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INTRODUCTION

in March, 1973, Westinghouse presented the
first Symposium on Steam Generator Expert-
ence for the nuclear power industry. This
Symposium was conducted as part of a com-
mitment to keep the industry informed on the
latest developments in stean generator tech
nology and operating experience. The pro-
ceedings of the Symposium were documented
in a Symposium publication describing the
steam generator experieiice acqguired by
Westinghouse and a discussion of the sup-
porting technology.

In July, 1973, Supplement #1 to the Symposium
book was issued to report on recent experi-
ences gained through examinations at Beznau 1
and H. B. Robinson. This experience. in yeneral,
showed the effectiveness of the modifications
in the phosphate chemistry program to pre-
vent caustic stress corrosion.

A further briefing on steam generator expeti-
ence was held in November, 1973 to present
information on the 1973 steam generator
1mspections and ongoing steam generator
programs. This report documents the infor-
mation presented at the November briefing
andis issued as Supplement #2 to the original
Syrmposium publication.



SUMMARY

Westinghouse has 45 steam generators with
Inconel tubes operating at 17 plants in the
United States, Europe, and Japan Westinghouse
has developed and coliected substantial infor-
mation on steam generator operation and
maintainability and, as part of a commitment
to keep the industry informed, is making this
information available through formal presen-
tations, meetings, and publications. This report
contains the experience gained during the
first ten months of 1973 as reported at
the Steam Generator Briefing held during
November, 1973.

The principle means of gathering informaton
during this period was the eddy current testiny
of tubes in 17 steam generators at 7 plants
and the removal of several tube sections for
laboratory analysis. Experience with eddy ctir-
rent testing has shown it to be a reliable
indicator of tube wall integrity and capable
of detecting defects and characterizing these
by location and magnitude. Laboratory examina-
tion of tube samples provides a direct visual
observation of the tube wall condition after
periods of inservice operation.

During 1971 and 1872 eddy current testing
and the selective removal of steam generator
tube sections identified a caustic stress cor-
rosion phenomenon that occurred in several of
the steam generators. Adjustments were
initiated during 1972 in the sccondary chem-
istry control program to prevent the develop-
ment of caustic conditions within the steam

generator. In those steam generators that had
been eddy current tested before the imple-
mentation of the adjusted chemistry and then
reinspected during 1973, there was a marked
absence of the kind of eddy current test
indications which were in the past attributed
to caustic stress corrosion.

Thus the inspection programs conducted during
1973 have verified the effectiveness of the
adjusted chemistry control program and have
shown the caustic stress corrosion can be
effectively eliminated by maintaining the
recommended secondary side environment.

Eddy current testing of steam generator tubes
at Connecticut Yankee, Zorita and San Onofre
have detected indications of flaws at antivi-
bration har locations in the bend region. Exam-
ination of a tube sample removed from the
bend region of San Onofre steam generator
indicates that these flaws are the result of a
fretting action between the tube and the
adjacent antivibration support bar. The fretting
is related to a round antivibration bar design
used only in the earfier steam generators and
appears to be self-limiting based on lacik of
observed growth in indications over a period
of time. The round antivibration bar design
has been replaced with a square Inconel bar
design that is not susceptible to this phenomena.

Studies conducted by the R&D laboratories
into the behavior of high temperature phos-
phates solutions along with some evidence
gathered through eddy current testing and
tube removal examinations indicate that plants



maintaining steam generator chemistry at a
low sodium-to-phosphate molar ratio may
experience wall thinning due to the develop
ment of localized acidic conditions. These
studies have shown the existence of an invarant
point at a Marcy-Ha!stead Na/PO. ratio of
--2.18. Below this point precipitation and
concentration due to boiling can cause a shift
to an even lower Na/PQ. ratio and localized
acidic conditions. Above this point, the solution
pH is relatively unaffected by precipitation or
concentration. Some limited observations of
the occurrence of slight tube thinning in
Westinghouse steam generators have been
observed at two nuclear plants and are discussed

Westinghouse is recommencding that plants
He operated with a Marcy-Halstead sodiem to

phosphate ratio of 2.3 as a lower limit to pro-
vide margin and flexibility in operation while
elimmating the possibility of localized acidic
conditions.

In addition to eddy current test examinations
and tube sample analysis. Westinghouse is
conducting a number of research programs
aimed at improving steam generator perform-
ance and mamtainability. Some of the programs
are discussed in the last section of this report.

A number of eddy current test inspections
are planned for 1374, As more experience
and information are collected, Westinghouse
will make 1t available to the nuclear industry
as part of our continuing program to keep the
industry informed.
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As part of a general surveilllance program
Westinghouse has conducted a large number
of steam generator inspections during 1973
The purpose of these programs was to provide
support for our customers in acquiring and
analyzing information on steam generator
experience and to determine the effect ot
chemistry contro! changes which have heen
implemented in steam generatcr operation
These programs consisted of in-the-field eddy
current testing and the laboratory examination
of tube segments remocved from operating
units. The examinations made at varicus plants
and the conclusions reached from these mn-
vestigations are discussed below.

H. B. ROBINSON AND BEZNAU |

H. B. Robinson and Beznau | plants were in-
spected during April and May of 1973 and

No. of
Steam Tubes
Plant Generator Inspected
H. B. Robinson A 3200
B 3200
C 3200
Beznau | A 1840
1840
B 1762
1762

TABLE 11
EDDY CURRENT INSPECTIONS AT H. B. ROBINSON AND BEZNAU |

Region
Inspected indications

their inspection results are reported in Sup-
plement 1. Therefore, only 3 summary of
these investigation results is presented here.

Table 1-1 lists the eddy current test inspections
conducted at these two plants. Of the two
indications found at Robinson, one was pre-
viously known to have existed and the other
was i a region not previously inspected. At
Beznau |, two indications were known to have
existed previously, two were in a region not
previously inspected, and the remaining four
were in a region that had previously experi-
enced a high caustic attack. The important
result is that the indications that were known
to have existed previously showed no growth
in the extent of tube wall penstration. Also,
it was clear from these inspections that the
occurence of caustic corrosion that had been
experienced earlier i these plants was no
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longer evident after the modified steam generator
chemistry controls were instituted during 1972

SAN ONOFRE

The San QOnofre plant has not shown any evi-
dence of the caustic corrosion probleins that
had been experienced at other Westinghouse
plants. There had been two previous, separate
steam generator occurrences which are note-
worthy:

1. A small number of tubes were found to be
constricted at the tube support plates.

2. A number of eddy current indications were
found at antivibration bar locations.

The tubes constricted at the tube support
plates are few in number and located on the
outer periphery of the tube bundle. A discus-
sion of this is presented in the Steam Generator
Symposium publication.

The second occurrence was first noticed in
July, 1972 during an outage in which eddy
current testing revealed 23 indications of tube
wall penetration in tihe bend region of “C”
steam generator. Plans were made at that
time to conduct a more thorough eddy current
examination of the San Onofre steam genera-
tors and to remove a tube section in the bhend
region at the next refueling shutdown. During
the June, 1973 maintenance-rafueling outage,
these tasks weare accomplished The resuits

TABLE 1-2
EDDY CURRENT INSPECTIONS AT SAN ONOFRE
JUNE 1973
No. of Eddy
Steam No. of Tubes Region Current Test Location Of
Generators Inspected Inspected Indications Indicatian
A 2699 Infet 0 -
Bend 18 At antivibration bar
1157 Cutlet 15 17-3" above tube sheet
B 876 Infet o —
Bend 92 At antivibration bar
396 Outlet 0 —
C 772 Infet 0 -
Bend 61 At antivibration bar
352 Outlet 0 -
b , e




of the eddy current exanunations are hsted
in Table 1-2.

Tiwe table shows that a total of 171 bend teqgion
indications were found by eddy current test
ing. All these indications were adjacent 10
antivibration bar locations and most showed
only slight tube wall penetration. Table 1-2 aiso

Damaged Area at Anti-Vibration Bar

Figure 11

San Onotre Tube Sample

shows that there were indications of tube wall
penetration on the cold leg close to the tube
sheet. Tube sections frem the bend region and
from the hot and cold ley region were removed
and examined at the Westinghouse Research
and Development Laboratories.

Laboratory Examinations of Bend Region
Tube Section

Figures 1-1 and 1 2 show a photograph of the
pend region defect found on the tube surface
and the location in the steam generator anti-
vibration bar region from which the tube sam-
ple was removed. Detailed examination of the
tube segment showed that the defect was
located on the tube at the contact point of
the antivibration support bar and that the
shape of the defect was a very close fit to the
contour of the antivibration bar. There was

Figure 1-2
Location of Tuhe Removal in the Bend Region
a1 San Onotre



no evidence of any significant chemical or cor-
rosive attack. Examination by steam generator
manufacturing personnel showed that the anti-
vibration support structure was not as tightly
installed as they are in present day units. The
conclusion reached through the various investi-
gations was that the defect resulted from fret-
ting in the form of low amplitude vibratory
rubbing at the point of contact of the tube and
antivibration bar.

A comparison of inspection results was made
for 6 tubes that had been inspected at San
Onofre in July 1972 and reinspected in June
1973. The 1973 inspection of these tubes
shows that the indications of tube wall pene-
tration had not increased sigmificantly during
the interim year of operation. This result sug
gests a self-limiting nature to the fretting being
experienced. Apparently, as the antivibration
bar wears the tube surface, the contact area

TABLE 1-3

ANTIVIBRATION BAR DESIGNS USED IN

STEAM GENERATORS

Plants Design

San Onofre
Connecticut Yankee

Round Carbon
Steel Bars

Zorita
Beznau | Round Inconel
Beznau 1t Bars

Ali other plants Square Inconel

Bars

increases thus reducing the contact force and
the potential for fretting.

A further conclusion drawn from the San
Onofre experience was that the fretting was
related to the particular type of antivibration
bar support design used in the steam generator.
The antivibration support bars used at San
Onofre are round; the round bar against a
round tube provides a point contact which
increases the potential for fretting because
of the smali contact area Table 1-3 shows the
types of antivibration support bar designs
used i Westinghouse steam generators.

Westinghouse began using a square inconel
antivibration support bar design with all steam
generators manutactured after the units built

Current Previous
Square Bar Round Bar
Design Design

Figure 1 3
Comparison ot Antesibration Bar Designs



tfor Beznau t and Il The square support bar
design 1s compared to the round bar design
i Figure 1-3. Use of the square bar provides
for a larger surface contact area between the
bar and the tube and thus mmunizes the poten
tial for fretting.

As mentioned, Connecticut Yankee and Zorita
steam generators have simdar antivibration
bar designs and have also shown evidence of
bend region defects. Beznau | and Beznau i
steam generators which also use a round anti
vibration bar design have not shown any
evidence of fretting No evidence of this
phenomena has been found v any of the steam
generators usig the square Inconel bar desiyn

Laberatory Examinations of the
Cold Leg Tube Section

The tube segment removed from the cold ley
of the "A” steam gencrator at San Onotre
revealed a small defect whichis charactenzedd
as tocalized thinning of the tube wall over a

on
Cold-Leqg Longitudinal Micro at Thinneast Point
Tube Wall Thicknesses in Mils

Figure 1 4
San Onofre Tube Sampie

small arca The maximum depth of the tube
wall depletion was about 7 mils. A photo-

micrograph ot the defect s presented in
Figure 1.4,

Anmvestugation was heqgun to determine if the
defect could have been mduced during the final
grindmdg and polishing operations at the tube
mantacturing plant. Fxarunation of the tube
surtace revealed the expected grinding marics,
but none in the adjacent thinned areas This
suggested chemical attack as the mechanism
of thinning

O<taned analysis showed that no intergranular
crackmg bad taken place indicating that con-
centraled caustie was not a hikely source of
the wall thinning. A study of the deposits found
on the affected portion of the tube surface
didd not produce a definte cause for the defect

Based upon all the test data and observations,
it waas conchdded that the type of defect expert-
enced on the San Onofre cold leg was sunilar
to what would be expected from a very locatized
chenucal atrack, but the speciic cause of the
tube wall thumi:}g could not be determined by
laboratory exammation and analysis. The hot
lexy tube sample exammed by the Westinghouse:
1 & D Labs showed no evidence of thinming,
pitting, or stress corrosion cracking

BEZNAU I

A stearm generator inspection program was
conducted at Beznau Ihin August, 1973 The
nrogram congisted of eddy current inspection
ot buth steam generators and removal of two



tube sections from the inlet side tor laboratory (including the two tubes which were removed)

examination. One of the tube sections was as having a small amount of thinning. In all
examined m Europe. The other was sent to cases the thinnmg was fess than 20% of the
the Westinghouse Research and Development tube wall and made discernible only through
Center for analysis. the reduction of background noise in'the lab-

| oratory review of the eddy current tapes.
Aithough the field eddy current test results The results of the eddy current test at Beznau
at the site failed to uncover any evidence of B are reported in Table 1-4.

tube deterioration, the tube sample received
by Westinghouse and the one examined in
Europe showed shght thinning and pithing
at a small area just above the tube sheet This

Laboratory Examination of the Beznau !l
Tube Sample

prompted a laboratory review of the eddy The Westinghous: Research and Development
current test tapes which showed 10 tubes Center analyzed the tube sample by means
TABLE 14

EDODY CURRENT INSPECTIONS AT BEZNAU I
AUGUST 1973
At the Site Test Results

Steam No. ot Tubes Region No. of
Generator Inspected Inspected Indications
A 1453 Inlet 0

50 Bend 0
B 1425 Inlet 0
205 Bend 0

Laboratory Review of Eddy Current Test Tapes
Steam No. of Tubes Region No. of
Generator Reviewed Inspected Indications
A 350 Inlet 4
' B 7 150 o nlet o 6°

‘Including the two tube sections removed tor fuboratory exanunation.
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Figure 1-5
Beznau H Tube Sampie

of a number of tests to characterize the tube
wall depletion and to ascertain if possible its
specific cause. Figure 1-515 a view of the tube
section as received showing the location of
the depletion.

The affected area of the tube is characterized
by having a number of pits and a small reyion
of general thinning. These pits are very shallow
having a maximum depth of 2.5 mils. The
thinned region showed a maximum tube wall
depletion of 4.6 mils or about 8% of the tube
wall thickness.

Figure 1-6 is a view of the tube wall at the
affected region. Metallographic studies of the

affected tube wall have shown that there is
no evidence of intergranutar attack. This
indicates that concentrated caustic was not
a likely contributor to the tube wall deteriora-
tion Analysis of surface deposits through
electron beam microanalysis did not show
evidence of an aggressive environment that
migh! have caused the wall thinning.

The laboratory analyses were unable to pin-
point a definitive cause for the tube surface
dapletion. The conclusion reached was that
the defect was probably caused by a localized
chemical conditicn, possibly an acid environ-
ment. A following section of this report on
phosphate chenustry solutions discusses a
potential mechanism whereby a fecalized acid
condition could exist.

CONNECTICUT YANKEE

Connecticut Yankee was shut down for refusi-
ing and turbine mamntenance and repair during
July-October 1973, This plant shutdown was
used to conduct extensive eddy current testing
of the four steam generators. The results of
this testing are reported in Table 1-5.

The table shows that there are 38 indications
of tube wall senetration on the hot leg close
to the tube sheet. These indications are very
similar in location and eddy current test
characterization to the caustic stress corrosion
indication previously found at other plants.

his was not an unexpected observation since
caustic corrosion indications were previously
found i the number 3 steam generator and
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Figure 1-6
Besnau H Tube Sample

the other three steam generators had not
previously been extensively inspected.

Of particular interest is the fact that no hot
leqg indications were found m the No. 3 steam
generator. This is important because the No.
3 steam generator was the only steam gen-
erator at Connecticut Yankee to have pre-
vious eddy current test data and, therelore,
the only reference for comparison to detey-
mine the effectiveness of the modified chem-
istry specifications. The previous mspections

occurred in 1972 and consisted of examining
the inlet portions of 1500 tubes in the No. 3
steam generator by eddy current testing. A
total of 14 indications of tube wall penetration
were found at that time and these tubes were
plugged.

Table 1-5 also indicates that 71 eddy current
test indications were found in the bend region
at the antivibration support bar locations in
the Connecticut Yankee steam generators.
These eddy current test results are indicative



Steam Generator No.of Tubes

TABLE 1

EDDY CURRENT INSPECTIONS AT CONNECTICUT YANKEE
JULY-OCTOBER 13973

Region

of a similar type of fretting phenomena to that
experienced at San Onofre. As mentioned
earlier, Connecticut Yankee and San Onofre
have the same round carbon steel antivinia-
tion support bar design

These fretting indications show onily a small
penetration into the tube wall Plans are bemng
made to reinspect the Connecticut Yankee
steam generators in 1974 to further conhrim
the self-limiting characteristic of the fretting
process.

ZORITA

Eddy current tests inspections were made
the steam generator at Zoiita during October,

No. Inspected Inspected Indications Found Indications
1 1493 inlet 5 Above Tubesheet
432 Bend 40 At Antivibration Bar
2 1605 Inlet 25 Above Tubesheet
536 Bend 13 At Antivibration Bar
3 892 Inlet 0 -
342 Bend 6 At Antivibration Bar
4q 2255 tnlet 8 Above Tubesheet
625 Bend 11 At Antivibration Bar
Representative Outlet 0 —
Sample

T

-5

No. of Location of

1973. The results of these tests are reported
in Table 1-6.

The steam generator at Zorita has the same
antwibration support structure with round
bars as was used in the steam generators at
Connecticut Yankee and San Onofre. As such.
it has the potential for developing the same
type of fretting defects experienced at those
plants. The defect indications at Zorita are
small and will be monitored during future
steaim generator inspections

MIHAMA 1

A reinspection of the Mihama 1 steam gen-
erators in March-Aprit 1973 after operation
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No. of Tubes

Region

Inspected Inspected
2200 Inlet
900

Bend

for several months at reduced power showed
that the tube wall thinning in the bend-support
strap region had increased and that more
steam generator tubes had been affected.
Thase steam generators were designed and
manufactured by Combustion Engineering
Differences between the Combustion Engi
neering and Westinghouse design were
described in the Steam Generator Symposium
Book.

The Combustion Engincering design uses 4~
wide carbon steel straps to maintain tube
bundle rigidity. All of the inchcations of tube
defect have occurred at locations where the
carbon steel straps intersect with a bend in
the tubes. The indications are all located in
two general regions of the steam generator
tube bundle as cutlined on the tube sheet
plan view in Figure 1-7

Detailed taboratory analysis of the tube samples
removed during 1972 showed that the defects
were not the result of frettng, but resulted

TABLE 1-6
EDDY CURRENT INSPECTIONS OF ZORITA
OCTOBER 1973

e e e [ LT T

No. of

Location of
indications Indications
3 1-3" above tubeshect
32

At antivibration bars

|

Hot Leg Plan View

Frgune 1-7
Generat Arca of Affccted Tubes at Mihara

from an erosion or corrosion process. The
actual mechanmism of the wall thinning has
not been deternmined.

A majority of the tubes in the affected regions
of the Mihama 1 steam generators have been
plugged. The plant is still capable of 100%
power operation although it is presently
restricted to reduced power operation by the
Japanesc regulatory agency.
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_AESULTS OF LABORATORY STUDIES

IN THE BEHAVIOR OF PHOSPHATE SOLUTIONS

Sodium phosphate has been employed through-
out the world as an additive to steam botilers
since the early days of the electric utility
industry. Phosphates have been utilized mn
fossit boilers primanily for control and preven-
tion of scale and resultant tube “burnout?
and secondarily for control of boiler water
chemistry to prevent corrosion. The use of
sodium phosphate additives has been proven
as an effective method of chemistry control
through many years of hoiler experience

formation of scale 1s not i itself as critical o
problem in a saturated steam nuclear gen
cerator as in a fossil holer. Prevention of cor
rosion has become the primuary objective of
nuclear steam generator chemistry control
Scale formation must stil! be avoided in nuclear
steam generators insofar as tube scale can
provide sites for localized concentration of
non-volatile corrosive solutions.

Operating experience has proven that some
condenser leakage will inevitably occur, result-
ing tn the introduction of non-volatile impur-
ities into the steam generator. The chemical
makeup of condenser circulating water can
not generally be predicted because of up-
stream dumping, climatologcat changes and
other perturbations. If steam yenerator
chemustry is being controlled only by addition
of volatile substances, then the chemical
environment resulting from the introduction
of non-volatile impurities s unknown {and
uncentrolled). Thus even munor condenser
leaks can adversely affect steam genercator
chemistry and require wimmudhate correction

For these reasons, phosphate chemistry has
been used in nuclear steam generators since
the beginning of the nuclear power industry.
Phosphate chemistry when properly controlied,
can effectively counteract the undesirable
effects of non-volatile impurities and allow
additional flexibility in plant operation during
normally expected condenser leakage. Because
of the importance of chemical conditions in
nuclear steam generators, the study of the
nature of phosphate chemistry at steam gen-
erator conditions and refinement of phosphate
control paraimeters has been a continuing effort.

CHEMICAL CONCENTRATION EFFECTS
IN STEAM GENERATORS

Concentration of non-volatile dissolved chem-
icals 1s inherent in the operation of any boiter
whenever these chemicals are introduced to
the boiler liquid. Steam generators have less
than complete mixing of the liquid in all areas
of the generater, so that the boiling mech-
anism can produce different chemical con-
centrations in different areas of the liquid
phase :n the steam generator. Formation of
scale or sludge can produce low flow areas
which allow further localized concentration
of dissolved chemicals One mechanical model
which has been suggested to explain this con-
centratton phenomenon is shown in Figure 2-1.
The mechamism shown could allow evapora-
tive concentration of steam generator non-
voiatite chemicals at or near the tube surtace.

Congentration of dissolved chemicals in water
solution generally etevates the boiling point
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Model of Flow in Deposit

of the solution. Theoretically, tocalized con-
centration of the solution and resultant eleva
tion of the boiling point in the steam generator
can continue until the boiling point elevation
1s equal to the highest super-heat temperature
availabie, which corresponds to the difference
between the reactor coolant hot leg tempera-
ture and the saturation temnerature in the
steam generator. This phenomenon was dis
cussed in Section 5 of the Westinghouse
Steam Generator Symposicm document.

Only unusually soluble materials, such as
sodium hydroxide and some potassium salts,
can be concentrated until the boiling point
elevation equals the maximum superheat
temperature avaiable in a nuclear steam
generator. Most salt solution mixtures will
bacome saturated with one or more of the
constituent solutes before the maxsmuom beil-

ing pomnt elevation is reached. Precipitation
then occurs and thus precipitation in general
causes a shift in the composition of the re-
maining sclution. Thus, a prime objective of
any steam generator chemistry control pro-
gram must be to avoid chemical conditions
which could produce an adverse change in
solution composiiion upon concentration.

PHYSICAL CHEMISTRY OF SOD!UM
PHOSPHATE SOLUTIONS IN STEAM
GENERATORS

The wnphcations of the concentration, pre-
cipitation and localized change in composition
of chemical solutions in the steam generator
have warranted further investigation of these
phenomena. tmportant aspects of this investi-
gation are determination of the direction and
magnitude of the shift in steam generator
solution compositions resuliing from local
concentration effects, and determination of
the concentration and composition of any
solution remaining at the maximum superheat
condition

Sodun phosphate solutions utihzed in steam
generators are salt mixture solutions that are
part of the ternary system Na.0O-P,0.-H,0. In
general, precipitation of a solid from a salt
mixture solution in a ternary system will alter
the compositicn of the remaining solution.
Figure 2-2 illustrates on a typical isothermal
diagram how the solution can be made richer
in component A or component B, depending
on the composition of the solution relative
to the cemposition of the solid that precipi-



tates from it. There wili be no change n liquid
composition only f (1) the solution composi-
tion is a “congruent composition, at which
the equilibrium solid and solution happen to
have the exact same composition; of if (2) the
solution is at an “invariant point.” at which
two different solid phases are in equihbrium
with the same solution phase. The existence
of an invariant point is a thermodynamic
requirement of Gibbs' phase rule as appled
to equilibrium in heterogeneous systems

A e b S d

L Y

Figure 2 2
Isothermal Solutnlity Diagram

Congruent solution compositions are unstable,
in the sense that a slight deviation of the solu:
tion ecither way from Lhe exact congruent
composition will initiate a progressive change
away from the iniial compesition as water
continues to be evsporated and solids pre-

17

cipitated. In contrast, invariant compositions
are Stable, since the soiution will return to
the mvariant point f its composition 1s per-
turbed while the solution is being evaporated.

Figure 2-3 illustrates some of the specal fea-
tures that can occur in ternary systemns, several
of which are analogous to those observed in
the sodium phosphate-water system at high
temperatures These are (1) a liquid phase
hydroxide at the right hand terminus of the
sequence of sciubility curves {2) intermechate
solid phases that are a broken series of sohd
solutions rather than definite stoichiometric
intermedate compounds; {3) coincidence of
a congruent composiion and an Jnvanant
point; and (4) an “incongruently saturating”
sold phase

Figgrre: 2-3
sotharmal Solubiity Diagram
Sand Sotunons Betweaen Two Compounags



PREVIOUSLY AVAILABLE INFORMATION

Currently employed phosphate steam gen
erator chemistry control programs are pred
icated on a large base of experimental and
operational data. This data generally has
shown phosphate solutions to have the fol-
lowing characteristics: )

e The system Na:0-P,0, H .0 s complicated
by many hydrate phases and numerous
singular points at temperatures below
100°C. This system exhibits high solubilities.
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Solubiity Limitations on the Concenteation of
Stoichiometric Disodium and Trisodium
Phosphate Solutions

and the solubithities of the various sodium

salt constituentsincrease with temperatures
up to 100°C.

o Trisodum phosphate salts exhibit a shairp
retrograde solubility with temperatures
above 2199C. Thea solid phase produced by
preciitation of solutions having a Na/PQ.
molar ratio of about 3 at high temperatures
has a variable composition. At 300°C a con-
gruent composition exists at a Na/PQO,
molar ratio of about 2.85; i.e., the solid
precipitate will exhibit the same composi-
tion as the remaining solute. The solubility
characteristics of trisodium phosphate are
shown by curve {a) in Figure 2-4.

= Disodium phosphate salts exhibit an essentially
constant solubility from about 100"C to
200°C. Disodium phosphate salts were
reported to exhibit an increasing solubility
with temperatures above about 200°C.
These solubility characteristics are shown
by curve {b) of Figure 2-4.

The retrograde solubility characteristic of tn-
sodium phosphate has long been recoynized
as a major cause of hideout in operating steam
generaiors. This retrograde solubiiity and the
existence of a congruent point at a Na/PQ,
molar ratio of 2.85 is the basis for establishing
an upper allowable linat on the Na/PQO, molar
ratio. The recominended congruent phosphate
chemistry control program was discussed in
greater detail in Section 5 of the Steam
Generator Symposium document.



PRELIMINARY RESULTS OF
WESTINGHOUSE RESEARCH

The Westinghouse Research and Development
laboratories are investigating the character-
istics of sodium phosphate solutions at various
temperatures. One aspect of this investigation
has been determination of the solubility limits
of disodium phosphate solutions at high tem-
peratures. This was accomplished by measur-
ing change in electrical conductuvity of various
concentrations of Na-HPO. solutions with
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Conductivity Varniations of Disothum Phosphate
Solutions un Heating
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mncreasing temperature. Data obtained from
these experimentsis shown in Figure 2-5. The
conductivity decreases observed in these
experiments indicate a solution concentration
decreasn caused by precipitation of some of
the salts in solution. This retrograde solubility
characteristic is shown by curve {c) of Figure 2-4.

Because this retrograde solubility characteristic
ditfers rachcally from high temperature di-
sochum phosphate solubility depicted by curve
(), the precpitating sohd composition
assocnited with curve {c¢) must be different
from pure disodium phosphate. Atteinpts to
recover and identify this precipitate have thus
far been unsuccessful

Composition of the iquid phases and precipi-
tating solid phases in disodium phosphate
solutions at high temperature was determinad
by measurement of the composition of the
remaning solution. Analysis of solution sam-
ples revealed a decrease in the Na/PQ. ratio
and a decrease of pH for sclutions with an
inthial Na/PQO, molar ratio of 2.0. Typical data
obtained from these experiments is shown
in Table 2-1. From this data it is clear that a
Na/PO. molar ratio of 2.0 is not a congruent
composition

Solutions of various initial concentrations
and inival Na/PO4s molar ratios above and
below 2 0 were analyzed i a similar manner
at about 300°C. Data obtained from these
experiments is shown in Table 2-2



PRECIPITATION FROM 05 MOLAL SOLUTION
INITIALLY Na/PO, - 2

TABLE 2-1

pH of

Temp on . Sample

Sampling  Diuted  m Moles POy Na/POy

{OF) 5 Fold w H it i Soln.
100 9.08 241 200
205 902 243 2.00
310 900 243 200
400 8.83 2.4% 1.98
495 8.46 242 197
555 823 238 195
600 7.98 129 1.86
€40 780 076 183
645 7.73 .54 1.87
6G0 791 020 175
660 6.59 0014 14
660 6.60 0.020 14-

*From pH and PO, Conc. Only

Na PO 4
ata for
Sohd
Farmed

176
1.3
216
2N
2.32
229
274

TABLE 2-2
CCMPOSITIONS OF LIQUID AND SOLID
PHASES IN EQUILIBRIUM AT 300 C
Solution
Initiat Solution
Nd/POA Na PU4
Ratio Ratia
15 147
1.7 1.66
2.0 186
20 1.96
2.1 2. 1H
2.21 217
2.3 222

The data in Tables 2-1 and 2-2 was analyzed to
deteriine the sodium phosphate solution
pont—the stable Na/PO, molar
ratio which the solution assumed as precipita-
tion progressed. This data indicates that solu-
tons with imitial Na/PO, molar ratio of 2.0 or
less became more acid {Na/PQ, ratio decreased)
us precipitation progressed. Therefore. the
invariant point must be above a Na/PO,
ratio of 20

mvariant

Further study of sotuticns with inttial Na/ PO,
molar ratios around 2.2 to 2.3 indicated a
stable molar ratio or invariant point of about
214 o 2.2, as precipitatton progressed.
fynicai data is shown in Table 2-3.

TABLE 23
SOLUTION COMPOSITION VYARIATION ON
PRECIPITATION OF SOLIDS FROM SOLUTION
INITIALLY CLOSE TO AND ABOVE
INVARIANT POINT

Percent Depletion Solution
Temperature of Dissolved Salt NaFig
Range {7F) by Precipitation Rato
532 0 2.21
570 590 14 217
595 607 29 2.16
012 627 56 2.15
630 640 7% 214

649 667 859 214

The data of Table 2-2 is shown on a yraph
atong with proviously existing data in Figure 2-6

This figqure indicates graplucaily the solution



tnvariant composition. The previous data was
discussed in Section 5 of the Steam Generator
Syimposium document.
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PRELIMINARY CONCLUSIONS

Sodium phosphate solutions with an inihial
Na/PO, ratio above the invariant point {about
2.2) cannot shift to compositions with molar
ratio lower than the invarnant composition
Such a solution, when concentrated sufficiently
will stimply “dry up”™ at the invarant composi
tion Solutions with initial Na/PO. ratios loss

than the invariant composition will becoine
more acid in composition as precipitation
progresses, ie., the solution Na/PQO, ratio
will progressively decrease Because of the
high solubilities at low Na/PQ. ratios, no
hmiting effect on this shift to a lower pH has
yet been dentified. '

Implementation of revised practices at oper-
ating Westinghouse plants in 1972 was aimad
at mamtenance of a low Na/PQsratio and pre
vention of the formation of caustic. Az g
resuit some plants have operated with a
Na PO, ratio at or below the invaniant point,
Conditons exist i operating steam generaiors
which couldd allow the 'ocalized formation of
actdie sohutions f the bulk solution Na,; PO,
ratio s significantly below the invarnant pomnt.
Analysis of occurrences of slight tube wall
thinning, discussed in the first section of this
supplement, indicates that this thinning may
have been caused by such a locahzed acid
condition

Based on preliminary analysis of the phenomena
discussed above, 1t seems prudent to modify
the congruent phosphate chemistry control
program. Thus a lower Marcy-Halstead
Na/PQ. control limit of about 2.3 is recom-
mended, to maintain the solution above the
invariant point and to preclude the possibility
of localized acidic conditions. The upper hmit
of 2 6 molar ratiois retained, since the current
studies teaffirm an upper congruent poimnt of
about 2 85,



ONGOING
STEAM
GENERATOR
PROGRAMS




A continuing effort has been made hy
Westinghouse to investiyate possible e
provements in the steam generator design
and in operating recommendations. Some of
the programs which are part of this etfort
were discussed in the Steam Generator Sym:
posium document. Additicnal operating data
and theoretical information has warranted
mitiation of additional support programs. The
major Westinghouse steam generator pro
grams are summarized below

NEAR TERM ACTIVITIES

Chemistry Technology

Investigation of steam generator chemistry
technology is continumg with near term
emphasis an the definition of the physical
chemistry of sodiurmn phosphate solutions.
The solubilities of sadium phasphate solutions
as a function of Na/PQ, molar ratios and tem
perature are being studied to develop a phase
diagram as a function of temperature for the
system Na,O-P.0.-H.0 Investigation of re-
actions between phosphate and sludge are
continui'ng with the aim of evaluating potential
alkah and acid-forming chemical reactions.

Materials Technology

Corrosion tests of Inconel-GO0 tuhe materials
at operating temperature and chemistry con
ditons are proceeding to determine the genu: al
corrosion rate as a function of temperature
and of Na/PQO: molar ratio {(over the ranqge
1.0 to 3.0). Electrochemucal testing is being
initrated 1o measure corrosion currents with
various temperature and chemical concentra
tion gradients.

25

Plant Operations

Several near-term activities are planned which
are related to plant operations:

« BEddy current examination of operating steam
generators will he conducted when possible
durmg refueling outages with emphasis on
review of the data to detect any wall-thinning
inchcations.

* Operating plants are being urged to remove
sample inlet and outlet ends of steam gen-
erator tubes during refueling operations to
allow detaled laboratory examinations of
these tube sections.

In hght of laboratory dévc!opmems in defini-
ton of the physical chemistiy characteristics
of sod:um phosphate solutions, a lowear himit
of 2.3 on Na/PQO.; molar ratio is recom-
mended. Eddy current examinations and
PO consumption/hideout tests are recom-
mended prior Lo the implementation of the
modified chenustry program.

LONG RANGE PROGRAMS

Afternate Tube Materials

Testing of alternate steam generator tube
materials has been a continuing Westinghouse
effort. Corrosion testing programs of steamn
generator tube materials were discussed in
Section 4 of the Steam Generator Symposium
document. Additional long range corrosion
tests of these and other materials are con-
tinuing under various chemical environments
whicl could be expected to occur in an oper:
ating steam generator under normal and
abnormal conditions. These tests continue to



show that Inconel-600 is superior to other
candidate tube materials with respect to cor
rosion resistance over the riange of expected
chemical environments.

Wet Layup Chemistry

A program to evaluate inconel-600 corrosion
in typical wet layup chernical environments
was begun in July, 1972 and is nearing com-
pletion. This program has mdicated that na
corrosion of Inconel-600 shouid occur in the
specified wet layup chemical environment

Chemical Cleaning

A program was initiated i January, 1973 to
evaluate steam generator chenmucal cleaning
agents for use if such cleaning is required
This program should be completed in {:m;

1974. The following candidate cleaning proc-
esses have been selected for further evaluation

a. Aikaline cleaning processes
e Inhibited, sodium form, and
ammoniated EDTA
* Ammonium persultate ammoniated
EDTA two-step process

b. Inhibited Acid Cleaning Processes:
e Inhibited ammoniated citric acid
¢ Inhibited suifuric acid
¢ Inhibited hydroxyacetic acid

¢. Acid-Alkaline Cleaning Ptocess
e Inhibited sulfuric acid-ammonium
EDTA Two-Step Process

Comparative evaluation of sodium-EDTA and
ammonium-EDTA indicates that ammoniam
EDTA is more effective in magnetite and shudge

solution, especially if copper is present On
the other hand, ammonium EDTA appears to
be slightly more corrosive toward steam gen-
erator materials. However, the corroswvity of
both sodiurr and ammonium-EDTA toward
inconei-600 may be considered to be negli-
gible, and this corrosion is reduced even
further when the Inconel is mechanically
coupled with carbon steel. Evaluation of these
two chemicals as well as the other candidate
cleaning agents 15 continuing

Model Boiler Programs

Westinghouse has in progress several boiler
test programs to further define the various
thermo-hydrodynamic phenomena and to
determine in more detaill the magmitude and
eftects of chemical concentration and depost-
tion which may occur In an operating stearmn
genearator. Some of these tests are described
below.

o Crovice Model

Experiments have been conducted to study
the hydrodynamic character of boiling and
the concentration of nan volatile solutes in
annufar tube crevices. These tests utilized
siectncally heated tubes to simulate the
conditons at the tube-tube sheet joint i a
steam generator These studies showed that
concentration can uccur throughn boiing in
tehe crevices, and that this concentrating
effect moereases with increasing  crevice
depth and decreasing crevice width  The
rasults of these tasts support the change to
construction of steam generators with tubes
rolied the tuill depth of the tubesheet.



¢ Flow Visualzation Model

Westinghouse is sponsoring tests at a major
university to obtamn information on flow
patterns in the lower part of the tube bundia
and to provide further expenimental data to
verify tnermal-hydraulic computer codes
used in design analysis of Westinghouse
steam generators. The model which was
deveioped for these tests is shown in Figure
3-1. The test assembly consists of a two
dimensional electrically heated Inconel tabe
bundle simulating the hot and cold legs of a
steam generator with flow directing plates
to simulate the tube wrapper Refrigerant-
113 is employed as the boiing. two phase
heat transfer medium, and flow patterns
can be photographed through viewpotls

e Single Tube Test Boilers
Several single-tube model bictlers of the type
shown in Figure 3-2 are bemng instatled in a
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reactGr oolant test loop at the Westinghaodse
Forest Hills site and at the Westinghouse
R&D tabs These 3 kiloewatt boilers simulate
actual pmary and secondary temperature,
pressore and chemstry conditions, and all
sigrificant therimal and hydrauhc parameters
can be monitored. The objective of this test
program s to deterrmine thae nature of
chemucal concentration and/or deposihion



at the secondary surface of the tube, and to
determine the corrosivity of chemical sclu
tions toward Inconel-600 under steam gen:
erator heat transfer conditions.

Other Mode! Boilers

Furth.er boiler tests are planned which wll
more closely simulate the actual conditinns
in an operating steam generator. Conceptual
design has been completed for a 10 MW,

€4 tube boiler, and construction will begin
in 1974,

Special In-Service Examinations

e in-Bundle Boroscope Examinations
A program of inspection of the secondary
side ot the steam generatoi tube bundle
near the tube sheet has been iitiated This

Figure 3-3
Surface of Crud Located by Fiber Optics
Borescope Plus Depth Gage, Above the
Cold-Leg Side of Tube Sheet of an
Operational Steam Cenerator

program consists of visual examination of
the central part of the bundle by using a
tiber-optics boroscope, to determine the
amount of sludge deposited on the tube
sheet. Results of the examination of a typical
operationatl steam geanerator are shown in
Figure 3-3. Further examinations of operating
stearn generators are planned to characterize
the deposits formed and to determine any

“relationship between the nature and extent

of deposits and tube performance.

In-Bundle Probe

A sampling probe has been developed and
installed in one steam generator of Point
Beach | and in one steam generator at
Prame tstand This probe is pictured in
Fiqure 34 The in bundie probe program
will stirdy the behavior of the steam gen-
orator hulk hquid within the tube bund'e
near the tube sheet at various plant operat:
ing conditions. The probe is designed to
take temperature measurements and liguid
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samples at four points i the: hot leg of the
tube bundle near the tube sheet The loca
tion of the probe within the bundle s shown
in Figure 3-5.
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Figure 3¢
Location of h-Bundie Probe

The samples and thermocouple reading: taken
at variotis points within the bundle cian be
analyzed to determine any temperature and
chemical concentration g: achients which may
develop m the steam generator during power

operation Typical temperature prohile data s
shown o Table 3-1. Thes temperature prefie
mddicates the abuence of superheat conditions
riear the tubesheet.

TABLE 3-1
TEMPERATURE PROFILE DATA TAKEN WITH
IN-BUNDLE PROBE

96 I Paveer

TCA Tuboiane 507°F
e Conter 5179F
1CC Center 5120F
TCo Center 512°F

TCE Down Comer 4907F

Chemcal imeasuremenis thus far show no
chervical gradient across the face of the tube-
sheet Chemical corcentrations of all in-bundie
sampies range between 6 and 8 per cent
lowear than blowdown concentrations. which
is not beheved to be significant.
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