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EPRI PERSPECTIVE

PROJECT DESCRIPTION

The operational and design factors that most influence radiation buildup in PWRs are
not well specified. Most of the radioisotopes that produce these radiation fields
reside on the core or on steam generator surfaces. Further insight into the nature
of these deposits gives additional clues on these influencing factors.

PROJECT OBJECTIVE

This interim report describes the portion of this project (RP825-2) with the objec-
tive of determining (1) the chemical nature of the oxide deposits on the primary
side of steam generator tubes and (2) the radioisotopes incorporated in those
deposits.

PROJECT RESULTS

Analyses were performed on sections of steam generator tubes from eight plants. The
deposited oxide film is enriched in chromium over the Inconel 600 tube material and
is most likely a mixture of iron-nickel-chromite and metallic nickel. This film is
quite distinctive from the fuel deposits that are nickel-ferrite combinations and is
important in decontamination considerations. The cobalt concentrations in the tube
oxide films are about an order of magnitude higher than in the tube material, a
significant consideration in the search for cobalt sources in PWRs. This leads me
to conclude that the Inconel 600 tubes are probably not as significant a source of
cobalt as previously reported in EPRI Final Report NP-268l1. This issue is being
addressed directly in RP2008, a current project.

A11 the radioisotopes on the tubes are incorporated in the oxides. There is not a
good correlation between the fields in the steam generator channel heads and the
concentration in the oxides of Co-60, the principal contributor to the radiation
fields. This is consistent with other results showing that the tube deposits are
not a major contributor to channel-head fields.



This report is relevant to plant chemists, decontamination engineers, and those
involved in ALARA programs.

Robert A. Shaw, Project Manager
Nuclear Power Division
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ABSTRACT

The evaluation of analyses of material removed from primary side steam generator
tubing samples taken from nuclear plants that had operated for up to 7 effective
full power years are presented in this report. The types of analyses included
radiochemical, chemical, scanning electron microscope (SEM), and energy dispersive
X-ray (EDAX) techniques to characterize the surfaces and composition of the tubing
material. An evaluation of the data obtained and a comparison with in-core crud
data and with values calculated by a mathematical activity transport model (CORA)
are also given in the report.
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SUMMARY

A considerable amount of radiochemical and chemical data have been obtained from
in-core crud in nuclear plants, but Tittle comparable data have been taken from
out-of-core surfaces in Westinghouse-designed plants. Samples of tubes from a
number of steam generators had been removed and analyzed for various reasons
during the past 10 years.

Since data from these tubes could provide unique information concerning out-of-
core crud as a function of plant operation, a program was established under an
EPRI contract to retrieve such tubes from storage, choose representative samples,
and perform analyses of the material removed. The types of analyses included
radiochemical, chemical, scanning electron microscope (SEM), and energy dispersive
X-ray (EDAX) techniques to characterize the surfaces and composition of the tubing
crud. The data obtained from the analyses will provide additional insight into
crud transport and deposition phenomena.

ATthough the activity on the tubing surface was found to be generally quite uni-
form, radiation surveys and visual examinations were used to assure that represen-
tative samples of the tubing were taken -- in particular for those to be destruc-
tively analyzed. A total of 19 tubes were selected for in situ radioactivity
measurement and six were chosen for electrochemical descaling of the tube inner
surface.

It was found that the Co-60 on the tubes increased with time of plant operation up
to about 9 effective full power years. This trend is similar to that calculated
by the CORA mathematical activity transport model except that the observed values
were about 50 percent greater. The crud specific activity of Fe-55, Co~-60, and
Mn-54 in the descaled material decreased with operating time. This same trend was
calculated by the CORA code, although the absolute values did not agree for the
various nuclides.

The chemical composition of the material descaled from the tubes approached that
of the Inconel tubing as subsequent descalings (up to three) were made. Most of
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the material and activity was removed in the first descaling. The concentration
of nickel increased with plant operating time, while that of chromium decreased
with time. The percentage of iron remained about the same. The nickel-to~iron
ratio in the tubing descaled material was about 1.0 compared to a ratio of 0.5 in
typical core crud. The percentage of cobalt in the descaled material was about
ten times that in the Inconel tubing.

The surface concentration of the descaled material was found to increase at a rate
of 0.70 mg/dmz-mo. The average thickness of the material was about 1 micron,

which gave an apparent density of 3.9 g/cm3

compared to an average value of

about 1.2 g/cm3 for core crud. SEM images of the material showed a surface of
small crystallites Tess than 1 micron in size with cracks in the material that
formed irregularly shaped agglomerates. The definition of the surface appeared to

increase with exposure time.
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Section 1

INTRODUCTION

BACKGROUND

As part of an EPRI program, Westinghouse is obtaining information and performing
work to define radioactivity transport in the primary system of PWR nuclear
plants. A considerable amount of radiochemical and chemical data have been
obtained from in-core crud deposits, but little comparable data have been taken
from out-of-core surfaces in Westinghouse-designed plants. Several samples of
steam generator manway insert crud have been analyzed during the past several
years. However, the inserts represent only a small fraction of a steam generator
surface area, whereas the tubing accounts for about 60 percent of the total
reactor plant surface, including the fuel surfaces. Furthermore, the inserts are
not representative of the material composition of major plant areas. Thus, it is
desirable to obtain tubing samples and analyze the material on the primary side
surface.

Samples of tubes from a number of steam generators had been removed and analyzed
for various reasons during the past 10 years. However, analyses relative to crud
and activity on the tubes generally had not been performed. Since data from these
tubes could provide unique information concerning out-of-core crud as a function
of plant operation, a program was established under EPRI Contract 825-2 (Task 6)
to retrieve such tubes from storage, choose representative samples, and perform
radiochemical and chemical analyses of the material on the tubing. 1In addition,
several tubes that had been removed from plants within the past year provided
information concerning Co-58 activity that was not available from the older tubing
samples. These data will assist in providing additional insight into crud trans-
port and deposition phenomena. This report presents and evaluates the data
obtained from the tubing samples.

OBJECTIVES

The objective of this work is to provide additional data to support the overall
objectives of the EPRI program. The specific objectives of this program were to
provide data to:
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1. Determine chemical, radiochemical, and crystallographic composition
of material removed from steam generator tubes

2. Define removed material morphology and variations in microstructure
3. Evaluate cobalt input to plants
4. Test future modifications of CORA transport parameters

5. Determine effects of flow changes by evaluating differences between
straight and small radius U-bend sections of tube samples

6. Correlate tube data with observed plant radiation levels and pos-
sibly evaluate anomalies

SAMPLING PLAN

As a first step in the analysis program, a review of all steam generator tube
samples was made to define a sampling plan and to ascertain the most appropriate
samples for detailed analyses. The sampling plan was based on preferences in
support of the specific objectives listed above. The preferred tubes were in
general from plants that (1) were sampled before, (2) had operated for a number of
effective full power years (EFPY), (3) had available both U-bends and straight
Tength tubes, (4) had shut down recently enough to allow detection of Co-58, and
(5) had shown anomalies in radiation levels between steam generators or similar
units.

The sampling plan established for the steam generator tube surface material
measurements is summarized in Table T-1. The analysis type Tisted in the table
corresponds to the following:

1. Removal of material by a descaling technique and subsequent chemical
and radiochemical analyses

2. Autoradiography and SEM/EDAX analyses of material on the tubes
3. Use of a Ge(Li) detector to perform gamma ray spectroscopy of the in

situ material

The objectives Tisted numerically in the table correspond to the specific objec-
tives listed above.
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€-1

PTant Tube
A R34C36
R43C33
R36C37
B R1C25
C R9C31
R25C47
R45C52
D R1C5
R4C30
R5C40
E R21C74
RI1CT1
R3C63
R2C42
F R20C73
G R18C37
R15C73
H R25C72
R1C79
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STEAM GENERATOR TUBE SAMPLING PLAN

Table 1-1

Analysis

EFPY Tube Shape Type Objectives
2.12 Straight 3 4
2.12 STight curve 3 4
7.02 Straight 1, 2, 3 1, 2, 3, 4, 6
1.75 U-bend 1, 2, 3 1, 2, 3, 4
2.65 Straight 3 4, 6
3.36 Straight 3 4, 6
5.35 Straight 3 4, 6
2.09 U-bend 3 4, 5, 6
2.21 Straight 3 4, 5, 6
2.21 Straight 1, 3 1, 3, 4, 5,
1.58 Straight 1, 3 1, 3, 4, 5,
2.26 U-bend 3 4, 5, 6
2.26 Straight 3 4, 5, 6
2.26 Straight 3 4, 5, 6
6.64 Straight 3 4, 6
5.96 Straight 1, 2, 3 1, 2, 3, 4,
6.84 Straight 1, 2, 3

1, 2, 3, 4,
1.17 Straight 3 4, 5, 6
1.90 U-Bend 3 4, 5, 6

W =
¢« o e

N —
. .

Remarks

SampTled before in 1972
Over 7 EFPY operation
Co-58 data available

PTant in Chemistry Control Experiment
Program

Over 5 EFPY operation
Data may explain difference between
radiation levels in two SGs.

Data may explain difference between
radiation levels in two similar plants.
Compare U-bend with straight tubes

Data may explain difference between
radiation Tevels in two similar plants.
Compare U-bend with straight tubes

SampTled before in 1972
Data may explain difference between
radijation Tevels in two similar plants.

Data may explain difference between
radiation Tevels in two similar plants.
Co-58 data available

Compare U-bend with straight tube






Section 2

EVALUATION OF IN SITU RADIOACTIVITY DATA

SELECTION OF REPRESENTATIVE TUBES

Radiation surveys and visual examinations were used to establish a representative
sampTing group of tubes. After completing an extensive inventory of available
tubes, segments from the desired plants were surveyed either with an end-window
G-M survey meter or with a collimated Ge(Li) detector system. Tube segments that
had higher or Tower exposure rates than typical for the tube segments from the
same tube were eliminated. Lower exposure rates could be evidence of tube damage
while being removed; higher rates could be Tocal hot spots. The number of tubes
eTiminated was a very small part of the total sections examined.

After atypical tube segments were eliminated based on radioactivity measurements,
visual examinations were performed to select samples of tubing that appeared to be
in the least-handled condition. In some cases, more than one tube segment was
selected for the same sample, and radioactivity measurements were performed on
both segments for comparison. A total of 19 tubes were selected for in situ
radioactivity measurements. For reasons described in the sampling plan, six tube
samples were chosen for descaling and four tube samples were chosen for
autoradiography and SEM/EDAX analysis.

VARTATION OF RADIOACTIVITY WITH EFPY

As noted above, measurement of the radioactivity on some steam generator tubes has
been determined previously in 1973 on tube sections from six plants. The plants
represented between 0.5 and 4.0 EFPY of operation. Table A-T1 in Appendix A
provides a summary of the data collected. Similar to the present program, the
analysis measurements were performed using a Ge(Li) spectrometry system.

The radioactivity analysis performed on the 19 tubes described in the Task 6
original sampling plan extended the available tube data to include up to 7 EFPY,
A listing of the details, the tubing sampled, the measured activity, and other
pertinent information is given in Table A-2. Radioactivity data using a gamma
spectrometry system were also obtained from tubing from four plants after the
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activity data collection phase of the original plan was completed. These sam-
plings provided data up to about 9 EFPY. The average values for the tubes sampled
in these plants are also shown in Table A-2.

To define the statistical variation in the in situ activity, measurements were
taken along the Tength of a tube. The measurements were obtained with a colli-
mated Ge(Li) detector system and taken at points along tube Tengths in 15 cm
intervals.

The total Tength of the straight part of a steam generator tube is about 30 feet.
The Tength of the samples of the steam generator tubing varied from several inches
to 10 feet and represented sections of the tubing from just above the tubesheet up
to the U-bends. Samples of tubing from within the tubesheet (about 2 feet Tong)
were not available in the inventory. It was found that the standard deviation of
the mean activity was typically within +10-20 percent for measurements taken along
the Tength of a single tube or tube segments from the same original tube.

The variation between different tubes from the same steam generator at the same
removal date was also estimated. From Plant E, a 20-percent standard deviation
was determined from measurements of two tubes. Tube measurements from Plant C
resulted in a 15.9-percent standard deviation from one removal period, and 16.5
percent from the same steam generator 1 year later. Examples of typical tube
activity measurement variations are included in Table A-3. Appendix B presents
the activity data measured on all tubes surveyed.

In summary, the standard deviation of the mean activity measured on a sample of
steam generator tubing is estimated to be about + 20 percent.

Figures 2-1 through 2-3 present the in situ radioactivity data from previous and
current work as a function of EFPY for Co-60 and Co-58, and their ratio. Data
from both straight tubes and U-bends are included, although exclusion of the
U-bend data would have no significant effect on the observations. The Tines drawn
on the figures are the CORA model calculated values for the total transient plus
permanent out-of-core surface activity as a function of EFPY representative of a
plant operating at an average power Tevel of 100 percent (1).

Reference to the CORA computer program is made several times in this report. A
detailed discussion of CORA is beyond the scope of this report; however, a brief
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summary can be given to facilitate discussion of the data. The CORA computer
program incorporates the more fundamental aspects of transport, activation, and
other crud-related mechanisms in a nuclear plant, and predicts several quantities
of interest in addition to gross radiation level. CORA calculates the following
out-of-core quantitites of interest as a function of time for the data available
from this work: (1) activity and concentrations, (2) crud weight, and (3) crud
specific activity. CORA utilizes eight nodes, as shown in Figure 2-4, for activ-
ity transport, plus two additional nodes (4 and 7) for mass transport. Node 4
represents the total mass of crud deposited on the core and node 7 represents the
total mass out-of-core. For this report, the mechanisms occurring in nodes 6, 7,
and 8 are of interest.

The general mass balance for a node can be expressed as follows:

Net Rate of Accumulation = Rate of Input - Rate of Loss

It is assumed that the transfer of a nuclide from one node to another is propor-
tional to the mass of the nuclide in that node and the mass transfer coefficient
for the transfer process between the nodes. Thus, the activity transfer rate
between nodes can be calculated if the mass transfer coefficients can be deter-
mined.

As noted in Figure 2-4, out-of-core crud is divided into two arbitrary layers
called transient and permanent. The net crud and activity buildup in the tran-
sient layer can take place by crud particle deposition from the coolant, erosion
of the particle back into the coolant, transient-to-permanent crud transport, and
soluble product transfer. The net crud and activity buildup in the permanent
layer is determined by transient-to-permanent crud transport, and the molecular
transfer between the solubles in the coolant and the permanent crud.

The particle deposition coefficients in CORA were calculated based on theory. The
calculation of these coefficients depends strongly on particle sizes and flow
regime. The circulating crud particle size is assumed to be 0.1 micron and the
flow regime is assumed to be turbulent.

Since there is no good theory to estimate the erosion release coefficients, they
were derived from the loop tests and plant data.
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In CORA, soluble product particulation at the transient Tayer is the major mecha-
nism through which new particles are formed. Some of the soluble product is
partly removed by transfer directly to the permanent deposit. Since the genera-
tion rate from corrosion is greater than the effective deposition rate, the excess
soluble products should go through a phase transformation by crystallization.
Therefore, it is assumed that the excess corrosion products will be crystallized
on the transient crud surface and thus provide new particles. The transient-
to-permanent crud transport coefficient was determined based on diffusion
mechanisms.

In the vicinity of any surface, the boundary layer coolant differs in composition
from the bulk coolant in that it contains crud species contributed by the tran-
sient and permanent crud and, in the case of a tube corroding surface, the base
metal itself. In CORA, the diffusion rate was divided into two terms, one
involving the diffusion rate of active atoms out of the crud particles into the
boundary Tlayer coolant, and the other involving the diffusion through the boundary
layer coolant to the permanent crud layer. The diffusion coefficients were deter-
mined based on theory and empirically based on plant data. The other coefficients
involving the permanent Tayer are related to molecular and ionic transfer mechan-
isms between the solubles in the coolant and the permanent crud Tayer. These
coefficients were determined based on theory and Taboratory studies of corrosion
product solubilities. In CORA, the Tong-term trend in radiation field buildup is
accounted for by transfer mechanisms related to these coefficients.

Observations based on inspection of the data in Figures 2-1 through 2-3 include
the following:

e The Co-60 trend is similar to that calculated by CORA except that the
measured values appear to be about 50 percent greater than the calcu-
lated values.

¢ The Co-58 trend might be different compared to that calculated by
CORA. The CORA-calculated value falls in the middle of the range of
observed data; more Co-58 data are needed to establish a trend.

e The data trend of the Co-58/Co-60 ratio follows the CORA-calculated

value. Note that after about 1.8 EFPY, Co-60 becomes the dominant
contributor to the exposure rate.
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It is also noted that most of the CORA-calculated Co-60 and Co-58 activities are
in the transient layer compared to those in the permanent layer. However, since
the definition of these layers is arbitrary, a comparison between the layers and
the tube data is not meaningful; thus only the total CORA-calculated surface
activity was chosen for comparison purposes.

COMPARISON OF STRAIGHT LENGTH AND U-BEND RADIOACTIVITY

A comparison was made between the activity on the straight length of tubing versus
that on the small-radius U-bend tubing to define possible flow effects. Table 2-1
shows the comparison where data were available. There appears to be a trend
toward more activity on the U-bends compared to that on the straight portions.

In Plant D, the Co-60 activity was higher on the U-bend than on the straight
length even though the U-bend was of s1ightly fewer EFPY. 1In plant E, where both
samplings were made at the same time, the activity on the U-bends was twice that
on the straight portion. The U-bend deposit activity from Plant H was higher by a
factor of three than that on the straight-length tube. However, from Figure 2-1,
only a factor of two difference would be expected for the increased time of opera-
tion. Therefore, the trend appears to be that there is about twice as much activ-
ity on U-bends as on straight tubes. This indicates a possible effect of flow
change on activity transport, because of a momentum change near the U-bend.

Table 2-1
COMPARISON BETWEEN ACTIVITY OBSERVED ON STRAIGHT AND U-BEND TUBING

Average Co-60 U-Bend to
Tube Activit% Straight
Plant Type EFPY (uCi/cme) Ratio
D U-bend 2.09 2.87 1.4
Straight 2.21 2.05
E U-bend 2.26 5.04 2.0
Straight 2.26 2.50
H Straight 1.17 0.59 3.0
U-bend 1.90 1.76
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RELATIONSHIP OF TUBING ACTIVITY AND CHANNEL HEAD EXPOSURE RATES

In a report of steam generator radiation level data, several anomalies were noted
between twin plants and between steam generators within a plant (2). It was
thought that examination of the steam generator tube activities and the exposure
rates in the channel head might reveal explanations for the differences. A com-
parison of the steam generator tube activities with steam generator channel head
exposure rates is provided in Table 2-2.

Table 2-2

STEAM GENERATOR CHANNEL HEAD EXPOSURE RATES AND
TUBING ACTIVITIES

Average SG
Co-60 Channel Head Ratio of

Act1v1t¥ Exposure Rate Exposure Rate

Plant S6 EFPY {uCi/em®) {R/hr) To Activity
C A 3.36 3.66 16 4.4
B 5.35 6.24 9 1.4
D B 2.21 1.93 8 4.1
A 2.21 2.17 11 5.1
E A 2.26 1.63 19 11.6
C 2.26 3.39 20 5.9
F A 6.64 3.58 19 5.3
G A 5.96 3.94 8 2.0
A 5.96 2.73 8 2.9
A 6.84 5.38 9 1.7

One anomaly noted was that Plant E had average channel head exposure rates that
were twice the exposure rates for Plant D at about the same EFPY. (Plants D and E
are twin units built at the same time.) Similarly, the average channel head
exposure rates in Plant F were twice the exposure rates in Plant G. (Plants F and
G are also twin units.) However, the tube analyses reveal that the straight tubes
in Plant E have on the average about 25 percent more activity than those in Plant
D, and the activity on the tubes in Plant F is about the same as the average of
activities in Plant G.



Another anomaly noted was that the channel head exposure rate in Plant C, steam
generator A, was about twice the exposure rate in steam generator B. However, the
activity on the tubes shows the opposite relationship: the tube activity in steam
generator B is twice as high as that in steam generator A.

The above results suggest that there is something unique about the channel head
exposure rates in one of each of the two twin plants that is not representative of
the tubing activity. However, the exact reason is not known at this point. Like-
wise, the difference between the two steam generator exposure rates in the same
plant and tubing activity is not defined by this comparison, but the data should
contribute toward an evaluation of the anomalies.

In conclusion, there is not a good correlation between steam generator channel
head exposure rates and the Co-60 activity on the tubing from the same steam gen-
erator.






Section 3

TUBING CRUD ANALYSES

SELECTION OF DESCALING TECHNIQUE

An evaluation of electrolytic and bromine-methanol descaling techniques was carried
out on two adjacent tube sections from Plant D tube R5C40. Two 3-inch sections of
the tube were cut. The outside surface of each section was sanded to bright metal
and the sections were gamma counted. Each section was then mounted vertically in a
dish using Paraplast cold setting resin. Each mounted tube section formed a small
vertical container for the descaling solution or rinse water.

ETectrolytic descaling was carried out by placing 15 milliliters of 0.1IN nitric
acid in the first tube section. A current of 0.5 amps at 1.0 volt was passed for 2
minutes between the tube section and a platinum cathode. The current causes the
surface of the Inconel tubing to dissolve; thus the crud spalls off. After elec-
trolysis, the electrolyte, along with the loose crud, was washed with demineralized
water into a small beaker. The test section was then filled with water, treated
ultrasonically, and washed again with water. Electrolyte and washings were fil-
tered through a tared 0.45-micron, Type HA, Millipore filter.

Chemical descaling was achieved by treating the second tube section with 15 milli-
liters of a 1-percent bromine solution in methanol for 1 hour, followed by a
30-second ultrasonic treatment in demineralized water. Exactly 1ike the electric
current, the bromine-methanol solution causes the surface of the tubing to dissolve
and the crud to spall off. The descaling solution and washings were combined and
filtered through a tared 0.45-micron Gelman filter.

The efficiency of both descaling processes was monitored by measuring the fraction
of Co-60 in the descaling solution and washings, and that remaining on the test
section. The results of these preliminary experiments are listed in Table 3-1. It
is seen that most of the material and activity is removed in the first descaling
for either method. Likewise, nearly all of the activity removed was in the solids.
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Table 3-1
COMPARISON OF ELECTROLYTIC AND CHEMICAL DESCALING

Amount Removed

Electrolytic Chemical

Item Co-60 (%) Solids (mg) Co-60 (%) Solids (mg)
Solids in first run 91.2 6.07 86.8 5.26
Descaling solution 1.1 -- 0.5 --
from first run
Solids in second run 7.0 0.70 12.5 0.67
Descaling solution 0.1 - <0.1 --
from second run
Not removed from 0.6 -- 0.1 -
test section
Total in solids 98.2 6.77 99.3 5.93

In another experiment, the oxides removed from the inside of the steam generator
tube sections were found to be virtually insoluble when subjected to either descal-
ing technique. This indicated that the techniques did not solubilize the descaled
material and thus the need to analyze the descaling solution was eliminated.

EDAX analyses of the material removed by both techniques indicated a similar ele-
mental chemical composition. SEM scans of the underlying tubing surfaces showed
that the bromine-methanol attacked the tubing surface more compared to the electro-
lytic method, as shown by comparison between Figures 3-1 and 3-2. The electrolyti~
cally descaled tubing surface shows definite grain boundaries, while the surface
tested with bromine-methanol shows general attack with much Tess definition of
grain boundaries.

Since the electrolytic descaling process was easier to control than the bromine-
methanol method, the former was selected for this study. The descaled crud was
dissolved in a mixture of aqua regia and hydrofluoric acid and the resultant
solution was analyzed for chemical constituents by atomic absorption techniques.
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WEIGHT AND SURFACE CONCENTRATION OF CRUD

Six steam generator tube sections with exposures between 1.6 and 7.0 EFPY were
descaled electrolytically. The areas descaled, weights of crud, surface
concentrations, actual thickness measured on SEM images, and a computed crud
density are Tisted in Table 3-2.

Table 3-2
DATA ON CRUD REMOVED FROM SELECTED STEAM GENERATOR TUBES

Area Weight of Surface Film Apparent
Descaled Crud Concentration Thickness Densitg
Plant EFPY (cm?) (mg) (mg/dm?) (microns) (gm/cm3)
E 1.58 34.05 3.88 11.4 N/Da N/D
B 1.75 31.71 4.04 12.7 N/D N/D
D 2.21 31.47 6.07 19.3 N/D N/D
6.77b 21.5b
7.38¢€ 23.4¢
G 5.96 32.25 15.44 47.9 1.20 3.99
18.43b 57.1b 4.76b
19.15€ 59.4¢ 4,95¢
G 6.84 35.88 11.94 33.3 0.85 3.92
12.61b 35.1b 4.13b
A 7.02 31.89 13.86 43.5 1.14 3.81
23.39b 73.3b 6.43b

dNot determined
bIncTludes a second descaling
CIncludes a third descaling

For four of the tubes, data from the second or third descalings were included
since the chemical analyses (see Table 3-3) suggested that the material removed
was still representative of the crud as opposed to that of the tubing. The data
are plotted in Figure 3-3 as a function of EFPY. A least-squares fit of the
surface concentrations with operating time using the total weights obtained by
descalings indicated that the surface concentration increased by about 8.3
mwmfxmrEWY.
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Also shown on Figure 3-3 is the crud surface concentration calculated by CORA for
a plant operated with the type of chemistry control typical of those in the sam-
pling program. The surface concentration calculated by CORA is about three times
that observed and represents only permanent material. Since, in general, the
tubing samples had been forcefully removed from plants and had been transported
and handled, the film removed should be more representative of permanent
deposits. Visual inspection of the tubes indicated that most of the material
descaled (more than 95 percent) would be considered permanent since little
activity was in the transport containers or came off the tubes when they were
handled.

The 8.5 mg/dm2 per EFPY slope is equivalent to 0.71 mg/dmz-mo of crud or 0.5
mg/dmz-mo of metal. This 0.5 value represents the difference between the corro-
sion rate and corrosion release rate of the Inconel tubing assuming that crud
deposition is negligible. Using a nominal value of 3 mg/dmz-mo for the corro-
sion rate of Inconel (3), a corrosion release rate of 2.5 mg/dmz-mo is esti-
mated. This compares favorably with that of 1.5 mg/dmz—mo used in other work (1).

CHEMICAL COMPOSITION OF CRUD

Table 3-3 gives the amount of material descaled and its chemical composition by

fraction descaled, where chemical composition is for the oxide form,

Inspection of the data shows that for each successive descaling, the composition
of the removed material approaches that of the Inconel base metal, that is, about
8 percent iron, 74 percent nickel, and 18 percent chromium. This indicates that a
substantial portion of the material being removed is representative of the base
metal.

The chemical concentrations of nickel and chromium in the first descaling appear
to vary as a function of exposure, as shown in Figure 3-4. Using the method of
Teast squares, the percentage of nickel increases with time, the percentage of
chromium decreases with time, and the percentage of iron stays about the same.
Although not plotted, the percentage of cobalt js shown by the data to also stay
about the same. It is also noted that iron, chromjum, and cobalt are enriched and
nickel is depleted in the descaled material compared to the base metal. As shown
in Table 3-4, the percentage of the elements in the first descaling was found to
be very similar to that found by EDAX analyses of the surface layer of the
material in the tube before descaling.



Table 3-3
CHEMICAL COMPOSITION OF MATERIAL DESCALED FROM TUBES

Percent
Percentage of Element in Percent Cobalt in
Descaling mg/cm2 Descaled Material? Cobalt in  Tubing
Plant EFPY Sequence Descaled Fe Ni Cr Mn Co Tubing i1f Oxide
E 1.58 1 0.1 14.0 19.7 37.6 0.16 0.28 0.039 0.027
2 0.03 10.6 45.1 18.8 0.19 0.09
3 0.02 7.8 48.8 18.3 0.19 <0.08
B 1.75 1 0.13 14.5 20.5 35.9 0.65 0.22 0.020 0.014
2 0.03 9.2 49.9 16.1 0.22 <0.08
3 0.03 9.2 51.1 15.0 0.14 <0.08
D 2.1 1 0.19 21.6 26.8 24.2 0.21 0.26 0.048 0.034
2 0.02 20.5 3.7 19.8 <0.30 N/Db
3 0.02 17.3 37.4 17.3 <0.30 N/D
G 5.96 1 0.48 20.4 30.1 22.6 0.20 0.12 0.021 0.015
2 0.09 15.7 32.7 24.8 0.22 0.09
3 0.02 15.8 26.6 29.9 0.34 <0.08
G 6.84 1 0.33 20.0 23.1 26.9 0.31 0.20 0.039 0.027
2 0.02 18.2 30.4 23.4 <0.30 0.22
3 0.01 10.2 43.0 18.8 <0.30 0.09
A 7.02 1 0.44 14.8 39.0 20.0 0.22 0.36 0.038 0.027
2 0.30 15.9 38.2 17.5 . <0.30 0.14
3 0.15 8.9 50.4 12.7 <0.30 0.04

2Estimated standard deviation of analysis error:
Fe, Ni, Cr = 3%

Mn = 5%

Co = 10%

bNot determined

The percentages of iron and chromium in the descaled material generally decrease
with each descaling and approach that of the base tubing. The percentage of
cobalt in the descaled material generally decreases with each descaling but is
greater than that in the base tubing. An estimate was made of the total amount of
cobalt on the steam generator tubing surface as represented by the first descal-
ing. It was found that this amount was about 45 grams, regardless of the time of
plant operation. If the time of plant operation is taken into account, about 25
grams per year was on the earlier tubes (about 2 EFPY) and about 7 grams per year
on the later tubes (about 6.5 EFPY). The value of 25 grams in early operation is
somewhat less than that of 60 calculated in a recent cobalt source study (4). The
decreasing value with time suggests a decreasing cobalt input rate with time.
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Table 3-4

COMPOSITION OF CRUD ON TUBE SURFACE BY EDAX OR ATOMIC ABSORPTION
AND COMPARISON WITH THAT REMOVED IN FIRST DESCALING

Relative Percentage
of Indicated Element?

Plant EFPY Tube Chromium Nickel Tron
B 1.76 R1C25 33 40 27
G 5.96 R18C37 35 43 22
G 6.84 R15C73 43 36 21
A 7.02 R36C37 33 39 28

Average percentage by EDAX.
in total crud 36 40 25

Average percentage by EDAX of
element assuming 30% is oxide 25 28 18

Average percentage by atomic absorption
of element removed in first descaling 26 27 18

@ The three elements Tisted constitute essentially all the elements in the crud.

The relationship of the percentage of cobalt in the tubing to that in the first
descaled material is shown in Figure 3-5. The physical meaning of the apparent
direct relationship is not known at present.

The nickel-to-iron ratio in the steam generator tube deposits ranges from 1.2 to
2.6, compared to 9.2 in the base metal. Typical core deposits have ratios between
0.3 and 0.7. The high nickel-to-iron ratio indicates that either metallic nickel
or Ni0 occurs in the tube deposits, besides nickel ferrite. The chromium
concentration in the tube deposits is appreciably higher than in core deposits,
ranging from 20 to 38 weight percent; typical core deposits have chromium
concentrations between 1 and 8 weight percent.

Crud samples from tubes from Plant A (tube R36C37) and from Plant G (tubes R18C37
and R15C73) were analyzed by X-ray diffraction using the Debye-Scherrer powder
method, in which the diffraction 1ines were recorded on a strip of photographic
film. In the Debye-Scherrer method, X-rays of a known wavelength are used to
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determine the unknown spacing of planes in the crystal lattices of sample crystal-
1ites. The patterns obtained differed only in line intensities and matched the
standard patterns of metallic nickel and of the spinels nickel ferrite (NiFe204)
and nickel chromite (NiCr,0,).

The question whether crud from the above steam generator tubes, whose major con-
stituents are Ni, Cr, and Fe, contain two separate spinel phases besides metallic
nickel, usually nickel ferrite and nickel chromite, was further investigated by a
variation of the Debye-Scherrer method, using a diffractometer. This instrument
uses a Geiger-Miller (G-M) X-ray detector tube instead of a photographic film to
record angle and intensity of diffraction Tines., Also, the G-M detector scans the
sample holder at a preset rate during irradiation with monochromatic X-rays. The
slower the scan rate, the higher the angular resolution of adjacent diffraction
Tines.

Crud samples from steam generator tubes from the above plants (A and G) were anal-
yzed on a diffractometer at its lowest possible scan rate, 0.8 degrees per

minute. The intensity-versus-angle diagrams obtained did not resolve lines, sus-
pected to be generated by superposition of closely spaced lines from the above
spinels. This observation suggests that very likely only one spinel phase was
present in the samples.

If this spinel were nickel ferrite, then the spacings derived from diffractometer
and powder patterns should yield a reasonable lattice parameter, somewhere between
8.33 and 8.39 & depending on the x in Ni Fes ,0,. An evaluation of the above
spacings led to lattice parameters well outside these limits. Apparently, the
spinel phase in the above samples is not a simple ferrite but probably a mixed
ferrite or chromite with the composition NiXCryMzFe3_x_y_ZO4 (ferrite) or
NixFeyMZCr3_x_y_ZO4 (chromite), where M represents small concentrations (less

than 1 percent) of Co and/or Mn. It is quite possible that the values x, y, and z
are not constant in deposits taken from different elevations on a given tube or
from different tubes.

Since ferrites, even mixed ferrites which contain an unknown minimum concentration
of Fe (5), are ferromagnetic and chromites are not, thermomagnetic analysis of the
above tube crud samples would offer a possibility of determining whether the mixed
spinel phase in these crud samples is a ferrite or a chromite. Thermomagnetic
analysis has the objective of determining the Curie point of a ferromagnetic sub-
stance. The Curie point is the temperature at which its ferromagnetism disap-
pears. The small quantity (a few micrograms) of crud sample material available
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was insufficient for an accurate thermomagnetic analysis; typical sample weights
required range from 5 to 10 milligrams. Still, the following simple tests were
carried out.

A suspension of tube crud samples in water in a test tube and, for comparison, an
equal quantity of magnetite in water in a second test tube, were exposed to a
strong magnetic field. The tube crud sample contained two distinct fractions.
The smaller fraction was attracted mildly to the magnet. This material is
believed to be nickel. The major portion of the tube crud did not react at all to
the magnet. By contrast, magnetite was very strongly attracted. The behavior of
the major portion of the crud samples suggests that this material is probably a
mixed chromite. The possibility that the above materials are ferrites whose iron
concentration is below the level necessary to make them ferromagnetic is believed
to be quite Tow because the chromium concentration in these materials is greater
than the iron concentration.

The X-ray diffraction patterns obtained on a film strip by the Debye-Scherrer
powder method also include lines resulting from large angle reflections ("back
reflection"). (Large here refers to angles between incident and reflected beam of
more than 90 degrees.) The intensity of such back reflections is a function of
crystallite size. The smaller the individual crystallites, the less X-rays inter-
act with them. The back reflections in the powder diagrams from the above crud
samples were very faint, suggesting that the average diameter of the crystallites
in the samples was of the order of 0.1 micron.

RADIOCHEMICAL COMPOSITION OF CRUD

The radiochemical composition of crud removed from selected steam generator tubes
is listed in Table 3-5 in uCi/cmz, uCi/mg crud, and yCi/mg parent. The
values are based on the material and activity removed by the first descaling only.

Based on the data in Table 3-5, the Co-60 activity per unit area increases by about
0.7 uC1'/cm2 per EFPY. The Mn-54 activity seems to decrease with EFPY while that

of Fe-55 seems to increase slightly. A decrease in activity for all nuclides in
terms of uCi/mg of crud and .Ci/mg of parent is apparent. The specific acti-
vities in uCi/mg of crud for Mn-54, Fe-55, and Co-60 are plotted in Figure 3-6
along with the values calculated by CORA, It is seen that for Co-60, the observed
decreasing trend matches that calculated by CORA except that the values are

greater by a factor of about four. However, there are few data points and those
after 6 EFPY have considerable scatter. Previously it was noted that the crud
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Table 3-5

ACTIVITY OF CRUD ON STEAM GENERATOR TUBES CORRECTED TO SHUTDOWN

Plant

P»OMO oM

Plant

»OOOTM

Plant

OO m

EFPY

1.58
1.75
2.21
5.96

7.02

EFPY

1.58
1.75
2.21
5.96
6.84
7.02

EFPY

1.58
1.75
2.21
5.96
6.84
7.02

dProperties of Nuclides:

Nuclide

Co-60
Fe-55
Mn-54
Co-58

Parent

Co-59
Fe-54
Fe-54
Ni-58

Activity@ in uCi/cm?

Fe-55 Mn-54 Co-58 Co-60
0.45 -- -~ 1.44
0.65 0.27 -~ 1.72
1.02 -- -~ 2.24
2.46 0.28 -~ 3.99
1.34 0.15 3.98 5.22
0.90 0.08 1.16 5.86

Activity in uCi/mg Crud

Fe-55 Mn-54 Co-58 Co-60
3.95 -- -- 1.4
5.11 1.88 -- 12.0
5.29 -- -- 10.8
5.14 0.51 ~- 7.1
4,03 0.43 11.5 15.2
2.07 0.12 1.7 8.9

Activity in uCi/mg Parent
Fe-55 Mn-54 Co-58 Co-60
28 -- -- 4100
35 13.0 -~ 5500
24 -- -~ 4200
25 2.5 -- 5900
20 2.2 50 7600
14 0.8 4 2500
t /2 Major Gamma Energy
5.3 yr 1.13, 1.17
2.7 yr None
312 days 0.84
71 days 0.81
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weight calculated by CORA was greater by a factor of three than that observed.
Thus, if the weight were adjusted downward, the CORA values and observed Co-60
values would more nearly match. The lower CORA value can also be due to the lower
percentage cobalt in crud assumed in CORA (about 0.1 percent), compared to that
observed in tube crud (about 0.3 percent). The CORA-calculated Mn-54 values
appear to match the observed data fairly well; the CORA-calculated Fe-55 values
are about one and one-half times those observed. However, if the values were
adjusted for a better matched crud weight, the CORA values would be considerably
greater than those observed. For both nuclides, the trend of the data also
matches that calculated by CORA.

The data in Table 3-5 are based on that material removed in the first descaling
only. Similar data for subsequent descalings, where available, are given in Table
A-4. Inspection of these data reveals that the crud specific activity for Co-60,
Mn-54, and Co-58 decreases with each descaling. For Mn-54 and Co-58, a similar
decrease with each descaling is noted in term of specific activity per mg of
parent. In addition, for Mn-54, a decrease with EFPY is seen, as shown in Figure
3-7. A similar decrease for Co-60 is not evident. These differences in activity
behavior between nuclides are probably due to differences in their half-lives.

PHYSICAL CHARACTERIZATION OF CRUD

Before removal of the material from the four steam generator tube sections
selected for physical analysis, contact autoradiographs were made with standard
35mm film. The autoradiographs of the tubes from Plants A and G showed a rela-
tively even distribution of activity on the inside surfaces. The autoradiograph
of the crud on the tube section from Plant B (tube R1C25) is shown, slightly
magnified, in Figure 3-8. Over a fine-grained dark background are a few "hot
spots.” EDAX analysis of a dark area near the center of this tube section indi-
cated that iron, nickel, and chromium are the major elements in the material.
This particular EDAX spectrum is reproduced in Figure 3-9,

SEM images of three of the hot spots in the crud on the steam generator tube from
Plant B are shown in Figure 3-10. EDAX analysis of these hot spots was virtu-
ally identical with that of the dark area. This indicates that the spots are
transparent to X-rays and that the atomic numbers of the constituent elements of
the hot spots must be less than 10. In addition, the white coloration of the
spots, caused by fluorescence, is another indication that the atomic numbers of
the constituent elements are less than 10. The white material of the spots is
believed to be boric acid. (The EDAX equipment is not capable of detecting
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Figure 3-8. Autoradiograph of Tube R1C25 Showing
Hot Spots

Figure 3-9. EDAX Analysis of Central Dark Section of
Tube RC125
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elements whose atomic number is less than 10.) The greater activity of the hot
spots could be caused by increased concentration of coolant activity due to the
concentration of boric acid crystals.

The crud on the tube section from Plant B (R1C25), shown in Figure 3-11 at 1000X,
consists of very small crystallites that appear to give a smooth surface, even at
high magnification. The surface of this material shows narrow cracks that form
irregularly shaped agglomerates of crystallites. A similar pattern of cracks has
been noted in other work (6) and is believed to represent grain boundaries. The
white, approximately spherical crystals are presumed to be boric acid.

The cystallites in the crud on the Plant A tube section (R36C37) were also so
small that they were not resolved by the SEM at 1000X, as shown in Figure 3-12.
However, the material cracks appear to be wider than those in Plant B and again
appear to follow the presumed grain boundaries. An appreciable quantity of dark,
needle-shaped crystals and irregularly shaped white crystal aggregates also
appears embedded in the crud. The needle-shaped crystals were found to contain
phosphorus (probably as phosphate) at a surface concentration of 5 pg/sz.
Similar to Plant B, the white crystal aggregates are believed to be boric acid.

SEM images at 1000X of the crud on the two tube sections from Plant G are shown in
Figures 3-13 and 3-14. The crystallites of the material on both tubes again are
so small that they were not resolved by the SEM. The crud on tube R15C73 shows a
pattern of wide, generally parallel cracks; the crud on tube R18C37 exhibits
parallel ridges with fairly wide cracks at right angles to the ridges. The wide
cracks in the material on Plant G and Plant A steam generator tubes could reflect
the Tonger time of exposure compared to that of Plant B.

Comparison of the undescaled tubing surfaces in Figures 3-11 through 3-14 with
that of the descaled tubing surface in Figure 3-2 shows a similar pattern,
although the sizes of the boundaries on the undescaled tubing appear to be some-
what greater than those on the descaled surface, indicating a Tayer of crud on the
tubing surface. An SEM image of the material removed by the electrolytic descal-
ing process is shown in Figures 3-15. The materal appears to be flake-like; the
sizes vary from about 30 microns down to several microns.

SEM images were also made on cold mounted and polished sections of tubing for

direct measurement of the crud thickness, which permitted the calculation of the
apparent density of the respective crud. Images of the tube wall and crud layer
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of the two Plant G tube sections and of the tube section from Plant A, taken at
zero degrees tilt, are shown in Figures 3-16, 3-17, and 3-18., The thicknesses of
crud measured by this approach, listed in Table 3-2, averaged about 1 micron. The
average apparent density of 3.9 g/cm3 is about 70 percent of the theoretical
density of magnetite, or about 40 percent of that of metallic nickel. The finger-
like extensions of the crud in the tubing were also noted in the previous work (6).

COMPARISON OF TUBE AND CORE CRUD

A comparison of the physical characteristics of the crud on steam generator tubes

with those of core crud, as presented in Table 3-6, shows clearly that the compo-

sition of steam generator tube crud is closer to the composition of the corroding

matrix material, Inconel-600, than that of core crud. This indicates that most of
the tube crud originates from the corrosion of the base metal.

The major difference in the radiochemical composition (in uCi/mg of parent) of
tube crud and core crud is a much larger specific activity of core crud than tube
crud. The fact that the steam generator tube deposit is radioactive proves that
there is interaction with the reactor coolant and that there is transport of dis-
solved or solid species from the tube to the core and back.

Crystallographic analyses of crud samples on steam generator tubes established the
presence of metallic nickel. Indirect evidence was obtained that a second major
phase in the above crud sample is a spinel, very likely a complex chromite. To
determine unambiguously the detailed composition of the complex chromite, such
tools as Mossbauer spectroscopy, thermomagnetic analysis, and X-ray diffraction
analysis must be employed, both on larger (10-25 mg) crud samples and on synthetic
chromites of a variety of compositions.

The greater density of the crud on steam generator tubes compared with core crud
is consistent with the suggestion that the major fraction of the tube material was
formed in situ by corrosion and the minor portion by deposition from the coolant.

Information on the size of individual crystallites in the crud on steam generator
tubes could not be extracted from SEM images since images at 1000X did not resolve
individual crystallites. This observation suggests that the crystallites have
dimensions of less than 1 micron. The X-ray diffraction analyses did not yield
any supplemental information on the size of individual crystallites in the tube
deposits.
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Table 3-6

COMPARISON OF CHARACTERISTICS OF TUBE
CRUD AND CORE CRUD

Oxidized
Nominal
Steam Core Tube
Item Generator Deposit Depositd Material
Chemical composition (%)
Fe 14-22 39-47 6
Ny 20-30 19-24 52
Cr 20-38 0.8-2.5 13
Co 0.24 0.11 0.035

Radiochemical composition
(uCi/mg parent)

Co-58 4-50 800-1300
Co-60 2500-6000 25,000-100,000
Crystallography
NiyFe3-x0q Probably not present 0.4 < X< 0.9
Mixed Fe,Cr spinel Present Not detected
NiO Not detected {Sometimes
N{ Present present
Surfac% concentration
(mg/dme) 11-60 10-350
Density (gm/cm3) n 4 1.2 (estimated)

dPTant B, cycle 1 and 2 typical data
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Section 4

SUMMARY AND CONCLUSIONS

As a result of the work performed for this report, the following can be summarized
and concluded regarding material removed from steam generator tubes in
Westinghouse-designed nuclear plants:

(] The standard deviation of the average activity along the straight
Tength of tubing of the same tube from above the tubesheet to the
U-bends was found to be within +20 percent. Similarly, the stan-
dard deviation between different tubes in the same steam generator
was also within +20 percent. Since there were a few exceptions to
these typical variations, tubing samples to be destructively ana-
lyzed were surveyed with a radioactivity detector to ensure that a
representative sample was taken.

] The Co-60 on the tubes increased with time of plant operation up to
about 9 EFPY. The trend of the increase was similar to that calcu-
Tated by the CORA code except that CORA values were about 50 per-
cent Tower than those observed. The Co-58 observed values were
quite scattered and no trend was apparent; however, the CORA-
calculated value fell within the range of the data.

] A comparison between the activity on the straight Tength of tubing
versus that on U-bend tubing indicated that the activity on U-bends
is about twice that on straight tubes.

(] There was not a good correlation between the steam generator chan-
nel head exposure rates and the Co-60 activity on the tubing from
the same steam generator.

] In general, the chemical composition of the material descaled from
the tubes approached that of the Inconel tubing as subsequent des-
calings were made. Most of the material and activity was removed
in the first descaling. The percentage of chromium and iron was
somewhat greater and the percentage of nickel less in the descaled
material compared to that in the base metal. The nickel-to-iron
ratio in the tubing crud was about 1.0, compared to a ratio of
about 0.5 in typical core crud deposits.

° The percentage of cobalt in the descaled material was about ten
times that in the Inconel tubing.

. The surface concentration of the descaled material was found to
increase with EFPY at a rate of 8.5 mg/dm2 per EFPY or 0.70
mg/dmz-mo. This value represents the corrosion plus deposition rate
less the corrosion re}ease rate of the Inconel tubing. Using a nom-
inal value of 3 mg/dm”-mo for the corrosion rate of éncone], the
corrosion release rate was estimated to be 2.5 mg/dm™-mo.
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The Fe-55, Co-60, and Mn-54 crud specific activity of the descaled
material in uCi/mg of material removed in the first descaling
decreased with operating time. This trend was also calculated by
the CORA code. The Co-60, Mn-54, and Co-58 crud specific activity
also decreased with the second and third descaling. For Mn-54 and
Co-58, a similar decrease was noted in terms of specific activity
per mg of parent. However, for Co-60, a similar decrease did not
occur.

Autoradiographs of the tubing material showed that it was uniformly
distributed, with a few "hot spots." EDAX analyses of the surface
of the material, as well as the surface underneath the hot spots,
showed that its composition was primarily iron, nickel, and chro-
mium. Since the spots are transparent to X-rays, they are believed
to be boric acid.

SEM images of tube crud showed a pattern of cracks presumably fol-
lTowing the grain boundaries of the tubing material. However, the
sizes of the boundaries of the tube crud were greater than those on
the tubing surface. The crud removed from the tube surfaces
appeared to comprise irregularly shaped flakes varying in size from
30 microns down to several microns in diameter.

The average thickness of the tube crud was gbout 1 micron and the
average apparent density was about 339 g/cm®. This compares to
an average density of about 1.2 g/cm® for core crud deposits.

It seems Tikely that crud on steam generator tubes contain two
distinct phases: metallic nickel and a mixed spinel, probably of
the general composition NixFey(Co,Mn); Cr3_y_y.;04, where the
values of x, y, and z may vary axially in the deposit on a given
tube.
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Section 5

RECOMMENDAT IONS

The following recommendations are made based on the work discussed in this report:

) Determination of surface activities using gamma spectroscopy should
continue when additional tubes are received. This determination
will provide information about the Co-58 and longer-Tlived nuclides
in a timely manner and will add to the existing data base.

) Since only six tubes were sampled in this program, characterization
of tube crud similar to that performed should be done on addi-
tional tube samples. The tubes sampled also represented exposures
clustered around 2 and 7 EFPY operation. Thus, additional data are
needed to complete the time relationship of deposit behavior,

® Additional evaluation of the data using the CORA code should be
performed in an effort to provide better matches to the data and
insight into some of the transport parameters used in CORA.

0 Samples of additional tubes in storage should be descaled and the
removed material and tubes analyzed for cobalt. These data will
provide additional information on the relationship between the
percentage of cobalt in the descaled material and that in the
tubing.

] A series of mixed spinels should be prepared in the laboratory and
characterized to further determine the exact composition of tubing
crud.

) Analyses for additional nuclides, such as Ni-63, and use of other
techniques to define crystallite size should be performed on crud
samples. This information should further aid in defining
mechanisms of activity transport.
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Appendix A
SUMMARY OF IN SITU RADIOACTIVITY DATA

This appendix Tists details of the tubing sampled for this work, and some data
from previous work, typical variations of tubing activities, and details of
nuclide activities in various descaling fractions.
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Table A-1
STEAM GENERATOR TUBING IN SITU ACTIVITYA

Average Measured

Average Co-60 Average Co-58 Generator Change1

Activit¥ Activit¥ Co-58/Co-60 Head Exposure

Plant EFPY (uCi/cm®) (uCi/cm®) Ratio Rate (R/hr)
1 0.56 0.65 10.3 15.8 5
2 0.67 1.45 13.0 9.0 7
3 1.33 0.94 10.8 12.2 -
4 1.49 0.79 6.6 8.3 8
5 1.88 2.89 - - -
3 1.95 2.56 4.6 1.8 -
6 3.83 2.90 10.4 3.6 8

ACoTTected in 1973
bFrom Reference 2
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e-v

Plant Tube
A R34C36
R43C33
R36C37
B R1C25
C RICAN
R25C47
R45C52
D R1C5
R4C30
R5C40
E R21C74
R1CI
R3C63
R2C42
F R20C73
R20C73
G R18C37
R18C37
R15C73
H R25C72
R1C79
1 Various
dJ R49C55
K R12C46
L Various

Ixtypical data, not included in evaluation

From Reference 2

Table A-2

DETAILS OF TUBES SAMPLED, IN SITU ACTIVITY,

AND STEAM GENERATOR EXPOSURE RATES

Steam Tube
Section Generator  Shape
3-3A o Straight
SP-0A-1 c Slight curve
4B B Straight
- D U-bend
Middle A Straight
28 A Straight
7 8 Straight
A U-bend
0-1 B Straight
1A-1 A Straight
4 A Straight
A U-bend

3-28 A Straight
0-1A C Straight
7A A Straight
1A A Straight
C A Straight
1] A Straight
3A A Straight
4C B Straight

- B U-bend
Various C Straight
22-25 A Straight
Yarious [% Straight
Various - Straight

Analysis

Shutdown
Date

3
3
1,2,3
1,2,3

- W w W w

w W

6/26/74
6/26/74
8/1/81

3/15/80
2/1/74
4/16/75
4/15/78
11/15/76
2/15/17
2/18/77
1/15/76
11/15/76
11/15/76
11/15/76

10/15/79
10/15/79

4/15/80
4/15/80
5/15/81

8/1/75
6/15/76

4/16/82
11/29/81
4/23/82
10/1/80

nwmnN

P
«w
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NN
« e e
N
—_

A o; [= 2% =2) N NN -
e e e . RN
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Co-60
Activit¥
LuCi/cm

2.81

1.45
5.25

1.79
91

Co-58
Activit¥
Luci /cm

1.27

Co-58/Co-60
Ratio

Average Measured

Steam' Generator

Channel Head
[Exposure RateP (R/hr)

0.24

13
13
1

10

16
9
10

8
1

8
19
19
20

19
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Table A-3

TYPICAL STEAM GENERATOR TUBE MEASUREMENT VARIATIONS

Along Length of Tube, Plant H

Tube R25C72
Distance From
Referenced End (cm)2

Mean activity = 3.51 uCi/cm

Standard deviation of mean

nn

Measured Gross

Activity at Indicated Tube Segment {uCi/cm)@
1 1A 2B 3A 4A 4C
3.47 - 3.11 2.99 3.80 3.89
3.72 - 3.61 3.35 3.43 3.9
3.42 - 3.74 3.32 3.43 3.73

3.32 - 3.36 3.90 3.87 -

- 3.68 3.64 3.34 -
- - 3.37 3.75 - -
- - 3.21 3.07 - -
- - 3.42 3.86 - -
- - 3.35 3.40 - -
- - - 2.12 - -
- 3.46 - - -
- 4.29 - - -

0.38

10.8% of mean

Between Tubes From the Same Steam Generator, Plant C

Tube, Segment

R25C47,1

R25C47,2A
R25C47,2B
R20C24 ,3A
R20C24, 3B

Mean activity = 21.68 wCi/cm

Standard deviation of mean

Measured Gross Activity at Center of

Tube Length {(uCi/cm)

3.60

16.6% of mean

dSmallest number is closest to tubesheet.

27.76
19.00
19.09
21.73
20.83



Table A-4
NUCLIDE ACTIVITIES IN DESCALED MATERIAL

Co-60 Mn-54 Co-58
Amount
Descaling Descaled Total wCi/ % mCi/ Total wCi/ % wCi/ Total wCi/ %
Plant EFPY Run {mg) _uCi mg Crud  Co mg Co _u€i mg Crud  Fe mg Fe _uCi mg Crud  Ni
E 1.58 1 3.88 44,05 11.35 0.28  4.05
2 1.12 4.65 4.15 0.09 4.61
3 0.67 0.48 0.72
B 1.75 1 4.04 48.58  12.02 0.22 5.46 7.59 1.88 4.5  13.0
2 1.02 4.23 4.15 0.57 0.56 9.2 6.1
3 1.01 1.70 1.68 0.24 0.24 9.2 2.6
D 2.21 1 6.07 65.44  10.78 0.26  4.15
2 0.70 5.25 7.50
3 0.61 3.29 5.34
G 5.96 1 15.44 109.76 7.1 0.12  5.93 7.93 0.51 20.4 2.5
2 2,99 16.11 5.39 0.09 5.99 0.91 .30 15.7 1.9
3 0.72 2.12 2.94 0.14 0.19 15.8 1.2
6 6.84 i 11.94 180.87  15.15 0.26 7.58 5.18 0.43 20.0 2.2 137.65  11.83 23.1 9.9
2 0.67 5.95 8.88 0.22 4.04 0.22 0.33 18.2 1.8 4.73 7.06 30.4 3.2
3 0.28 0.56 1.96 0.09 2.18 0.02 0.07 10.2 0.7 0.42 1.50 43.0 3.5
A 7.02 1 13.86 123.55 8.91 0.36 2.48 1.68 0.12 14.8 0.8 23.48 1.69 39.0 4.34
2 9.53 57.87 6.07 0.14  4.34 0.87 0.09 15.9 0.6 12.58 1.32 38.2 3.46
3 4.80 5.46 1.14 0.04 2.85 0.05 0.01 8.9 0.1 0.98 0.20 50.4  0.40






Appendix B
AS-COLLECTED ACTIVITY MEASUREMENTS

This appendix presents activity data from all tubes sampled under this work. The
measurements are corrected for decay, and are given in units of either uCi Co-60/cm
of tube length or in mR/hr. To convert to uCi/cmz, the following factors apply:

Plant Divide By

FRUHTIMO>
(S Mo NS e e e e W)
s e e s & e »
[$a]
>
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Table B-1
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Plant: E
Date analyzed: December 1, 1981

Tube: R21C74
Steam generator: A
Removal date: January 1976

Section 2, cold leg, 276 cm of tube length

Distance From Co~60 Activity
End of tube (cm) (uCi/cm length)
45 9.38
60 9.97
75 8.45
90 11.42
105 9.81
120 9.78
135 11.06
150 11.68
165 11.12
180 1.1
195 9.26
210 10,97
225 14,32
240 10.67

Section 4, cold leg, 228 cm of tube Tength

Distance From Co~60 Activity
End of Tube (cm) (uCi/cm length)
30 9.27
45 10.95
60 9.36
75 9.01
90 10.30
105 9.82
120 11.30
135 11.57
150 10.44
165 11.26
180 9.34
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Table B-1 (cont)

STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Section 3, cold 1eg, 270 cm of tube length

Distance From
End of Tube (cm)

210
225
Section 1 (in four parts), cold leg

Distance From
End of Tube (cm)

30
45
60

4
19
34
49

30
45
60

30
45
60
75
90
105
120

Co-60 Activity
(xCi/cm length)

8.73
11.34
9.65
10.39

10.25
9.93
8.34

10.1
9.76
8.58

10.37

10.11

10.63

Co-60 Activity
(uCi/cm length)

B-3

10.63
12.42
10,37

2.63
13.42
17.28
13.23

13.83
19.81
15.82

13.66

11.00
9.98
10.17
9.15
10.96

(88 cm of tube length)

(57 cm of tube length)

(98 cm of tube length)

(141 cm of tube length)



Table B-1 (cont)
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Plant: C
Date analyzed: December 1, 1981

Tube: R9C31
Steam generator: A
Removal date: Fehbruary 1974

Midsection, cold leg, 58 cm of tube Tength

NDistance From Co-60 Activity
End of Tube (cm) (uCi/cm length)
4 12.39
19 14.48
35 16,63
49 13.98

Top section, cold leg, 45.5 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) (uCi/cm length)
4 18.80
19 18.30
35 13.66

Top section, hot leg, 7.9 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 16.74

Tube: R19C23
Steam generator: A
Removal date: February 1974

Section 1A, cold leg, 16 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 12.44
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Table B-1 (cont)

STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Tube: R25C47
Steam generator: A
Removal date: April 1975

Section 1, hot leg, 24.5 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 27.76

Section 2A, hot leg, 9 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 19.00

Section 2B, hot leg, 17.5 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of Segment 19.09

Tube: R20C24
Steam generator: A
Removal date: April 1975

Section 3A, hot leg, 9.3 cm of tube length

Co-60 Activity
Location {(uCi/cm length)

Middle of segment 20.83

Section 3B, hot leg, 12.7 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 21.73
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Table B-1 (cont)
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Plant: A
Date analyzed: December 1, 1981

Tube: R34C36

Steam generator: C

Removal date: June 1974

Section 1-1A, 10 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 15.64

Section 1B-2, 39 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of Segment 17.10

Section 3-3A, 45 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) (uCi/cm length)
15 14,40
30 16.36

Section 3D-4, 17.4 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 14.14

Section 4-5, 25.4 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 14.70
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Table B-1 (cont)
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Tube: R43C33
Steam generator: C
Removal date: June 1974

Section SP-0A-1, U-bend, 14.4 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 7.49
Section AVB-0-0A, U-bernd, 10 cm of tube Tength

Co-60 Activity
Location {uCi/cm length)

Middle of segment 6.31
Section AVB-0-0B, U-bend, 5.8 cm of tube length

Co~60 Activity
Location {uCi/cm length)

Middle of segment 6.53

Plant: H
Date analyzed: December 30, 1981

Tube: R25C72
Steam generator: B
Removal date: August 1975

Section 1, hot leg, 80.6 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) {uCi/cm length)
15 3.47
30 3.72
45 3.42
60 3.32
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Table B-1 {cont)
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Section 2B, hot leg, 147.7 cm of tube length

Distance From Co-60 Activity
End of Tube {cm) {uCi/cm length)
15 3.

30 3.61
45 3.74
60 3.63
75 3.68
90 3.73
105 3.21
120 3.42
135 3.35

Section 3A, hot leg, 160.5 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) {uCi/cm Yength)
15 2.99
30 3.35
45 3.32
60 3.90
75 3.64
90 3.75
105 3.07
120 3.86
135 3.40
150 2.12

Section 4A, hot leg, 89.5 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) {(uCi/cm length)
15 3.80
30 3.43
45 3.43
60 3.87
75 3.34

Section 4C, hot leg, 64.8 cm of tube length

Distance From Co-60 Activity
End of Tube {cm) (uCi/cm Vength)
15 3.89
30 3.9
45 3.73



Table B-1 (cont)
STEAM GENERATOR TUBE ACTIVITY MEASUREMENTS

Section 1A 10FZ, cold leg, 57.5 cm of tube length

Distance From Co-60 Activity
End of Tube (cm) (uCi/cm length)
20 3.46
40 4.29

Section 1A 20FZ, cold leg, 4.5 cm of tube length

Co-60 Activity
Location (uCi/cm length)

Middle of segment 2.12
Section 1B, cold leg, 5.7 cm of tube length

Co-60 Activity
Locatijon (uCi/cm length)

Middle of segment 1.98
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Table B-2
UNCOLLIMATED G-M SURVEY MEASUREMENTS

Date of survey: December 1981

Steam Length Removal Radiation
Plant Tube Section Generator of Tube (in.) Location Date Level (mR/hr)

A R36C37 4B B 10.5 Hot leg  8/81 180, 1802
C  R45C52 3A B 8 Hot leg  4/78 110, 1102
7 B 12 Hot leg  4/78 140, 1402
10C B 16 Hot leg  4/78 140, 1402
D RAC30 7C B 16.5 Hot leg  2/77 100, 100D
0-1,A B 14.3 Hot leg  2/77 70, 70b
0-1,B B 9.3 Hot leg 2/77 70, 70 (on contact,
2 in. frgm each end)
R5C40  1A-1 A 16 Hot leg  2/77 110, 110
10A-1 A 16 Hot leg  2/77 100, 100P
E R3C63  3-28B A 10.125 Cold leg 11/76 60, 60b
R2C42  0-1A C 16 Hot leg 11/76 100, 100¢
1-2A C 16 Hot leg 11/76 80, 80¢
F R20C37 7A A 16 Hot leg 10/79 100, 104
1A A 13 Hot leg 10/79 175, 200 (at 4 in.
from each end, probe
3.5 in. from tube)
G RI8C37 C A 4.5 Hot leg  4/80 90 ) at center of tube
D A 3.4 Hot leg 4/80 50 ¢ length, probe
1.5 in. away
R15C73  3A A 16 Hot leg  5/81 200, 200b
B RICI9 -- D - U-bend 3/80  20d
RIC9  -- D - U-bend 3/80  20d
RIC25  -- D -- U-bend 3/80  20d
D RICIT - A -- U-bend 11/76 40d
RICS  -- A - U-bend  11/76  20d
H RIC7T9 -- B -- U-bend 6/76 124
RIC78  -- B -- U-bend 6/76 124

IMeasurement taken 2 inches from each end of tube with probe 1.5 inches away
Measurement taken 4 inches from each end of tube with probe on contact

CMeasurement taken 4 inches from each end of tube with probe 1.5 inches away
Probe 3.5 inches from outer bend area
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Table B-3
STEAM GENERATOR TUBE Co-58 AND Co-60 MEASUREMENTS

Date Analyzed: June 23, 1982

Steam Shutdown Length Co-60 Activity Co-58 Activity
Plant Tube Section Generator Location Date of Tube {cm) (uCi/cm length) (u.Ci/cm length)

1 R49C48 5 c Hot leg 4/82 3.0 0.455 3.52
R49C48 6 C Hot leg 4/82 2.8 1.07 9.50
R49C48 8 C Hot leg 4/82 2.8 1.26 12.4
R49C53 4 C Hot leg 4/82 3.1 1.26 10.8
R49C53 0-0A C Hot leg 4/82 15.3 1.62 12.4
R49C53 0-0Z C Hot leg 4/82 15.3 1.47 12.8
R49C53 5 C Hot leg 4/82 2.5 0.454 3.35
R49C42 5 C Hot leg 4/82 8.1 0.544 2.96

J  R49C55 22-25 A Cold leg 11/81 8.4 0.622 8.92
K R12C46 1 C Cold leg 4/82 30.8 8.79 21.5
R12C46 2 C Cold leg 4/82 64.7 9.37 20.7
R12C46 2A c Cold leg 4/82 14.1 9.46 23.7
R12C46 3 C Cold Teg 4/82 54.8 8.57 18.5

L R10CST 5 -- -- 10/80 68.3 29.2 --
4 - - 10/80 22.2 17.9 -~

R10C43 A - - 10/80 58.1 30.5 --

2 - - 10/80 41.8 8.20 --

R22C84 3 -- - 10/80 45.0 35.6 --

2 -- - 10/80 50.7 37.8 --

R17C45 3 -- -- 10/80 71.4 37.8 --
R41C46 2 -- -- 10/80 29.0 23.1 --
R25C80 3 -- -- 10/80 50.0 38.4 --








