MULTEQ Results for 1993 Shutdown Layup

OTSG A, 3/27/93, 1155

loput Species Concentration
Na* 472 ppb
cr 102
SO4= 74

I .
OAc” 149
HCOp" 99.5
H38i04 746
OTSG B, 3/31/93, 1215

loput Specics Concenuanon
Na* 608 ppb
cr 31
S04* 28

I "
OAc” 5.68
HCOy" 1093
H38i04 1438

OTSG A, 4/1/93, J833

loput Species Concenuanon
Na* 642 ppb
) 109
S04= 113

F 213
OAc” 18
HCOy" 107
H38104 1017

Appendix C

Predicedpd  DNpH @ ABP

921 5.59
9.7 4.99 495
Na;SiO¢ precipitated.

solution.

NaOH, NaSOg4, NaHSO4, Nap504, HSO4", HOAc,
HCO2H, H28104, Hg(5103)4. and HeSiO4 in

Predicedpd  NpH — ABP

9.19 5.58 .
9.7 5.00 4.89
Na;SiOs precipitated.

solution.

NaOH, NaSQOq4, NaHSO4, Na2504. HSO4', HOAc,
HCOH, H25i04, Hg(8103)4, and HySiO4 in

>
103

solution,

Predicted pi NpH aBP CE
927 5.57 10
9.74 495 591 -
Na7510¢ precipitated.

NaOH, NaSQy4, NaHSOy4, NapSO4, HSO4", HOAc,
HF, HCOqH, H25i04, Hg(Si07)4, and H4S104 in
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TABLE 3-9, cont'd.

MULTEQ Results for 1993 Shutdown Layup

OTSG B, 4/8/93, 1056

loput Specics Conceauauon
Na* 716 ppb
cr o)
S04= 291

P .
OAc” 152
HCOy 107.7
H38i04 1630

OTSG A, 4/13/93,0115

Lopw Specics Concenuanon
Nat 741 ppb
or 284
SO4= 251
F 3
OAc” 35
HCOy" 47
H38i04 1203

OTSG B, 4/15/93, 2000

loput Species Concenganon
Na* 690 ppb
Cr 120
SO4* 227
F' .
OAc” 6
HCOy- ks

H3Si04 1002

Predicied okl Npt agp CE

920 5.57 ‘ 103
969 4.98 5.49
NapSi0s4 precipitated.

NaOH, NaSQy4, NaHSO4, NaS0q4, HSO4", HOAC,
HCO2H, H28104, Hg(5i03)4. and HgSiO4 in
solution.

Predicied pH Npd ALE 3

9.12 5.56 . 103
9.54 496 6.28
N#,SiOs precipitated.

NaOH, NaSOg4, NaHSCy4, Na3S04, HSO4", HOAc,
HF, HCOyH, H35i04, Hg(Si07)4. and HgSiO4 in
solution.

Predicied i Ned ABE CE

928 5.97 . 103
9.72 495 5.76
NapSiOs precipitated.

NaOH, NaSQg4, NaHSO4, Na;504, HSO4, HOAC,
HCOnH. HS104, Hg(S103)4. and HgSiO4 in
solution.
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TABLE 3-9, cont'd.
MULTEQ Results for 1993 Shutdown Layup

OTSG B, 4/16/93, 2230

loput Species Concenuanon Predicted pH NpH agp CE
Na* 617 ppb 9.05 5.58 - 103
o 285 9.50 498 5.55 -
SO4= 238

F . NaSiOs precipitaied.

OAc” 5.7 NaOH, NaSOg4, NaHSO4, N22504, HSO4", HOAc,
HCOy" 278 HCOH, HS8i04, Hg(5103)4, and HgSiO4 in

H38i04 967 solution.

OTSG B, 4/17/93, 1320

lopw Specics Concenrauan Predicied pid Nekl ARP CE
Na* 663 ppb 8.86 5.57 . 103
cr 268 933 4.96 6.81

SO4= 216

F . N2y510g precipitated.

OAc” 374 NaOH, NaSO4, NaHSO4, Na304, HSO4", HOAz,
HCOy 43 HF, HCOoH, H38104, Hg(Si0n)4. and HySiO4 in
H3S8i04 1069 solution.

3.25 Summary, Task B (1988-1992)

The general trend seen from evaluation of transient data is for Crystal River-3 steam
generator chemistry to be acidic, even during periods of high sodium concentration
indicative of sodium throw from the condensate polishers or makeup plant
demineralizers. The trend seen from evaluation of hideout return data is for bulk water
sampled immediately upon shutdown to be acdd-concentrating, while steam generator
water samples after a soak of tive sludge pile area are basic-concentrating.

This shift in chemistry would suggest that Crystal River-3 steamn generator tube support
plate crevices may be neutral to acidic in pH presently, while there is some possibility
that chemistry in the tubesheet sludge pile region is caustic. A caustic sludge pile could
be due to volatilization of addic anion species. This would support the hypothesis
developed by metallurgists that freespan corrosion, judged to be an adidic attack, was a
one-time event should not be progressing currently.

There is no indication of a significant difference in chemistries between SG A and B,
except that hideout quantities of sulfate may be higher in SG B.
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Figure 3-2
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Figure 3-3

Sadium Concentretions, inist and Outial
Condensats Polisher vs Time
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Feadwater NoH4 and Cl vs. Time
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Figure 3-12

FW and Deaerator Dissolved O2 and Hydrazine vs. Time
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Figure 3-13

FW and Decgerator Dissolved O2 and Hydrazine vs. Time
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CYCLE 9 Sulfate Trends
Comparison of Hotwell Na and FW SO4
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Figure 3-15
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Figure 3-17

¢ Condensate Demin Sulfate Mass Flows
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4.0 Conclusions and Recommendations
4.1 Cause of Tube Degradation Below First Tube Support

While this chemistry review cannot prove conclusively what may have caused the
steam generator tube degradation observed at Crystal River-3, observations that were
made can support the b&W postulate that reduced sulfur species from resin
decomposition promoted an acidic attack of tubing early in the operating history of the

plant. Specifically:

* There was evidence of high concentrations of non-chloride anions at initial plant
startup (cation conductivity peaks of 1 to 1.5 uS/cm between 1977 and 1982, with
a maximum of only 0.06 uS/cm accounted for by chloride). Those anions may
have been sulfate. Approximately 170 ppb sulfate would balance the measured
cation conductivity. In any case, the non-chloride acid species would tend to
make steam generator under-deposit and crevice chemistry acid-concentrating.

* Exceptionally high concentrations of hydrazine were present in feedwater at
initial plant startup (spikes of 1000 to 20,000 ppb during the period from 1977
through 1982, Figure 3-12, average of approximately 60 ppb, Figure 3-10),
without comparable concentrations of oxygen. Therefore, the hydrazine was
available for reducing any sulfate present in the steam generators during that
period of time.

4.2 Status of Degradation Mechanism

The low-temperature (< 180 F), acidic, reduced sulfur attack on the tubing freespan
below the first tube support should not be progressing at present. While there is not a
lot of industry experience with interpretation of hideout return data from once through
steam generators, a careful evaluation of data from multiple shutdowns indicates that
under-deposit areas on tubing may have neutral to acidic chemistry at present, while
the sludge pile region appears to have caustic chemistry. The sludge pile chemistry
environment would not support continuation of the reduced sulfur add attack below
the first tube support

4.3 Racommendations

4.3.1 Crystal River-3 personnel should continue to carefully monitor hideout return
chemistry and be ilert to the possibility of acidic conditions recurring in the lower
portion of the steam generator.

One question that arose early during this project was what might be the cause of caustic
chemistry in the sludge pile, when all feedwater data appeared to support a postulate of
acid-concentrating solutions in flow-restricted areas of the steam generator. There was
no evidence of hideout return of acidic species in the steam piping or turbines this past
outage, which would be indicative of continual concentration of sodium hydroxide
within the steam generator due to partitioning of acidic species into the steam.

The historical data gave evidence of one very significant hotwell sodium excursion at
initial plant startup, which could have been a result of steam carryover of sodium from
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throw off the condensate polishers due to high hydrazine concentrations. No feedwater
sodium data are available to evaluate this hypothesis. However, the presence of caustic
species in sludge pile hideout returns may be an indication that sodium is leaching out
from an inventory accumulated in the past, rather than being left behind as acidic
species partition into steam during current operations. If this is the case, decreasing
quantities of sodium should be observed in hideout return during each outage.

To the extent that the sludge pile chemistry becomes less caustic with time, as
determined by hideout return studies, Florida Power Corporation personnel should be
alert to the possibility of acidic attack resuming below the first tube support in the
future.

432 Crystal River-3 personnel should make efforts to improve condensate polisher
operation »nd reduce the baseline concentration of sulfate in the secondary cycle.

There are two indications that the condensate polishers are throwing sulfonated
organics and fines from cation resins at present: (a) a possible bias in sulfate
concentrations between steam generators A and B, and (b) the steady-state leakage of a
few ppb of sulfate from the condensate polishers, which was no observed during one
earlier period of the plant's operation. Crystal River-3 personnel have determined that
this may indicate the presence of a cation resin layer on the bottom of the polisher
vessels. Other plants have had some success in addressing this problem by putting in
an anion resin layer underneath the mixed bed and by using a new type of non-
segregating resin that has been developed.

Due to the possibility "hat steam generator sludge pile chemistry may become less
caustic with time, it v . 1id be advisable for Crystal River-3 to make reasonable attempts
to reduce the sulfate concentrations in feedwater.

433 Crystal River-3 personnel should be cautious in adopting high hydrazine
chemistry.

Because feedwater appears to be acid-concentrating under nearly all conder-ate
polisher operating conditions to date and the cause of caustic solutions in the sluage
pile has not been identified conclusively, there is a good probability that sludge pile,
tube support crevice, and under-deposit chemistry environments may all be addic at
some point in the future. If that should occur, the presence of significant excesses of
hydrazine would promote reduction of sulfates and could r~-initiate reduced-sulfur,
acid attack in the freespan below the first tube support.

434 Crystal River-3 personnel shouid investigate the possibility of chloride and
sodium contamination of supplied bulk hydrazine.

While sodium concentrations related reasonably positively to pH, which would indicate
condensate polisher throw of sodium at elevated pH, there was some cycling of sodium
concentration that did not appear in pH trends. This same cycling was observed in
chloride concentrations, and peaks in chloride concentration usually did not appear
related to high pH. The concentration of hydrazine may have exhibited some of the
same type cycling observed in sodium and chloride. Therefore, sodium and chloride
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contamination of the hydrazine may be indicated. The vendor for hydrazine furnishes a
certified analysis with each shipment. However, verbal reports from both the power
and semiconductor industries assert that even chemicals of certified quality are often
out of specification. While chloride concentration in hydrazine would have to be on the
order of 12,000 ppm to account for feedwater transients of 1 ppb, the possibility of
hydrazine contamination should be checked at least periodically at Crystal River.

C-47



Appendix C




Appendix C

C1
Data Available for Study

Table C.1-1 lists the data, and their sources, available to this study. Data for the period
spanning 1976 through 1982 were obtained from printouts of microfiche data logs. Data
for 1990 through 1993 were provided on magnetic media by Florida Power Corporation.

TABLE C.1-1
Data Used In Evaluation
Conductivity Congentrations

Stream Dates Ks Ka Na* a Sin
Sec Cycle Chem 2/1/77-
Log 3/4/77

2/3/82-

3/4/82
Condenser H/W,
CE-2
Condenser H/W, X X X
CE-3
Condensate X X X
Demin Effluent,
CE-5
Feedwater, X X X
CE-9
Feedwater, % X X
CE-10
Blowdown, X X X X
CE-11 (<15% power)
Blowdown, X X X X

CD-12 (<15% power)
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Stream

Dates

Chem Rad Report 3/15/76

Condenser H/W,
CE-2
Condenser H/W,
CE-3

Condensate
Demin Effluent,
CE-5

Feedwater,
CE-9

Feedwater,
CE-10

C-50

3/31/76

1/1/77-
1/10/77

11/4/78-
11/20/78

2/13/79
11/7/79-
3/30/80

7/3/80-
7/30/80

8/5/80-
12/28/80
1/5/81-
2/28/81
9/4/81-
10/1/81
11/5/81-
11/6/81

11/21/81-
1/21/82

1/23/82-
4/6/82

TABLE C.1-1, cont'd.

Data Used In Evaluation
Copductivi C 1
K Ka Na* cl
X X
X X
X X X X
X
X

E10)



Dates
5/10/79
5/18/80
9/9/81

9/28/81-
10/1/81

10/3/81-
10/7/81
10/8/81-
10/10/81
10/21/81-
10/27/81
10/29/81
11/11/81-
11/12/81
11/22/81
11/24/81
11/26/81
1/10/82-
1/11/82

Blowdown,

CE-11 (<15% power)

Blowdown,

CD-12 (<15% power)

TABLE C.1-1, cont'd
Data Used In Evaluation

-

nductivity Concentrations

C0
Ks Ka Na* ql
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TABLE C.1-1, cont'd.

Data Used In Evaluation
conductivi . trati |

Stream Dates Ks Ka Nat Q" SO~ S
H/O Return Study 10/9/88

10/11/88
Blowdown, X X X X
CE-11 (<15% power)
Blowdown, X X X X
CE-12 (<15% power)
H/O Return Study 10/11/91-

10/13/91
Feedwater, X X
CE-9
Feedwater, X X
CE-10
Blowdown, X X X X
CE-11 (<15% power)
Blowdown, 4 X X X
CE-12 (<15% power)
H/O Return Study 11/17/91-
(outage startup)  11/18/91
Feedwater, X X X
CE-9
Feedwater, X X X
CE-10
Blowdown,? X X X
C’E-11 (<15% power)

.owdown,? X X X

2-12 (<15% power)

2 Also potassium, calcium, magnesium, fluoride, acetate, formate.
3 Also potassium, calcium, magnesium, fluoride, acetate, formate.
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Stream Dates

CH-450, Bulk 3/37/92-
Water (H/ORet.) 4/2/92
Blowdown,

CE-11 (<15% power)
Blowdown,

CE-12 (<15% power)

H/O Return Study 4/30/92-
(H/O Return) 5/1/92
Feedwater,

CE-9

Feedwater,

CE-10

Blowdown,*

CE-11 (<15% power)
Blowdown,?

CE-12 (<15% power)

H/O Return Study 3/3/93-
(H/O Return)® 3/5/93
HP Heater Drains,

CE-7

Feedwater,

CE-9

Feedwater,

CE-10

LP Heater Drains,

CEl6/17

MSR Drains,

CE-100

Blowdown,

CE-11

Blowdown,
CE-12

TABLE C.1-1, cont'd.

Data Used In Evaluation
Conductivi
Ks K Na*
X X
X X
X X
X A
X
X
X
X
X
X
X
X
X

4 Also potassium, calcium, magnesium, fluoride, acetate, formate.
3 Also potassium, calcium, magnesium, fluoride, acetate, formate.
& Also potassium, calcium, magnesium, lithium, fluoride, nitrate, phosphate, acetate, and formate for all

streams sampled this outage.

Concentrations
a0
X X
X X
X
X
x X
X X
X X
X X
X X
X X
X X
X
X X

Appendix C
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TABLE C.1-1, cont'd.

Data Used In Evaluation

Conductivity Concentrations
Stream Dates Ks Ka Nat CI° SO
Supplementai Data 5/18/92
Sheet
(Drain after water slap)
Blowdown’ X X X
Transport Study  7/11/91-

10/15/91

[P Htr Drains, X
CE-7
Steam, X X
CE-13
Steam, X X
CE-14
LP Htr Drains, X X
CE-16
LP Htr Drains, X X
CE-20

7 Also fluoride, acetate, formate.
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Stream
REDAS Data

Condenser H/W,
CE-2

REDAS Data

Condenser H/W,
CE-3

REDAS Data

Cond Demin Eff],
CE-5
REDAS Data

[P Htr Drains,
CE-7

REDAS Data

IP Htr Drains,
CE-7

MSR Drains,
CE100

REDAS Data

FeedwaterS,
CE-9

Feedwater?,
CE-10

Dates

7/1/91-
10/11/91

6/29/91-
7/12/91

5/27/91
7/12/9

7/1/91-
10/4/91

6/29/90-
10/4/91

8/1/91-
10/11/91

TABLE C.1-1, cont'd.

Data Used In Evaluation
Conductivi

Ks Ka Na*

X X X

X X X

X

X

X X X

X X

X -4

8 Also sulfate, formate, acetate for 7/2/91-10/8/91.
9 Also sulfate, formate, acetate for 7/2/91-10/8/91.

a0
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Stream

Secondary Cycle
Chemistry
Spreadsheets
Condenser H/W,
CE-2

Condense. H/W,
CE-3

Cond Demin Eff],
CE-5
Feedwater,!?
CD-9

Feedwater,:!
CD-10

Condenser H/W,
CE-2
Condenser H/W,
CE-3

Feedwater,12
CD-9

Feedwater,!3
CD-10

TABLE C.1-1, cont'd.

Data Used In Evaluation
Conductivi . . .
DRates Ks Ka Na* cr SiCo
6/24/90-
4/30/92
X X X X
X X X X
X X X X
X X X X
X X X X
7/20/92-
11/6/92
X X
X X
X X X X
X X X X

10" Also acetate znd formate.
11 Also acetate and formate.
12 Also acetate and formate.
13 Also acetate and formats.
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TABLE C.1-1, cont'd.
Data Used In Evaluation

conductivi
Stream Dates Ks Ka

Secondary Cycle
Chemistry
Spreadsheets, cont'd.

1/11/93-
2/9/93

Cond Demin Effl,
CE-5

[P Htr Drains,
CE-7

Feedwater,

CD-9

Feedwater,
CD-10

Steam,

CE-13

Steam,

CE-14

LP Htr Drains,
CE-16/20
MSR Drains,
CE100

Concentrations

N"ﬁ-

Q.

Appendix C
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TABLE C.1-2
Supplemental Chemistry Data From Reports

. ‘ . .

Stream Rates Ks Ka Na* ar 2102
OTSG Secondary Chemistry Study:
Fourth Progress Report (Draft)
August-October 1978
Condensate Demin 9/15/78- X X X
Inlet 10/31/78
Condensate Demin 9/15/78- X X X
Effluent 10/31/78
Feedwater 1/1/78- X X

10/31/78
Blowdown 9/6/79- X X X X
(Startup) 9/29/78
OTSG Secondary Chemistry Study:
Fifth Progress Report (Preliminary)
November 1978-]anuary 1979
Condensate Demin 9/1/78- X X
Inlet 1/31/79
Condensate Demin 9/1/78- X X
Effluent 1/31/79
CD Bed A Effluent 10/1/78- X

10/31/78
CD Bed B Effluent 10/1/78 X

10/31/78
Blowdown 12/30/78 X X X X
(Startup & HSB) 1/6/79

1/17/79

1/30/79
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TABLE C.1-2
Supplemental Chemistry Data From Reports, cont'd.

Conductivi c .
Stream Dates Ks Ka Na* oy SiQo
OTSG Secondary Chemistry Study:

Sixth Progress Report (Preliminary)

February -July 1979

Condensate Demin 9/15/78- X X
Inlet 4/30/79
Condensate Demin 9/15/78- X X
Effluent 4/30/79
CD Bed A Effluent 10/1/78 X
10/31/78
CD Bed B Effluent 10/15/78- X
11/5/78
CD Beds A-FEff's 2/1/79- X
4/30/79
Blowdown 4/24/79- X X X X
(Layup) 5/7/79
Blowdown!4 4/23/79 X X
(Shutdown)
Chemistry Evaluation
OTSG Water Slap Process
Preliminary Report
Pre-Slap Swipes!®> 1985 X X X
Liquid-Lower TS6 1985 X X X
Tube Support17 1985 X X X X X
Plates
14 Also sulfate.

15 Also iron, copper, calcium, magnesium, silicon, fluoride, nitrate, phosphate, sulfate.
1‘; Also iron, copper, caldum, magnesium, silicon, fluoride, nitrate, phosphate, sulfate.
17 Also iron, copper, calcium, magnesium, silica, fluoride, nitrate, phosphate, sulfate.
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Appendix C

Chemistry Transients |dentified From Data

Many of the impurity concentrations in the following table are within the normal ranges

encountered at Crystal River-3. They were selected as "transient”

points for this study

because they represented peaks above a baseline that could be defined for several days.

Secondary Cycle Chemistry Transients

Condenser High Na and Cl
CE-2

December 19, 1990

August 9, 1991

October 28, 1992

CE-3

October 1, 1990
November 27, 1990
December 19, 1990
March 26, 1991
May 21, 1991
October 28, 1992

June 24, 1990
October 8, 1990
November 27, 1990
December 11, 1990
January 5, 1991
January 11, 1991
February 12, 1991
February 27, 1991
May 1, 1991

May 17, 1991
December 18, 1991

TABLE C.2-1

Na=18 ppb Cl=3.1ppb DO=106 ppb

Na=2.70
Na=24

Na=16
Na=13
Na=18
Na=3.2
Na=13
Na=12

Na=1.0 ppb C1=0.08 ppb

Na=16
Na=19
Na=19
Na=19
Na=12
Na=1.1
Na=1.8
Na=13
Na=14
Na=1.7

Cl=1.35
Cl=5.8

Cl=25.5
Cl=14.8
Cl=2.6
Cl=5.6
Cl=15
Cl=23.5

Cl=0.15
Cl=0.8
C1=0.5
Cl=0.8
Cl=0.8
Cl=0.65
Cl=0.5
Cl=0.7
Cl=12
Cl=0.4

DO=14.60
DO=3.05

DO=194
DO=2.87
DO=4.82
DO=283
DO=5.33
DO=3.98

Kg=3.02 uS/cm

Ks=6.48
Ks=6.58
Ks=4.82
Ky=5.84
Kg=5.13
Ks=4.68
Ks=4.3

Ks=4.39
Ks=4.51
Kg=3.19
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TABLE C.2-1, cont'd.
Secondary Cycle Chemistry Transients, cont'd.

Condenser High Na and Low Cl

CE-2

September 18, 1990 Na=12ppb Cl=08ppb DO=1.33ppb
October 1, 1990 Na=15 Cl=0.7 DO=1.52
October 30, 1990 Na=0.95 Cl=0.4 DO=2.86
November 16, 1990 Na=19 Cl=04 DO=2.5
January 5, 1991 Na=16 Ci=0.8 DO=2.47
March 4, 1991 Na=15 Cl=0.4 DO=2.78
March 12, 1991 Na=13 Cl=0.8 DO=3.3
March 19, 1991 Na=16 Cl=0.3 DO=3.13
March 29, 1991 Na=14 Cl=0.4 DO=2.14
June 18, 1991 Na=17 Cl=2.5 DO=1.74
July 8, 1991 Na=15 Cl=0.3 DO=1.57
July 23, 1991 Na=1.1 Cl=0.4 DO=1.61
July 31, 1991 Na=23 Cl=0.3 DO=2.38
August 20, 1991 Na=12 Cl=0.4 DO=3.15
September 3, 1991 Na=12 Cl=0.6 DO=2.72
September 10, 1991 Na=14 Cl=0.5 DO=2.46
September 18, 1991 Na=17 Cl=0.05 DO=2.51
October 1, 1991 Na=1.1 Cl=0.2 DO=2.72
CE-3

September 10, 1990 Na=0.95 Cl=0.5 DO=1.91
September 18, 1990 Na=1.80 Cl=0.6 DO=1.58
October 8, 1990 Na=12 Cl=0.6 DO=1.76
November 6, 1990 Na=19 Cl=0.5 DO=2.57
December 4, 1990 Na=16 Cl=1.0 DO=2.68
January 5, 1991 Na=17 Cl=0.8 DO=3.08
January 22, 1991 Na=12 Cl1=0.6 DO=3.58
March 4, 1991 Na=15 C1=0.5 DO=3.65
March 12, 1991 Na=13 C=1.0 DO=3.52
March 19, 1991 Na=17 Cl=0.4 DO=3.88
June 18, 1991 Na=17 Cl=0.46 DO=1.83
July 9, 1991 Na=0.6 Cl=0.2 DO=2.08
July 16, 1991 Na=1.0 Cl=0.3 DO=0.34
July 23, 1991 Na=08 Cl=0.3 DO=1.76
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Condenser High Na and Low Cl, cont'd,
CE-3, contd.

July 30, 1991 Na=0.35
August 8, 1991 Na=2.2
August 20, 1991 Na=1.3
September 3, 1991 Na=0.9
September 10, 1991 Na=0.99
September 24, 1991 Na=0.9
February 18, 1991 Na=18
March 10, 1991 Na=1.1
March 21, 1991 Na=1.5
April 14, 1991 Na=0.8

TABLE C.2-1, cont'd.
Secondary Cycle Chemistry Transients, cont'd.

C=0.1
Cl=0.5
Cl=0.1
Cl=0.4
Cl=0.59
Q=02
Cl=0.6
C1=0.55
=09
C1=0.5

DO=7.2

DO=2.26
DO=2.27
DO=2.17
DO=4.38
DO=0.41
DO=2.7

DO=2.59
DO=3.05
DO=1.94
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TABLE C.2-2

Feedwater Chemistry Data
For Periods of Chemistry Transients

Condenser High Na and Cl

Baadisaies fenpuriis e
Date Train Na C SO4 Formate AcetateHsdiO4

10/1/90 A 1.5 04 1 2.57 2
B 1.5 0.5 4.5719 17.7% 5.871
11/27/90A/B Insufficient data to evaluate.
12/19/90 A 1.7 2 217 24 7
B Insufficient data to evaluate.
3/26/91 A 1.1 045 15 75 487
B 1.3 055 22 9.46 8.11
5/21/91 A 1.6 025 1.17 4.74 4.79
B Insufficient data to evaluate.
8/9/91 A/B Insufficient data to evaluate.
10/28/92A/8B Insufficient data to evaluate.
18 Estimate.

19 From October 2, nearest available data point.
20 From October 2, nearest available data point.
21 From October 2, nearest available data point.
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79

79

79

79

79

7.9

MULTEQ Estimated
pH/NpH

6.98/5.74, CF=103
9.42/5.02, D BP=4.49 'C
5.52/5.74, CF=103
253/5.12, D BP=5.70 'C

4.76/5.73, CF=103
2.23/5.01, D BP=6.57 'C

6.35/5.74, CF=103
5.93/5.15, D BP=2.99 ‘C
6.22/5.74, CF=10°
4.21/5.14, D BP=2.99 'C

6.96/5.74, CF=103
6.29/5.02, D BP=4.81 'C
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TABLE C.2-2, cont'd.

Feedwater Chemistry Data
For Periods . f Chemistry Transients

Condensate Demineralizer Effluent High Na

Feedwater Impurity Concentration, ppb MULTEQ
Date Train Na Cl SQ4 Formate Acetate H3SiO4 Estimated pH
6/24/90 A/B Insufficient data to evaluate.
10/8/90 A 014 065 09 4.5 2 79 4.66/5.75, CF=103
0.47/5.20,ABP=274 *C
B Insufficient data to evaluate.
11/27/90A/B Insufficient data to evaluate.
12/11/90A/8B Insufficient data to evaluate.
1/5/91 A/B Insufficient data to evaluate.
1/11/91 A/B Insufficient data to evaluate.
2/12/91 A/B Insufficient data to evaluate.
2/27/91 A/B Insufficient data to evaluate.
5/1/91 A/B Insufficient data to evaluate.
5/17/91 A/B Insufficient data to evaluate.
12/18/91A/8B Insufficient data to evaluate.
Condenser High Na and Low CI
Feedwater Impurity Concentration, ppb MULTEQ
Date Train Na Cl $SO4 Formate Acetate H3SiO4 Estimated pH
9/10/90 A 075 05 329 22 2B 79 4.78/574,CF=103
095/5.22, A BP=3.19 'C
B Insufficient data to evaluate.
9/18/90 A 1 06 705 28 2 79 4.33/5.74, CF=103
0.05/5.06, A BP=6.87 *C
B 1 15 4 10 119 79 4.39/574,CF=103
1.01/5.18, A BP=4.23 °'C
10/1/90 A 1.5 04 1 2.57 2 7.9 698/574, CF=103
9.42/%.02, A BP=4.45 °C
B Insufficient data to evaluate.
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TABLE C.2-2, cont'd.

Feedwater Chemistry Data
For Periods of Chemistry Transients

Condenser High Na and Low Cl, cont'd.

Feedwater Impurity Concentration, ppb
Date Train Na Cl SO4 Formate Acetate H3SiO4

10/8/90 A

B
10/30/90 A
B

11/6/90 A/B
11/16/90A/B
12/4/90 A/B
1/5/91 A/B
1/22/91 A

B

3/4/91 A/B
3/12/91 A

B

3/19/91 A

B

3/29/91 A/B
6/18/91 A/B
7/9/91 A

B

7/16/91 A
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0.14

0.5

0.5

13

1.3

1.2

12

0.95

0.8

065 09 45 2

Insufficient data to evaluate.
Insufficient data available.

05 202 8 153

Insufficient data available.
Insufficient data available.
Insufficient data available.
Insufficient data available.
06 297 79 6.1

04 2 8.1 6.1

Insufficient data available.
09 899 56 9.3

07 5. 6.3 113

04 29 47 8.1

03 19 5.5 7.8

Insufficient data available.
Insufficient data available.
0.1 215 28 7.2

01 072 3 2

Insufficient data available.
02 1 3 |

79

79

7.9

7.9

7.9

79

79

79

79

79

79

MULTEQ
Estimated pH
4.66/5.75, CF=103
0.47/5.20, a BP=2.76 'C

5.81/5.74, CF=103
3.52/5.17,aBP=3.33 'C

4.58/5.74, CF=10°
0.54/5.21, s BP=2.86 'C
4.94/5.74, CF=10°
1.02/5.13, A BP=6.71 'C

4.20/574, CF=103
0.45/5.20, a BP=2.71 C
4.67/5.74, CF=103
0.93/5.16, A BP=5.55 'C

592/5.74, CF=10%
3.44/5.16, a BP=3.82 'C
6.40/5.74, CF=103
5.66/4.99, A BP=6.85 "C

6.19/5.74, CF=103
3.71/5.04, s BP=6.66 'C
6.71/5.74, CF=103
9.35/4.95, A BP=6.64 'C

6.73/5.74, CF=103
9.35/5.13,a BP=2.91 'C
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TABLE C.2-2, cont'd.

Feedwater Chernistry Data
For Periods of Chemistry Transients

Condenser High Na and Low Cl, cont’d

Feedwater Impurity Concentration, ppb MULTEQ
Na Cl SQ4 Formate Acetate HiSiOy Estimated pH

Insufficient data available.

1.1 02 2 8.6 2 79 6.46/574, CF=103
5.30/5.03, A BP=5.60 'C
7/31/91 A/B Insufficient data available.
8/8/91 A/B Insufficient data available.
8/20/91 A 12 01 37 524 35 9 591/5.74, CF=103
342/5.21, A BP=3.65 'C
B 1.7 01 08 2 2 6.94/5.74, CF=103
9.39/5.04, A BP=4.45 'C
Insufficient data available.

08 02 2 3.5 6 9 598/5.74, CF=103
3.76/5.25, A BP=2.36 C

14 03 3 ’ 3 9 6.20/5.74, CF=103
3.76/5.16, A BP=3.86 ‘C

0.15 9 6.78/5.74, CF=103
9.23/5.10, A BP=3.71 'C

0.2 0F ; - 9 4.55/5.74, CF=10°
0.20/5.09, A BP=6.92 'C

0.2 9 5.13/5.74, CF=103
1.30/5.19, A BP=4.81 'C

Insufficient data available.
09 03 2 2 2 9 6.08/5.74, CF=103
3.80/5.21, A BP=261'C
[nsufficient data available.

095 04 1 2.84 2 9 7.23/572,CF=103
' 01/5.14, A BP=2.77 'C

* Estimate.

Estimate.

%6 Estimate
/ Estimate,

8 Estimate.
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TABLE C.2-2, cont'd.

Feedwater Chemistry Data
For Periods of Chemistry Transients

Condenser High Na and Low Cl, cont'd.

Feedwater Impurity Concentration, ppb MULTEQ
Date Train Na €l SO4 Formate Acetate HiSiO4 Estimated pH
3/10/92 A 14 04 133 3 34 79 6.79/574, CF=103
9.23/5.06, D BP=6.92 'C
B 12 06 148 3 39 7.9 6.44/574 CF=103
6.41/5.12, D BP=3.34 'C
4/14/92 A/B Insufficient data available.
B Estimate.
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Species
Aluminum
Antimony
Argon
Arsenic

Barium
Beryllium
Bismuth
Boron
Bromine
Bromide

Cadmium
Calcdum
Carbon
Cerium
Cesium
Chlorine
Chloride
Chromium
Cobalt
Copper

Dysprosium

Erbium
Europium

rluorine
Fluoride

Comparison of

C3
Detailed Analytical Results of Impurity

Source Water Samples

TABLE C.3-1

Crystal River Circulating Water Impurities
With Published Impurities in Sea Water

Appendix C

Congentrations, ppb
10 13 10
0.12 0.18 0.33
. . 600
<SLOQ (2) <LOQ (2) 3
12 13 30
0.26 0.20 6E-4
SLOQ (0.04) SLOQ (0.04) 0.017
2500 2500 4600
41,000 43,000 65,000
ND - -
<LOQ (0.1) 0.40 0.11
300,000 300,000 400,000
- @ 28’“”
SLOQ (0.4) SLOQ (0.4) 0.4
0.26 0.15 0.5
- . 19,000,000
16,470,000 i 3
<SLOQ (10) SLOQ (10) 0.05
32 3.3 0.27
SLOQ (40) SLOQ (40) 3
0.060 SLOQ (0.5) .
0.080 <LOQ (0.05) .
<LOQ (0.06) SLOQ (0.06) .
. . 1300
ND 3 .

30 CRC Handbook of Chemistry & Physics, 69th Edition, Weast, R.C., ed., CRC Press, Inc., Boca Raton,

1988.
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Spedies

Gadolinium
Gallium
Germanium
Gold

Hafnium
Helium
Holmium
Hydrogen

Iodine
Indium
Iridium
Iron

Krypton

Lanthanum
Lead
Lithium

Magnesium
Manganese

Mercury
Molybdenum

Neodymium
Neon

Nickel
Niobium
Nitrogen
Nitrate

Osmium

TABLE C.3-1, cont'd.

Comparison of Crystal River Circulating Water Impurities

With Published Impurities in Sea Water

Concentrations, ppb

Circulating Water #1  Circulating Water #2  Sea Water®!

0.070

0.33
sLOQ (0.3)
sLOQ (0.03)

0.11

<LOQ (0.02)

36
sLOQ (0.05)

sSLOQ (0.2)
80

SLOQ (0.04)
0.48
110

1,150,000

sLOQ (5)
0.29

6.9

<SLOQ (0.06)

33
sLOQ (0.07)

ND
0.040

<LOQ (0.06)

<LOQ (0.05)
0.90
0.050

sLOQ (0.07)

0.030

43

sSLOQ (0.05)
SLOQ (0.2)
56

sSLOQ (0.04)
0.46
98

<LOQ (5)
sLOQ (0.2)
8.4

0.060

24
sLOQ (0.07)

sLOQ (0.03)

0.03
0.07
0.011

sLOQ (8E-3)
6.9E-3

1.08E8

60
<SLOQ (20)

10
F L
0.012
0.03
180
1,350,000
0.03
10

0.14
54
0.01

31 CRC Handbook of Chemistry & Physics, 69th Edition, Weast, R.C., ed., CRC Press, Inc., Boca Raton,

1988.
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\ppendix C

TABLE C.3-1, cont'd

Comparison of Crystal River Circulating Water Impurities
With Published Impurities in Sea Water

Concentrations, ppb

Circulating Water #1  Circulating Water #2 Sea Water™

Spedies

Oxygen

Palladium
Phosphorus
Phosphate
Platinum
Potassium

Praseodymium

Protactinium

Radium
Radon
Rhenium
Rhodium
Rubidium
Ruthenium

Samarium
Selenium
Scandium
Silicon
Silver
Sodium
Strontium
Sulfur
Sulfate

Tantalum
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium

32 CRC Handbook of Chemustry & Physics,

1988

SLOQ (0.07)

ND
SLOQ (0.04)
1,079,000
<LOQ (0.04)

0.080
0.22
84
<LOQ (0.05)

0.12
20
1.9
950
SLOQ (0.06)
7,967,000
5600

2,040,000

SLOQ (0.03)
SLOQ (0.2)
0.050
<LOQ (0.1)
SLOQ (0.06)
0.030
1.4
<LOQ (50)

0.080

<SLOQ (0.04)

<LOQ (0.04)

0.080

0.18
=i

0.060

sLOQ (0.07)
20
1.2
920
0.15
5800

0.030
<LOQ (0.2)
SLOQ (0.02)
<LOQ (0.1)
SLOQ (0.06)
<LOQ (0.02)

1.1

<LOQ (50)

8.57E8

70

0,000
2E-6

6E-8
6E-13

120

0.09
3000
0.3
10,500,000
8100
885,000

<LOQ (2.5E-3)

<LOQ (0.01)
0.05
3
1

69th Edition, Weast, R.C., ed., CRC Press, Inc., Boca Raton,
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Appendix C
TABLE C.3-1, cont'd.

Comparison of Crystal River Circulating Water Impurities
With Published Impurities in Sea Water

Concentrations, ppb

Sped Circulating W 1 Circulating W 0 Sea Water™
Tungsten 0.12 0.060 0.1
Uranium 23 25 3
Vanaaium <sLOQ (4) <LOQ (4) 2
Xenon - - 0.052
Ytterbium 0.90 <LOQ (0.05) -
Yttrium <LOQ (0.05) 0.21 0.3
Zinc 17 17 10
Zirconium 0.14 0.040 0.022

33 CRC Handbook of Chemistry & Physics, 69th Edition, Weast, R.C., ed., CRC Press, Inc., Boca Raton,
1988.
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TABLE C.3-2

Appendix C

Chemical Analysis of Crystal River Water Treatment Plant Effluent

Species
Aluminum
Ammonium
Antimony
Arsenic

Barium
Beryllium
Bismuth
Boron
Bromine
Bromide

Cadmium
Calcium
Cerium
Cesium
Chloride
Chromium
Cobalt
Copper

Dysprosium

Erbium
Europium
Fluoride
Gadolinium
Gallium
Germanium
Gold
Hafnium
Holmium
Jodine
Indium

c . !
<SLOQ(0.3) <LOQ (0.3)
0.62 0.73
0.12 <LOQ(0.1)
<LOQ (2) SLOQ (2)
0.070 0.040
<LOQ (0.09) <LOQ (0.09)
<SLOQ (0.04) <LOQ (0.04)
<SLOQ (0.3) <LOQ (0.3)
7.0 55
<sLOQ (1) -
<LOQ (0.1) <LOQ(0.1)
<LOQ (D) <LOQ (1)
SLOQ (0.4) <LOQ (0.4)
<LOQ (0.07) <LOQ (0.07)
0.80 .
<LOQ(0.2) <LOQ (0.2)
<LOQ (0.05) <LOQ (0.05)
SLOQ (0.2) <SLOQ (0.2)
<SLOQ (0.05) <SLOQ (0.05)
<LOQ (0.05) <SLOQ (0.05)
<SLOQ (0.06) <SLOQ (0.06)
0.05 )
<SLOQ (0.07) <SLOQ (0.07)
<LOQ (0.05) <SLOQ (0.05)
<LOQ(0.1) <LOQ (0.1)
<LOQ (0.03) <LOQ (0.03)
<SLOQ (0.04) <LOQ (0.02)
<LOQ (0.02) <LOQ (0.02)
24 21
<LOQ (0.05) <LOQ (0.05)
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Chemical Analysis of Crystal River Water Treatment Plant Effluent

Iridium
Iron

Lanthanum
Lead
Lithium

Magnesium
Manganese

Mercury
Molybdenum

Neodymium
Nickel
Niobium
Nitrate
Osmiun
Palladium
Phosphate

Platinum
Potassium

Praseodymium

Rhenium
Rhodium
Rubidium
Ruthenium

Samariun:
Selenium
Scandium
Silicon
Sulver

TABLE C.3-2, cont'd.

34 Results obtained by ICP-MS [IC)

C-74

Concentrations, ppb
Water Plant Effluent #1 Water Plant Effluent #2
SLOQ (0.2) SLOQ (0.2)
SLOQ (10) <LOQ (10)
SLOQ (0.04) <SLOQ (0.04)
0.070 sSLOQ (0.07)
SLOQ (0.4) <SLOQ (0.4)
2.9 [€LOQ (1)]X<LOQ (0.3)[SLOQ (1)]
0.12 SLOQ (0.07)
<LOQ(0.1) SLOQ (0.1)
<SLOQ (0.09) <LOQ (0.09)
<SLOQ (0.06) <SLOQ (0.05)
0.85 <LOQ (0.5)
SLOQ (0.07) <LOQ (0.07)
SLOQ(1) .
<SLOQ (0.02) SLOQ (0.02)
<LOQ (0.09) <LOQ (0.09)
sLOQ (1) -
<LOQ (0.04) SLOQ (0.04)
<LOQ (0.5) SLOQ (0.5)
<LOQ (0.04) SLOQ (0.04)
<LOQ (0.04) <LOQ (0.04)
SLOQ (0.03) <LOQ (0.03)
SLOQ (0.06) < 1 K2(0.06)
<SLOQ (0.05) SLOQ (0.04)
SLOQ (0.07) <SLOQ (0.07)
<LOQ (0.07) SLOQ (0.07)
0.13 0.12
<LOQ (50) <1.OQ (50)
<SLOQ (0.06) <SLOQ (0.06)



Appendix C

TABLE C.3-2, cont'd.

Chemical Aralysis of Crystal River Water Treatment Plant Effluent
C . ]
Spedes Water Plant Effluent #1 Water Plant Effluent #2
Sodium 0.33 0.28
Strontium <LOQ (0.08) <LOQ (0.08)
Sulfate 0.52 .
Tantalum <LOQ (0.03) <1.0Q (0.03)
Tellurium sLOQ (0.2) <LOQ (0.2)
Terbi--m <LOQ(0.2) <LOQ (0.2)
Thallium <LOQ (0.1) <LOQ (0.1)
Thorium <LOQ (0.06) <LOQ (0.06)
Thulium <LOQ (0.02) <LOQ (0.02)
Tin 0.12 0.060
Titanium <LOQ (0.3) <LOQ (0.3)
Tungsten <LOQ (0.02) <LOQ (0.02)
Uranium <LOQ (0.02) sSLOQ (0.02)
Vanadium <LOQ (0.04) <LOQ (0.04)
Ytterbium <LOQ (0.05) <LOQ (0.05}
Yttrium <LOQ (0.05) <LOQ (0.05)
Z@nc 16 <LOQ (0.04)
Zirconium <LOQ (0.04) sLOQ (0.04)
Acetate 0.31 -
Propionate <LOQ (0.3) .
Glycolate sSLOQ (0.1) .
Formate 0.18 .

E
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Appendix C

C4
Detailed Results From MULTEQ Evaluation

of 1992 Hideout Return Data
TABLE C.4-1
MULTEQ pH Preductions From
1992 Hideout Return Data
SG A, 4/30/92, 0607 ~ B&W Analytical Data
Input Species Congentration Predicted pH = NpH ABP CF

K* 11.8 ppb 7.06 5.73 - 103
oy 4.0 6.52 5.13 9.82 -
NOs- 33 No precipitates. No combined species
OAc 8.6 in solution.

HCO, 34

SG A, 4/30/92, 0607 - FPC (B&W) Analytical Data
Input Species Concentration Prediced pH  NpH ABP CF

K+ (11.8)% ppb 6.81 5.73 . 108
- 3.75 5.56 5.11 5.04 .
NOs~ (3.3) K350y precipitate. Potassium sulfate
SO4= 212 in solution.

F 0.18

OAc 8.63

HCO; 9.67

35 Numbers in parentheses were obtained by B&W.
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SG A, 4/30/92, 0607 - FPC (B&W) Analytical Data, Sensitivity Run #1

Input Species Concentration Predicted pH  NpH  ABP CE
Na+ [1]3 ppb 3.95 5.73 - 103
K* (1] ppb 0.51 522 482 -
cl- 3.75 No precipitates. Potassium sulfate,

NOy- (3.3) sodium sulfate, silica fluoride in solution.
SO4= 212

F 0.18

OAc 8.63

HCO, 9.67

H3Si04 (15]

SG A, 4/30/92, 0607 - FPC (B&W) Analytical Data, Sensitivity Run #2
Input Species Ceoncentration Predicted pH = NpH ABP j»

Na+ (1] ppb 7.07 573 - 108
K+ (11.8) 6.29 5.09 5.05 -
Cl- 3.75 SiO2, K804 precipitated. Na;SiFg

NOs- (3.3) precipitating next cycle of concentration.
SO4= 212 Sodium sulfate, potassium sulfate, silica
F 0.18 fluoride in solution.

OAc 8.63

HCOp 9.67

H3Si04 (15]

SG A, Total Return (Feed & Bleed) ~ B&W (FPC) Analytical Data

Input Species Grams/ppb Predicted pH NpH  ABP CE
Na* 6.1 7.86 573 - 108
Cl- 0.13 9.99 4.87 7.96 -
NOs- 0.02 Na75i20s, NaySiOs precipitated. NaSOy
SO4= 0.26 precipitating next cycle of concenti auon.
H3Si0O4 (10.3] Sodium sulfate in solution.

3% Numbers in brackets are arbitrary concentrations input for sensitivity studies.
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SG B, 4/30/92, 0609 ~ B&W Analytical Data

Input Spedes Concentration Predicted pH

Na 0 ppb 3.80

K 0 0.85

cl 3.9

NO, 3.0 No precipitates predicted. No complex
OAc 27.5 species in solution.

HCO, 34.0

SG B, 4/30/92, 0609 ~ FPC (B&W) Analytical Data

Input Species Concentration Predicted pH »J&i ABP

K+ 0 ppb 3.32 -

Cr- 3.13 0.37 24 3.08
NO;3" (3.0)

SO4= 1.51 No precipitates. No complex species
F 0.20 in solution.

OAc 8.71

HCO, 2.00

-

SG B, 4/30/92, 0609 ~ FPC (B&W) Analytical Data, Sensitivity Run #1
Input Species Congcentration Predicted pH NpH ABP
Na* (1] ppb 4.08 5.74 -
K+ (1] ppb 0.64 5.24 3.10

cl- 3.13 No precipitates. Silica fluoride

NOs- (3.0) in solution.
SO4= 1.51
F 0.20
8.71
2.00
12.2)
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SG B, 4/30/92, 0609 - FPC (B&W) Analytical Data, Sensitivity Run #2

Input Species Concentration Predicted pH NpH  ABE CE
Na* (1] ppb 4.08 5.74 - 103
K* (1] ppb 0.64 5.24 3.10 -
cr 313

NO7” (3.0) No precipitates. Silica fluoride

S04~ 1.51 in solution.

¥ 0.20

OAc 8.71

HCO 2.00

H3Si04 [23.4]

SG B, Total Return (Feed & Bleed) ~ B&W (FPC) Analytical Data

Input Species Grams/ppb PredictedpH NpH  4BE CE
Nat 23 8.84 5.68 - 10°
Ca** 0.13 10.15 5.11 277 -
ar 0.62

NOy” 0.76 Naz5i0s predpitated. Naz504

SO4= 0.03 in solution.

H3Si04 (53)
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C5

Detailed Results From MULTEQ Evaluation
of 1992 Hideout Return Data

TABLE C.5-1
MULTEQ Results for 1993 Shutdown Cooldown

OTSG A, 3/4/93, 0225
Input Species Concentration Predicted pH  NpH ABP L

Na* 2.6 ppb 582 5.74 - 103

K* 1.2 ppb 5.10 5.43 2.81 .

oy 0.1

NOy~ 3.6 Silica precipitated for under-deposit case.

SO4= 1.9 NaSOy, Na350¢ NaHSO4, KSO4, HSO4, HOAC,
F - HC,0H, and HySiOy4 in solution.

OAc 36

HCC, 41

H3SiO4 15.6

OTSG A, 3/4/93,1030

Na* 0.1 ppb 5.10 5.75 - 103
K+ - 2.04 5.62 3.10 -
Cl- :

NOs~ . No precipitates.

SO4= 0.7 NaSO4, NaHSO4, HSO4, HOAC,

F . and HC,OH in solution.

OAc 13

HCOy 9.9

H1S5104 -
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OTSG A, 3/4/93,1830

InputSpeces  Concentration  PredictedpH NpH  ABE  CF
Na* 8.5 ppb 5.41 5.73 - 103
K+ 1.3 ppb 4.84 5.45 7.38 .
cl- 21

NOsy” - No predipitates.

SO4= 1.7 NaSQy4, NazS04, NaHSO4, HSO4, HOAC,
- HC,0H, and HySiOy4 in solution.

OAc 460

HCO, 93

H3Si04 14.2

OTSG A, 3/5/93, 0630
Input Species Concentration Predicted pH  NpH ABP CF

Na* 3.6 ppb 534 5.72 . 108
K* 0.4 ppb 493 5.54 317 -
v 14

NO5- . No precipitates.

S04~ 26 NaS0O4, NaHSO4, Nays0y4, HSO4, HOAC,
F - HC,0H, and HgSiO4 in solution.

OAc 160

HCO» 75

H35i04 374

M

OTSG B, 3/4/93, 0225

Na* 3.1 ppb 412 5.73 - 108

K+ 0.3 ppb 122 5.42 6.10 -

a- 33

NO3” . Silica precipitated for under-deposit case.

SO4= 11 NaSOy4, Na2S0g, NaHSO4, KSO4, HSO4, HOAC,
F - HC20H, and HgSiOy4 in solution.

QAc 110

HCO, 21

H3Si04 8
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OTSG B, 3/4/93,1030

Nat 0.2ppb 6.02 5.75 - 103
K+ - 5.62 547 3.59 -
- .

NOy . No precipitates.

SO4~ - HOAc¢ and HC>OH in solution.

F .

OAc 2.7

HCOr 49

H3SiO4 .

OTSG B, 3/4/93, 1830
Input Species Concentration Predicted pH NpH ABP CF

Na* 1.3 ppb 5.97 5.74 - 103
K* - 3.16 5.07 4.56 -
c- »

NOy- 21 No precipitates.

SO~ 1.6 NaSQOy, NaSO4, NaHSO4, HSO4

" - in solution.

OAc .

HCO; .

H35i04 »

OTSG B, 3/5/93, 0630

Input Spedes Concentration Predicted pH  NpH ABP CF
Na* 53 ppb 6.02 6.59 - 108

K* 21ppb 5.30 338 4.67 -

cr- 11

NOsy- 36 No precipitates.

S04= 12 NaSOy4, NaS04 NaHSO4, KSO4, HSO4, HOAC,
F 03 HF, HFy, HC,0H, and HySiOy4 in solution.

OAc 630

HCO; 340

H35i04 90
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AMPR

February 24, 1994

Ms. Phyllis Dixon

Florida Power Corporation
Crystal River Energy Complex
15760 West Power Line Street
Crystal River, Florida 34428-6708
Subject: CR-3 Steam Generator
Dear Ms. Dixon:

Enclosed as requested is our report "Evaluation of Crystal River Unit 3 (CR-3) Steam
Generator Tube Wall Degradation,” dated February 24, 1994.

Please call if you have any questions or comments.
Sincerely,
) s
Sterling J. Weems

Enclosure



