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FOREWORD

by

R.L. Tapping
Chairman, Conference Committee

The first International Steam Generator and Heat Exchanger Conference was held in Toronto in
1990. Since then maintaining the performance of some CANDU steam generators has continued
to require considerable attention. Past conferences dealt largely with operating problems and
degradation of steam generators. This conference, the third, while still somewhere concerned
with operating problems also addresses successful operation strategies, rehabilitation, and the
performance of new designs. The theme this year was "the success of technological
improvements, today and in the future".

This conference continues to provide a unique forum where all aspects of steam generator
technology are discussed and an integrated approach to steam generator management can be
developed. Experience gained from research and development, and operation, "lessons learned",
has allowed us to more accurately predict steam generator ageing, and to develop strategies for
improved operation.

This third conference was a success, and the Organizing Committee wishes to thank the
presenters, both oral and poster, and the attendees for their contribution to that success.

The Organizing Committee also wishes to thank the direct supporters of the event; the CANDU
Owners Group, the Canadian Nuclear Society, Siemens Canada, New Brunswick Power, and the
indirect supporters, Atomic Energy of Canada Limited, Ontario Hydro, andBabcock and Wilcox
International.

We look forward to seeing you at the Fourth Conference!
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INTRODUCTION TO THE PROCEEDINGS

by

R.L. Tapping, Conference Committee Chairman

The Third International Steam Generator and Heat Exchanger conference had the objective to
present the state of knowledge of steam generator performance and life management, and also
heat exchanger technology. As this conference followed on from the previous conferences held
in Toronto in 1990 and 1994, the emphasis was on recent developments, particularly those of the
last 4 years.

The conference provided an opportunity to operators, designers and researchers in the field of
steam generation associated with electricity generation by nuclear energy to present their findings
and exchange ideas. The conference endeavoured to do this over the widest possible range of
subject areas, including:

• General operating experience
• Life management and fitness for service strategies
• Maintenance and inspection
• Thermalhydraulics
• Vibration, fretting and fatigue
• Materials, chemistry and corrosion
• Regulatory issues

There was an excellent response world-wide to the call for papers and a total of about 155 people
from 11 countries registered. They participated in lively discussions, listened to 37 oral
presentations and interacted with 20 poster presentations. The Proceedings present the full
refereed collection of 57 papers. These include full papers for the poster session.

The organization of the proceedings in the following two volumes generally mirrors the
conference itself. Paul Spekkens' opening address precedes the papers, which are grouped into
the 6 conference sessions. The Proceedings also record the discussion held following each
presentation. These are then followed by the poster session papers, with the Appendices
highlighting the award for the best poster, R.L. Tapping's closing address to the conference and
the list of registrants.

On the technical side, management of steam generator performance and life continues to be a
challenge. There are many degradation mechanisms that can afflict steam generators and finding
the best life management, operations and maintenance strategy often involves many
compromises. Management decisions continue to be required, while laboratory understanding of
the degradation types, the influencing parameters and the degradation rate predictions are still
developing. Also, from time to time, a new degradation mechanism appears on the scene (such
as tube support structure degradation reported recently at several PWRs). This leaves the feeling
that a full understanding of all of the ways that steam generators can degrade is still an elusive



target. The conference also heard about some of the Canadian regulatory views and approaches
to steam generator degradation management.

The technological developments described at the conference provide some grounds for optimism.
Significant inspection method improvements were reported in sizing cracks and considerable
advances have been made in improving secondary side chemistry. However, as steam generating
equipment ages, strategies have to be developed to maintain equipment performance.

On the thermalhydraulics front, we heard of improvements to validate the codes used and of
advances in the understanding of the complex fluid flow/tube vibration processes in AVT
chemistries, and the significant advances in our ability to model tube bundle fouling.

Also, the links between chemistry, tubing material condition, and corrosion mechanisms continue
to be clarified. Lead contamination is still an important issue in the chemistry control of steam
generators and remains a major contribution to life management concerns.

Overall, the technical quality of the papers was excellent, and well appreciated by both the
attendees and, hopefully, by the users of the Proceedings. While the credit for this goes mainly
to the authors, I also thank the many individuals who contributed, via review and refereeing of
the drafts. These efforts are gratefully acknowledged by the conference organizers.

Finally, the ultimate goals of designing, operating and maintaining nuclear heat exchange
equipment for high reliability and extended life targets continue to be both important and
challenging. If they are to be achieved, detailed discussion of the issues and reassessment of our
programs by designers, operators, maintainers, inspectors and researchers is absolutely vital.
International forums for these discussions, such as this conference, play an important role in
stimulating progress towards these goals.
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WELCOMING ADDRESS

DR. P. SPEKKENS
VICE PRESIDENT - TECHNICAL SUPPORT

ONTARIO HYDRO NUCLEAR

Good morning, ladies and gentlemen. I would like to welcome you all to Toronto and to the
Third International Conference on Steam Generators and Heat Exchangers. I would particularly
like to welcome our visitors from outside Canada. This is truly an international gathering: we
have participants from 11 countries with us this week, including more than half the speakers. To
these visitors, I extend a special welcome to Canada.

This is the third conference in this series, the previous ones having been held in 1990 and 1994.
What keeps bringing us together is a shared interest in and, in many cases, frustration with the
behaviour of these very important components of pressurized water reactors, namely, steam
generators. In spite of almost two decades of effort around the world, steam generator problems
are still responsible for a great deal of work by nuclear power plant operators, including ongoing
inspection, repairs, cleaning and increasingly, replacement of the component entirely. In Ontario
Hydro Nuclear, we have undergone the same pattern as much of the rest of the industry, albeit at
a slightly displaced schedule. In the first conference of this series in 1990, we reported that our
large fleet of nuclear steam generators had operated for almost two decades with relatively few
steam generator problems. As a consequence, we had paid relatively little attention to them
throughout this period. During this same time, the rest of the PWR community had already
experienced major steam generator degradation and was devoting considerable attention to
monitoring the health of their steam generators. Many plants were upgrading their inspection
programs, and changing chemistry and other plant conditions that could improve the situation.

By the next conference, four years later in 1994, Ontario Hydro's experience had suffered a rapid
reversal. We had encountered major problems at our Bruce A plant with stress corrosion
cracking in the U-bend; at our Pickering plant with pitting; and at our Bruce B plant with fretting
in the U-bend. In effect, our experience had caught up very rapidly with that of the rest of the
world in the previous decade. In response, Ontario Hydro Nuclear undertook corrective
maintenance activities at all of its plants: enhanced inspection, chemical cleaning to remove
sludge loadings, installation of anti-vibration bars to control fretting and fatigue. And, for a time,
the results in our stations indicated that the programs we had undertaken were starting to pay off.
Our forced outage rate due to steam generators declined steadily and reached a very low level in
1996. We did not suffer any leaker outages in 1996, and it looked like we were winning on
steam generators. Even though we still had a lot of work to carry out, the reliability of the
components was falling into line with the targets that we had set for ourselves. It was starting to
look as if we had our steam generator situation finally under control. Well, ladies and gentlemen,
I tell you now that the steam generators at Ontario Hydro Nuclear had a few more surprises to
spring on us. 1997 was a disastrous year for us. At our Bruce A plant, we were overwhelmed by
top-of-tubesheet circumferential cracking at both the OD and the ID. This attack, particularly the
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PWSCC on the ED, was something which we had not expected. We were so busy looking at the
U-bend region that the top-of-tubesheet surprised us. In retrospect we should not have been
caught off guard. A colleague of mine in Ontario Hydro Nuclear from Pickering had a favourite
expression whenever we were trying to understand what our inspection results meant and what
we should do about them. He would say, "the boilers are talking to us." (We Canadians call
steam generators "boilers" - probably a throw-back to our fossil origins.) "The boilers are
talking to us, we need to listen to them." A romanticized concept perhaps but one that has some
validity. In the case of Bruce A, the boilers had talked to us, at least whispered to us a few years
earlier that there was degradation at the top of tubesheet. But we had been so focused on
managing the degradation that we already knew about that we failed to heed the warning that the
boilers had whispered in our ear. As a result, we were surprised and overwhelmed when the top-
of-tubesheet cracking problem came into full view in the spring of '97. And the surprises aren't
finished yet. Since then, we have encountered new forms of degradation, fretting at Bruce B in
the pre-heaters, fretting at Darlington, steam separator thinning at Bruce B, broached hole erosion
at Pickering. And again we're feeling overwhelmed by the unexpected findings.

This leads me to the message I want to leave with you. Ontario Hydro recognized in 1996 that its
nuclear program was underperforming. As a result, it commissioned a major study of what
would be required to put the corporation's nuclear program back into a position of being among
the top performers. This study, the so-called IIPA, identified weaknesses in all aspects of the
Ontario Hydro nuclear program, including deficiencies in its management of steam generator
issues. A symptom of these weaknesses was that we were constantly in a reactive mode, fighting
fires as they arose but never really getting ahead of the problem.

At the same time, the electricity sector in Ontario is undergoing rapid change. We are moving
towards a deregulated marketplace with competition in the generation sector.

For a utility to be successful in a competitive environment, it must be able to operate its facilities
in a safe, reliable manner. We cannot expect to be competitive if we are constantly coping with
surprises. In fact, this is one of the main tenets of effective life cycle management - avoiding
surprises! We may have to accept that components degrade with time and need to be maintained
or replaced. As long as this happens in a predictable fashion, it can be managed. But if we are
going to be continuously surprised when events arise, it will be difficult to survive in a
competitive environment that values predictability and reliability. Our job, if we are to be
successful, will be to learn enough about our steam generators to start to reduce the number of
times we're surprised.

Part of the answer is enhanced inspection. One of the improvement initiatives we're undertaking
is to enhance the amount of routine inspection we are going to carry out on our steam generators.
In effect, we want to "listen to the boilers" much more attentively than before. Another part of
the answer is more effective life cycle management. This is where conferences such as this one
play an important role.

By sharing our operating experiences and technology developments with each other, we all gain a
better understanding of what can happen to our steam generators and what we can do about it.
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And that understanding is at the heart of the life cycle management that we all need to carry out
in order to be able to operate our steam generators safely, reliably and competitively.

I hope that you all have a productive few days here, and that you gain new insights that you can
put to use to help your companies thrive in the increasingly competitive environment that
surrounds us all.

Thank you for your attention, and have an interesting conference.
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STARTING UP OF NEW STEAM GENERATOR OF N4 1450 MWE PLANTS

Bernard BUSSY*, Gilles DAGUE** & Georges SLAMA**

ABSTRACT:

The first N4 plant, CHOOZ Bl, was commissioned in 1997. This plant of 1450 MWe capacity is
equipped with four steam generators of a new design fitted with an axial economiser. The axial
economiser principle essentially consists in directing all the feedwater to the cold leg of the tube
bundle and about 90% of the recirculated water to the hot leg. A double wrapper along the
downcomer allows cold water to enter tube bundle as in a boiler-type steam generator and
prevents excessive vibration due to crpjss flow. The main result of this design is to enhance the
heat exchange efficiency between the primary and the secondary sides and to increase the steam
pressure as compared to a boiler steam generator having the same heat exchange area. As it is the
common practice in France for the first plant unit of a new model, one of the four steam
generators has been specifically instrumented in order to assess its actual operating
characteristics and verify their consistency with the predicted values resulting from the design
studies and from the qualification tests. The test programme and the dedicated instrumentation
allowed measurement of essential S.G. thermal hydraulics parameters (saturation pressure, flow
velocities, pressure drops, circulation ratios, temperature distribution,...) and assessment of
vibratory behaviour of tube bundle. The results are in agreement with the tests carried out in the
course of the steam generator development and qualification programme, notably a few years ago
on the large 25 MWth MEGEVE test facility. They confirm adequacy of the axial economiser
design.
The paper describes successively :

• the specificities of the new steam generator design,
• the instrumentation and the test programme,
• the main results obtained from the numerous tests performed during plant start-up.

*EDF, Septen -12,14 Avenue Dutrievoz, 69628 VILLEURBANNE Cedex
* *FRAMATOME, Tour FRAMATOME, Place de la Coupole, 92084 LA DEFENSE



STARTING UP OF NEW STEAM GENERATOR OF N4 1450 MWE PLANTS

Bernard BUSSY*, Gilles DAGUE** & Georges SLAMA**

1. FUNCTIONAL PRINCIPLE AND MAIN ADVANTAGES

For EDF plants 1450MWe power (N4), FRAMATOME has designed and manufactured Steam
Generators (SGs) more compact and efficient than previous boiler types by using a purely
internal axial economises
The main benefit of the economiser is to provide a steam pressure increase at a low cost when
compared with a boiler type SG of same heat exchange area.
In a standard boiler design, the feedwater entering the steam generator mixes with the
recirculation water coming down from the separators and dryers located above the feedwater
ring. Then the mixture flows down between the tube bundle wrapper and the pressure boundary
to reach the tube sheet plate and enters hot and cold legs of the tube bundle simultaneously. The
axial economiser design [Fig.l] works differently. All the feedwater is forcefully directed to the
cold leg side of the tube bundle to obtain a preheating effect. This is achieved by partitioning
axially the downcomer in two - one cold, one hot - by the use of a double wrapper and injecting
the feedwater directly, and only, into the cold one, with longer J-tubes. The feedwater ring
extends only over 180°. To maximise the economiser efficiency only about 10% of recirculated
water mixes with the feedwater. The rest is directed to the hot leg. It is worth stressing that this
device allows uniform hot temperature all around the pressure vessel and therefore prevents cold
thermal shock in this area. Diagram [Fig. 2] gives a temperature profile on primary and
secondary sides in the S.G. tube bundle.

To obtain a longitudinal flow along the tubes in both legs of the tube bundle and to prevent the
feedwater to flow to the hot leg of the bundle a vertical plate separates the hot leg from the cold
leg up to the sixth tube support plate. Apart from these points, the overall arrangement of the SG
remains basically the same as for a standard boiler.
Because the feedwater entering the tube bundle cold leg is cooler than in a boiler, heat exchange
efficiency between primary and secondary circuits is enhanced. A pressure boost of 3 bars is
obtained [Fig.3] with economizer design for the same heat exchange area. To get the same
pressure with boiler design supplementary 3400 m of heat exchange area would be needed.

To ensure low carry-over and carry-under, high efficiency separator TI 14 with two vanes
[Fig.4] has been qualified, 130 are fitted in the steam drum [Fig.5].

The dryers are arranged in 12 cells installed vertically at the top of the steam drum in a star
pattern, 6 cells are at the periphery, the remaining 6 are radial [Fig.6]. This arrangement provides
a flow area identical to the former two-stage arrangement. It is compact, easy to access and
maintain.
Maintainability and inspectability have been paid great attention to. The design of the pressure
boundary reduces the number of welds :
- Channel head nozzles are extruded,



- Coverhead and steam nozzle of the steam drum are made by hot spinning in one piece.
8 access holes are distributed around the secondary shell and the hydraulic and mechanical
design of the lower internals has been optimised to facilitate lancing which has been actually
performed conveniently in CHOOZ B1.

The other main characteristics of the N4 SG are :
- primary side: fiowrate 23900 m2

inlet temperature 329°C
outlet temperature 292°C
pressure 155 bar

- secondary side : feedwater temperature 229,5 °C
steam fiowrate 600 kg/s
saturation pressure 73 bar

- thermal power of 1065 MWth,
- total height of 21.94 m, steam drum diameter of 4.78 m,
- 5599 tubes (outer diameter 19.05 mm, thickness 1.09 mm) in alloy 690 thermally treated,

arranged with a triangular pitch and corresponding to a heat transfer area of 7300 m2.
- 9 broached Tube Support Plates and a flow distribution baffle made of 13% chromium steel.

The broached holes allow flat land contacts with the tubes.

2. QUALIFICATION PROGRAMME

Qualification by tests of the axial economiser steam generator has been performed on large test
facility "MEGEVE" at CEA CADARACHE.

The MEGEVE station (25 MWth) included :
- a primary side operating under N4 pressure and temperature conditions,
- the SG mock-up,
- a secondary circuit operating under N4 steam pressure with cooling towers as heat sink.
The mock-up of the SG was manufactured in FRAMATOME workshop in CHALON.
Its main features are:
- full scale in height from tube sheet to steam outlet,
- full scale U-tubes (length, diameter, thickness),
- 149 U tubes with same pitch as actual SGs,
- economiser features.

It was extensively instrumented with thermocouples, differential pressure measurements,
fiowrate and level measurements, strain gages and accelerometers.
The results of the experimental programme confirmed the predicted thermalhydraulical and
mechanical behaviours of the economiser :

- steam pressure boost induced by the economiser (3 bars),



- very good stability during all transient tests (power steps, reactor trip and house load
operation),

- separator/dryer high efficiency, no detectable carry-over or carry-under for loads between
50 % and 100 % of the power level,

- very low vibratory level of the tubes and comparable with the results for boilers.

The large database generated by these tests allowed also validating and adjusting correlations
introduced in FRAMATOME thermalhydraulical codes.

3. CHOOZ Bl FULL SCALE SG TEST

As for the first plant of each new model in France, a SG of CHOOZ B1 unit has been fitted with
special instrumentation in order to assess its actual operating characteristics and verify the good
agreement with the predicted values resulting from the design studies and the qualification tests.
The test programme was performed in partnership between EDF, CEA and FRAMATOME.

Main objectives

The main objectives of the test programme are :

- to obtain measured values assessing the actual operating characteristics of the N4 steam
generators,

- to verify that these values are in good agreement with the values predicted by the codes.

Two domains of interest are more specifically addressed :

- the parameters governing the behaviour and the performances of the axial economiser
(saturation pressure in the tube bundle, circulation ratio in cold side and hot side, absence of
carry-under in the downcomer, pressure drop and pressure drop coefficients in the
recirculation loops,...)

- the vibratory behaviour of the upper part of the tube bundle (vibration level induced by the
turbulence, margins against fluidelastic instability).

Description of the instrumentation

In addition to the standard instrumentation used during the industrial operation of the plant (cold
leg and hot leg pressure and temperature on primary side; water level in the steam generators;
feedwater flowrate, pressure and temperature; steam pressure and flowrate in main steam lines),
the steam generator dedicated to the test programme is fitted with a temporary mounted specific
instrumentation.



This instrumentation has been defined taking into account the feedback of experience coming
from the test programmes performed in similar conditions on the first plants of the 900 MWe
(BUGEY 4, TRICASTIN 1) and 1300 MWe (PALUEL 1) series. The different items of this
instrumentation are:

- secondary flow velocity measurements in the lower part of the downcomers;
- downcomer temperatures at different elevations (measured by internal thermocouples and

surface resistance temperature detectors);
- tube sheet temperature and pressure, measured by means of sampling probes inserted in the

steam generator through inspection holes;
- absolute and differential pressure at different steam generator elevations, to determine the

pressure drops in the whole recirculation loop;
- vibrations, measured by biaxial accelerometers, and stress, measured by strain gauges welded

in the U-bend secondary side of the tube bundle. 10 large radius U-bends were instrumented.

All the temporary specific test instrumentation has been installed in factory and on site and its
functional testing and calibration took place during the CHOOZ Bl hot tests.

Results

Results were obtained during unit hot functional tests and normal operation for transients and
100% power level.
Following table gives pressure measurements in tube bundle and at NSSS supply boundary as
well as pressure drop between NSSS supply boundaries of feedwater and steam lines.

Steam pressure* at NSSS
supply boundary (bar)
Saturation pressure* in
tube bundle (bar)
Pressure drop between
NSSS supply boundaries
of feedwater and steam
lines (bar)

Expected minimum
values from MEGEVE

71.4

73.0

<4.2

Measured values at
CHOOZ Bl

72.1

73.7

2.9

* Pressure measurements are made at various locations : tube bundle, steam drum, S.G. outlet,
supply boundary.



Temperature, flowrates and circulation ratios* (1.3 for cold leg and 2.0 for hot leg), are in
agreement with expected values from MEGEVE tests and thermohydraulical codes calculations.
Main feedwater and steam flowrates steps, positive and negative, were performed at different
power levels. Good efficiency of water level regulation and good stability of SG were observed.
An example of this behaviour is given [Fig.7].

Good vibratory behaviour of upper part of the tube bundle was obtained with very low tube
displacement (<5 urn) and acceleration during various power levels conditions [Fig. 8]. Vibratory
level is in all conditions very far from instability.
More testing results or interpretation of numerous records performed over one year are yet to be
obtained.

4. CONCLUSION

Although all the results programmed are not yet available, the large amount of data already
obtained on the behaviour of N4 SGs, in agreement with expectations from MEGEVE tests, are
very satisfactory.
These data encompass pressure delivered, thermalhydraulical stability and water level regulation,
circulation ratios and vibratory behaviour.

All the objectives given for designing this N4 SG, also selected as basis for European Pressurised
water Reactor (EPR) project, have been reached.

* Note : circulation ratio is defined as the ratio of the mass flowrate in the cold (resp.hot) leg to
the total mass steam flowrate.
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DISCUSSION

Authors: B. Bussy, G. Dague, G. Slama, EDF and Framatome

Paper: Starting up of New Steam Generator of N4 1450 MWe Plants

Questioner: J. Nickerson, AECL

Question/Comment:

Was there a concern for thermal stresses in the region of the tubesheet due to cold feedwater and
if so, were any special measures taken to ensure these are not detrimental?

Response:

One of the advantages of our economizer design is that, by partitioning the cold leg downcomer,
all the pressure shell and the periphery of the tubesheet are at the same temperature during
normal operation. No thermal stresses are induced. For transients, the situation is not
significantly different from a boiler and we have verified by calculation that stresses generated
are acceptable in all conditions. Direct measurements of temperatures on the tubesheet during
service have confirmed all our input data.

Questioner: P.J. Prabhu

Question/Comment:

You mentioned sludge lancing. What provisions are included for access to the economizer for
sludge lancing and other services?

Response:

Numerous ports are provided which allow sludge lancing in the cold leg and hot leg to be
performed. They allow also use of multidirectional lancing as this SG has a triangular pitch.
There is no significant difference with a standard boiler from this point of view (except that there
is separated cold and hog leg). Lancing performed at the end of hot functional tests of the plant
has demonstrated that very good cleaning of the tubesheet can be achieved without any problem.

Questioner: J. Gorman, DEI

Question/Comment:

(a) How much thermal margin has been included in the design (area margin)?
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(b) How long before chemical cleaning is like to be required?

Response:

(a) Margin depends on your definition. With conventional definition our margin is about 10%.

(b) Need for chemical cleaning is very plant specific, some may never need it. It can depend
on the policy of lancing, for instance and on the provisions taken on secondary chemistry,
but the SG design is compatible with chemical cleaning.

Questioner: R. Schalleu, Arizona Public Service co.

Question/Comment:

The Palo Verde System 80 SG is of an economizer design with a hot side circulation ratio of 1.74
and we have experienced heavy tube deposits. Is this a concern in the N4 SG which has a
circulation ratio of 1.3?

Response:

The circulation ratio of 1.3 is for cold leg only. For hot leg, this ratio is 2.0. We have carefully
evaluated sludge deposition area in our SG and found that, thanks to the provisions taken on
design of the lower part, a very limited number of tubes will be in this area. Furthermore, the
deposition area is mainly located in a central zone where there are no tubes. At the last
conference in 1994, the deposition area was shown in my paper.

Questioner: K. Bagli, OH/SESD

Question/Comment:

Can you briefly describe the following during your testing program (CHOOZE B1):

(a) Blowdown rate?
(b) Chemistry control regime?

Response:

(a) Blowdown rate in French plans is usually around 1 %.
(b) Chemistry is morpholine conditioning, but ammonia conditioning would be also

acceptable.
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DESIGN AND PERFORMANCE OF BWC REPLACEMENT
STEAM GENERATORS FOR PWR SYSTEMS

RKlarner, F.Steinmoeller, J.Millman, W.Schneider

ABSTRACT

In recent years, Babcock & Wilcox Canada (BWC) has provided a number of PWR Replacement
Steam Generators (RSGs) to replace units that had experienced extensive Alloy 600 tube
degradation. BWC RSG units are in operation at Northeast Utilities' Millstone Unit 2, Rochester
Gas and Electric's Ginna Station, Duke Energy's Catawba Unit 1, McGuire Unit 1 & 2, Florida
Power and Light's St. Lucie Unit 1 and Commonwealth Edison's Byron 1 Station. Extensive
start-up performance characteristics have been obtained for Millstone 2, Ginna, McGuire 1, and
Catawba 1 RSGs. The Millstone 2, Ginna and Catawba 1 RSGs have also undergone extensive
inspections following their first cycle of operation. The design and start-up performance
characteristics of these RSGs are presented.

The BWC Replacement Steam generators were designed to fit the existing envelope of pressure
boundary dimensions to ensure licensability and integration into the Nuclear Steam Supply
System. The RSGs were provided with a tube bundle of Alloy 690TT tubing, sized to match or
exceed the original steam generator (OSG) thermal performance including provision for the
reduced thermal conductivity of Alloy 690 relative to Alloy 600. The RSG tube bundle
configurations provide a higher circulation design relative to the OSG, and feature corrosion
resistant lattice grid and U-bend tube supports which provide effective anti-vibration support.
The tube bundle supports accommodate relatively unobstructed flow and allow un-restrained
structural interactions during thermal transients. Efficient steam separators assure low moisture
carryover as well as high circulation.

Performance measurements obtained during start-up verify that the BWC RSGs meet or exceed
the specified thermal and moisture carryover performance requirements. RSG water level stability
results at normal operation and during plant transients have been excellent. Visual and ECT
inspections have confirmed minimal deposition and 100% tube integrity following the first fuel
cycles.
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DESIGN AND PERFORMANCE OF BWC REPLACEMENT
STEAM GENERATORS FOR PWR SYSTEMS

R. Klarner, F. Steinmoeller, J. Millman, W. Schneider

INTRODUCTION

BWC Recirculating U-tube Steam Generators (SGs) have operated up to 27 years with very high
availability and few in-service tube failures. There are presently 126 BWC CANDU SGs in
service, following the shutdown of 32 SGs at Bruce A and 48 SGs at Pickering A. In total an
additional 8 BWC CANDU SGs have been installed with reactors not yet critical at Cernavoda
Unit 2 and Wolsong 4. Another 8 SGs are being fabricated for Qinshan 1 and 2. This CANDU
experience represents over 620,000 tubes in service. Out-of-service tube plugging rates of 1.0
tubes per 10,000 tube years of service have been experienced by the 12 early CANDU 6 SGs
which have been operating for a cumulative total of 192 SG-years.

In January of 1993 the first two BWC Replacement Steam Generators for a PWR unit went into
operation at the Millstone Unit 2 station. Presently there are 22 RSGs in operation in 7 PWR
units with another 4 delivered with startup imminent. The operational BWC RSGs include two
for Northeast Utilities' Millstone Unit 2, two for Rochester Gas and Electric's Ginna Station,
twelve for Duke Energy's Catawba Unit 1 and McGuire Unit 1 and 2 Stations, two for Florida
Power and Light's St. Lucie Unit 1 Station and four for Commonwealth Edison's Byron Unit 1
Station. An additional four RSGs have been delivered to ComEd's Braidwood Unit 1. Presently
four RSGs for American Electric Power's D. C. Cook Unit 1 Station are being fabricated and four
RSGs for Baltimore Gas and Electric's Calvert Cliffs Unit 1 and 2.

The BWC RSGs currently in operation have replaced three models of original steam generators all
of which were fabricated using Alloy 600 tubing in the mill annealed condition with either
broached plate, drilled plate or 'egg-crate' carbon steel tube support structures.

The need for replacement of the original equipment was primarily driven by tube degradation in
the form of pitting at tube support locations and primary and secondary side circumferential stress
corrosion cracking (SCC) near the tubesheet face. In addition some units exhibited severely
corroded carbon steel tube supports resulting in denting and loose parts due to disintegration of
components. Extensive tube plugging, up to 10%, and threatened derating with continual
degradation, motivated the replacement projects.

Development of requirements and specifications for the replacement steam generator projects was
a major undertaking for the utilities. In 1991, ten PWR utilities including RGE pooled resources
to form the Joint Procurement Corporation to issue a common tendering specification. Some of
the key requirements in the equipment specifications common to all replacements were that:
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• the RSGs must be designed such that the licensing basis of the NSSS system remains valid;
• the RSG design must be qualified for a 40 year design life;
• the preferred tubing material was Alloy 690 although other optional materials could be

offered with in-depth justification;
• the geometric envelope of the replacement vessels must duplicate the original equipment; and
• the design must incorporate proven technology.

Replacement of Ginna steam generators under 10CFR50.59 was desirable to avoid the cost and
potentially critical path schedule time of the NRC review and approval process. 10CFR50.59
allows plant modification without prior NRC review provided no changes to the plant Technical
Specifications are required and no Unreviewed Safety Questions are created.

The RSGs for Duke Energy's Catawba 1 and McGuire 1 and 2 Stations were an exception to the
10CFR50.59 licensing approach. For these stations the original units, which had integral
preheaters, were replaced with RSGs having significantly larger tube bundles and upper feedring
feedwater distribution headers. Since Duke Energy desired to optimize the operation of the
station considering the replacement steam generator features and required the associated update
to the licensing basis, they opted for extensive reanalysis and resubmission of Safety Analysis and
modified Technical Specifications to the NRC as required under 10CFR50.90. Unlike other
utilities, Duke Energy also specified a 60 year design life for the RSGs which required
confirmation by fatigue analysis of extended operating cycles, extensive material testing, wear
assessment and structural analysis. The design incorporates a 60 year corrosion allowance
considering general corrosion, chemical cleaning cycles and flow accelerated corrosion.

Undoubtedly the unmatched performance of the BWC C ANDU steam generators and the earlier
success of Millstone Unit 2 RSGs contributed towards BWC capturing the majority of the U.S.
replacement market since 1992.

DESIGN DESCRIPTIONS

The BWC RSGs presently in service have replaced three models of OSGs and correspondingly
have three different general designs: Millstone and St.Lucie RSGs replace System 67 OSGs;
Ginna RSGs replace Series 44 OSGs; and Catawba, McGuire, Byron and Braidwood RSGs
replace Model D OSGs. In all cases the OSG shell envelopes were replicated to simplify
changeout and minimize licensing impact. For the Millstone replacement, the original steam drum
shell was retained since it could not pass through the equipment hatch. The moisture separators
at Millstone were replaced within containment with high efficiency BWC separators. Figure 1
illustrates general arrangements for the three BWC RSG designs.

Depending upon utility requirements, the RSGs were designed to thermally match or significantly
exceed the performance of the original equipment. The primary factors affecting the thermal
design requirements were driven by licensing considerations, potential future power uprate, and
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economic evaluation of benefits associated with lower Reactor Coolant System (RCS)
temperatures and/or higher steam outlet pressures. Thermal sizing requirements were expressed
by combinations of maximum RCS Thot temperatures, minimum steam pressures, fouling and
plugging margins or simply, as requested by Duke Energy, the largest practical heat transfer
surface area consistent with licensing and outer envelope constraints. The arrangement of the
heat transfer surface area must also consider the RCS hydraulic resistance of the replacement
bundle and the change in conductivity of the tube material. To prevent a reduction in fuel
Departure from Nucleate Boiling (DNB) ratio and an increase in peak fuel clad temperatures
during design basis accidents, the tube bundle arrangement must not have increased hydraulic
resistance relative to the OSG which would result in a reduced RCS flow. Conversely the
reduction in hydraulic resistance must not result in an increase in RCS flow of, typically, more
than 5% to prevent fuel lifting within the reactor core.

The conductivity of Alloy 690 is approximately 9% less than that of Alloy 600 and accounts for
approximately one half of the total resistance to heat transfer. Due to this reduced conductivity, a
3% increase in heat transfer surface area and reduction in tube wall thickness from 0.048 inches to
0.045 inches was implemented for the Millstone and St. Lucie RSGs in order to maintain
equivalent heat transfer performance. For other BWC RSGs significant increases in plugging and
fouling margins were required resulting in large changes in tube bundle arrangements including
tube size. Table 1 provides a description of significant RSG parameters for the various
replacements and a comparison to the original equipment.

Although the RSG designs vary in shape and size they all share common features such as
enhanced Alloy 690 Thermally Treated (TT) tubing, high efficiency centrifugal moisture
separators, corrosion resistant Flatbar U-bend Restraints (FURs), lattice grid tube supports and
high circulation ratio design. These features provide for increased reliability and optimized
operability as discussed below.

Tube Material

Selection of the tube material was the most critical decision of the replacement program since
tube material properties are fundamental to most steam generator reliability issues.

The development of Alloy 690 steam generator tubing, during the 1970's and 1980's, was driven
by both primary side and secondary side in-service Stress Corrosion Cracking (SCC) of Alloy 600
Mill Annealed (MA) SG tubes. Alloy 690 has significantly more chromium (27 - 31% Cr) than
Alloy 600 (14-17% Cr).

Alloy 690 derives its improved general and localized corrosion resistance from the stability of its
passive film, which is influenced by increased chromium concentration. Corrosion resistance may
also be influenced by microstructure which is a function of processing, mill anneal temperature,
and thermal treatment.
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Alloy 690TT SG tubing used by BWC requires a material microstructure exhibiting continuous
chromium carbide decoration along the grain boundaries in addition to minimal chromium carbide
precipitation within the grain interiors. This morphology, considered optimum in terms of
intergranular SCC resistance, is largely due to attaining complete carbide solution during mill
anneal which results in enhanced grain boundary carbide precipitation during the subsequent
thermal treatment step. The critical parameter influencing carbon solution is the final mill anneal
temperature.

The BWC Alloy 690TT tubing was qualified for the specified service conditions by extensive
corrosion testing in secondary water environments, wear testing, residual stress measurements and
tube-to-tubesheet joint qualification. Corrosion qualification included a review of open literature
which confirmed that Alloy 690 is not susceptible to primary water stress corrosion cracking.
Even in 680°F primary water which cracked both Alloys 600 and 800 within 2,900 hours, Alloy
690 tensile specimens exhibited no PWSCC after 7000 hours [1]. Due to the corrosion resistance
of Alloy 690 in primary environments BWC focused research towards corrosion testing in
aggressive secondary environments. Comparative autoclave tests in 0.5 M (approximately 2%)
sodium hydroxide (NaOH) contaminated with 5000 ppm (0.02 M) lead oxide (PbO) at 575°F for
1000 - 2000 hours resulted in no evidence of SCC. Tested Alloy 690TT specimens included the
tubesheet weld, secondary face expansion transition and U-bend regions.

Alloy 690 and Alloy 600 C-ring control specimens, pre-stressed to approximately three times
room temperature yield strength, were similarly tested in an autoclave environment and examined
microscopically. None of the Alloy 690 C-ring specimens failed while the Alloy 600 control
specimens cracked. It was noted that Alloy 690 C-ring specimens will crack in extremely
aggressive caustic plus lead environments such as 10% NaOH with 0.1 M PbO.

Steam Separators

Efficient and reliable operation also requires efficient steam separation. Separators must be
capable of achieving very low moisture carryover. High carryover will result in turbine efficiency
losses as well as the potential for turbine blade erosion. Based on secondary side calormetric heat
duty calculations, where only feedwater flow rates are measured with no steam flow
measurement, an increase in carryover results in reduced thermal power. A given percentage
increase in carryover translates into the same percentage reduction in station electric output, if
moisture carryover is omitted from the secondary side calormetric heat balance.

Efficient steam separator design also requires that the primary separation stage have low pressure
drop and low steam carryunder in the downcomer flow in order to support efficient recirculation
through the tube bundle. Furthermore, to allow flexibility in water level operation, the separators
must be able to operate over a wide range of water levels.

The BWC moisture separation system consists of Curved Arm Primary (CAP) separators matched
with centrifugal secondary separators arranged within the steam drum. Both the CAP and
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secondary separators (illustrated in Figure 2) are laboratory tested at full-scale pressure,
temperature and overload flow conditions. There can be no confidence in the performance of the
steam/moisture separation equipment without such testing of prototype and production units.
The primary separators are of a curved arm, falling film type which provide the inherent
separation efficiency and level range capabilities. The secondary cyclone separators are matched
one-for-one with the primary separators, and have a skimmer action which removes the separated
moisture from the main flow. Qualification of separators for RSG applications also included
three-dimensional thermal hydraulic simulation of inlet fluid conditions to assure that the tested
conditions bound the flow maldistribution anticipated during service.

Circulation Ratio

One of the most important thermal hydraulic design criteria for RSGs is the Circulation Ratio
(CR). Circulation ratio is defined as the ratio of mass flow rate through the tube bundle versus
the steam outlet mass flow rate. A steam generator with a high circulation ratio maintains a large
quantity of liquid flowing through the tube bundle relative to steam, hence, with a high circulation
ratio, the mass content of steam within the tube bundle is small. By maximizing the circulation
ratio, problems attributable to tube dry out, tube degradation, poor heat transfer, corrosion
product transport, sludge management, and water level controllability, all of which combined or
individually contribute to poor performance and premature failure, can be alleviated. A high
circulation ratio also maximizes the available fluid mass and fluid velocity in the region above the
tubesheet. By maximizing circulation ratio, the velocity of liquid across the secondary face of the
tubesheet is increased, thereby reducing areas of low velocity and resulting sludge deposition.
Worldwide operating experience has shown that steam generators with low circulation ratios
routinely experience large levels of sludge deposition and sludge pile formations on the top face of
the tubesheet.

Experience from the Palo Verde Nuclear Generating Station confirms that observed tube
degradation and deposition have a direct correlation with regions of high quality zones.
Computer simulations by BWC of the System 80 design, which are known to have low circulation
ratio, show that zones of high quality correspond to regions where observed deposits and tube
failures have occurred [2].

A high circulation ratio also has numerous benefits with regard to corrosion and corrosion
product transport. By maintaining a high circulation ratio, high velocities help maintain corrosion
product contaminants in suspension thereby maximizing blowdown contaminant removal
efficiency. Further, a high circulation ratio promotes more effective blowdown by maximizing the
recirculated water content in the downcomer fluid, with only a small proportion being feedwater
(for a CR = 5, feedwater makes up 20%). This means that the crud-bearing recirculated water
sees less dilution by "clean" feedwater, and therefore blowdown removes fluid with a corrosion
product concentration closer to the steam generator bulk fluid concentration.
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A high circulation ratio benefits the controllability of the steam generator. The resultant high
Iiquid-to-steam mass ratio within the riser region provides for a steam generator design that
experiences less water level swell and shrink during transient operation. Swell is the phenomenon
of rapid steam creation during power increases or pressure decreases which causes the overall
water level to rapidly rise with a relatively constant secondary side mass. Shrink is the opposite
phenomenon where steam is rapidly condensed or compressed (i.e. as with cold feedwater
injection or pressure increase) and the water level within the steam generator rapidly falls. By
minimizing the amount of vapour phase within the steam generator with a high circulation ratio
design, the magnitude of the swell and shrink effects can be minimized.

Stability of recirculation is also a critical consideration for an operating steam generator. Even
during steady state with no changes in pressure, power, or feedwater conditions, steam generators
may experience two-phase boiling instability which causes large oscillatory changes in water level.
This instability can be attributed to a low pressure drop in the downcomer and bundle entrance
area and a high two-phase pressure drop in the tube bundle. By maximizing circulation the
margin to the onset of instability is increased. Boiling instability occurred at Surry and Bruce A
due to blocked tube support plates, resulting in operational water level oscillations, and ultimately
leading to power reductions.

Flatbar U-bend Restraints

The U-bend tube support assembly consists of 41 OS stainless steel flat bars, 316L stainless steel J-
tabs and carbon steel structural support components such as arch bars, clamping bars and tie tubes
illustrated in Figure 3. All materials are qualified for the specified design life of the replacement
equipment for operation in accordance with the customer specifications. Qualification includes
identifying corrosion allowances for structural analysis including the effects of general corrosion,
flow assisted corrosion and chemical cleaning allowance. Fretting wear behaviour of 41 OS
stainless steel supports and Alloy 690 tubing has been quantified at typical PWR temperatures,
pressures and chemistries. The wear behaviour was confirmed by testing, to be equivalent or
better than other typical material combinations used for U-bend support applications.

Type 41 OS stainless steel flat bars provide a corrosion resistant material with high mechanical
strength required to provide adequate structural support during seismic events. Type 410S
material is compatible with the autogenous welding process which is used to join the fan bar
fingers to a lower collector bar across the bottom of the fan assemblies. The 41 OS welded joints
are qualified in an aggressive PWR secondary side environment by Constant Elongation Rate
Tests (CERT) and long term immersion tests on highly stressed bend specimens. Prototypical
welded joint specimens in as-welded and post weld heat treated conditions were tested. Based on
these qualification tests BWC has conservatively implemented a Post Weld Heat Treatment
(PWHT) procedure which includes a forced draft cooling operation to rapidly cool the welded
41 OS assemblies to prevent tempered martensite embrittlement.
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U-bend assembly support is provided by 316L J-tabs (earlier designs utilized carbon steel J-tabs)
which transfer the weight of the flat bar U-bend support structure to the peripheral tubes. The
fabrication of J-tabs involves bending flat strips into T shaped tabs followed by a solution-anneal
heat treatment. This thermal treatment effectively relieves residual cold work in the bent tabs,
which are specified as low carbon grade. ASTM sensitization tests are performed on the bent,
thermally treated components to assure that the J-tabs are in the unsensitized condition.

High circulation is promoted in the U-bend region by designing a tube support structure which
has low hydraulic resistance. The flat bars are staggered between successive tube layers and the
fan fingers are oriented radially in the direction of the flow. All components and contact surfaces
are upwardly vented to prevent formation of steam pockets and dryout regions. To reduce the
resistance of the tube pattern, the tube pitch is stretched in the vertical direction at the apex
locations of tubes within the tube bundle. This is accomplished by incrementally increasing the
tube tangent point height for successively larger bend radii.

Based on the above, high velocities, low mixture qualities and high circulation are desirable design
characteristics, however care must be taken to assure acceptable flow induced vibration response.
FIV is the primary design consideration influencing the quantity and positioning of Flatbar U-bend
Restraints within the U-tube bundle.

Lattice Grid Tube Supports

The design of the tube support system is critical to the reliability of the tube bundle and the steam
generator. The design requirements for reliable effective tube supports must:
a) preclude excessive Flow-Induced Vibration (FIV),
b) minimize pressure loss in order to promote a high circulation ratio,
c) provide line support contact to reduce the potential for deposition of corrosion-causing

impurities and localized dryout,
d) provide sufficient tube contact length to lower contact stress and hence minimize fretting wear

of tubes,
e) provide a strong tube support design to withstand lateral seismic loads, loads caused by

LOCA and burst pipe events, and handling and shipping loads,
f) accommodate tube-support motions during heatup/startup operation without risk of lockup

and without the need for tie rods,
g) resist corrosion and stress corrosion cracking due to normal operation and chemical cleaning.

Figure 4 shows the details of a typical lattice grid arrangement. The lattice grid is made up of
two intersecting arrays of 41 OS stainless steel high bars (3.15 inches high) oriented at 30° and
150° to the tube free lane and located every four to eight pitches, depending on the size of the
bundle and the particular steam generator loading conditions. 41 OS stainless steel low bars
(approximately 1 inch wide) are located at every pitch location between the high bars. All low
bars flush to the top of the high bars are oriented at 30° to the tube free lane and all low bars flush
to the bottom plane of the high bars are oriented at 150° to the tube free lane. The bar ends are
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fitted into precise slots on a peripheral support ring, which is then clamped by two outer retainer
rings that are bolted together. The assembly is positioned by welded blocks and wedges within
the shroud.

All of the lattice supports are similar except that the lowermost lattice incorporates a differential
resistance feature which is used to encourage bundle flow penetration above the tubesheet. The
construction of the differential resistance lattice grid resembles that of a regular grid, however, the
low bars located towards the bundle periphery are replaced by medium bars (approximately 214
inches high). As a result, the flow passages through these regions offer more resistance to flow
and the fluid is preferentially directed to penetrate into the central region of the tube bundle. A
drilled flow distribution baffle which may accumulate deposits become plugged and cause tube
wear or denting is not used.

Lattice grids provide low flow resistance to the two-phase fluid flowing and promote high
circulation.

Lattice grid bars provide line support contact with the tubes minimizing the crevice potential in
the tube support. This together with a higher circulation ratio prevent stagnant regions and dry-
out.

Full-scale modeling of a section of tube bundle for tube vibration has confirmed the effectiveness
of lattice grids in suppressing vibration by providing a 'pinned' support condition. Lattice grids
are extremely strong in the vertical and lateral directions and are capable of withstanding all
operational and accidental loads without the need for tie rods. Despite the strength of the
structure, low bar spans allow for inherent flexibility which accommodate thermally induced
rotations between the tube and tube support.

BWC has fabricated a considerable number of steam generators using both lattice grids and
broached plates and is the only supplier with operating experience with both designs. As a result
of many years of design and operating experience, BWC concluded that the lattice grid tube
support system was the best choice to ensure reliable operation of replacement steam generators.

RSG OPERATIONAL PERFORMANCE

Millstone Unit 2 Performance

The Millstone 2 RSGs went into service in January 1993 at which time a variety of performance
measurements were made by Northeast Utilities.

Heat transfer performance of the RSGs was reported as fully satisfying the requirement that the
RSG should provide the same or better heat transfer capacity than the original unit. Thermal
performance was demonstrated by field measurements of feedwater flows and temperatures,
steam pressure and RCS hot leg and cold leg temperatures. RCS hot leg temperatures were
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corrected for thermal streaming. The secondary side calorimetric heat duty was balanced with the
primary side and used to determine primary flow in accordance with Northeast Utilities'
procedures. The BWC heat transfer program CIRC was used to predict RCS temperatures using
the same methodology as that used to size the RSGs.

Table 2 presents results from CIRC startup simulations. These simulations used primary flow,
feedwater flow, feedwater temperature and steam pressure from field measurements as inputs to
predict RCS temperatures. For both SG-1 and SG-2, the CIRC predictions for RCS hot leg
temperatures are slightly higher than the actual measured values when using the traditional startup
fouling value of 0.00002 hrxft2x°F/Btu. Since the actual RCS operating temperatures are less
than those predicted the bundle is thermally more efficient thus fulfilling the specified
requirements.

Low moisture carryover is vital in avoiding turbine blade erosion, maintaining turbine efficiency,
and maximizing station electric output. Moisture carryover in the steam was measured as 0.022%
- an order of magnitude below the guaranteed value of 0.20%. The moisture carryover
measurements were made using Sodium-24 radiotracer in accordance with the 1ST 92-74 Test
Procedures. Test results for both RSGs are provided in Table 3. These test results correlate with
the predicted carryover of 0.025% determined from full scale, full power testing of an individual
primary and secondary separator set.

Water level stability is observable by the absence of level fluctuations during steady-state
operation at power and by rapid stabilization after a change in operating conditions. Level
stability is a measure of controllability and is enhanced by an appropriate distribution of
circulating flow pressure losses, efficient separator operation and by a high circulation ratio.
Based on steadiness and responsiveness, level stability was observed to be excellent.

Millstone 2 RSG inspections were performed in October 1994 at the end of the first post-
replacement fuel cycle. The inspection of each RSG included eddy current inspections (bobbin
coil) of approximately 30% of the tubing, and fibreoptic/video probe inspection of the tubesheet
tube-free-lane and outer perimeter. Inspection also included visual and video inspection of the U-
bends and drum internals. These inspections confirmed that the RSGs are in excellent condition.

Tube bundle ECT inspections confirmed no reportable tube indications. One 22% bobbin coil
signal, with only a 0.3 volt amplitude, was detected but re-examination using MRPC concluded
that the bobbin coil indication was likely a spurious signal or a nonquantifiable anomaly.

Secondary side examination of the U-bend tubes and tube supports showed all structures to be in
place in their correct as-designed positions. U-bend inspection included J-tabs, arch bar
assemblies, tie tubes and anti-rotation bars. No excessive tube displacements were observed at
the J-tab interfaces with the outer U-tubes. Examination of the U-bend tubes showed a thin
general deposition in the tube U-bend region, with preferential deposition on the hot leg side. The
feedwater header for Millstone was fabricated using Schedule 80 carbon steel pipe sections unlike
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later RSG feedwater systems which used 2 !/4% Chrome - 1% Molybdenum material. A surface
discoloration on the header and shroud was observed in the J-tube flow impingement region but
no erosion was evident. Also, no evidence of erosion or degradation of the primary or secondary
separators was observed.

Examination of tube-to-support bar contact points at peripheral U-bend support locations and
peripheral upper lattice support locations showed no signs of deposition blockage or tube-to-bar
bridging or filleting. This confirms the ability of the fully rounded support bar configuration to
resist preferential deposition and blockage at the supports.

Although there was no visible sludge during the tubesheet inspection (other than a Vi" to V2"
diameter 'sludge rock') a sludge lancing was performed. The lancing effort resulted in removing
approximately 40 lbs of deposition from each of the RSGs. Based on both the visual inspections
and sludge removal results it was concluded that both generators were very clean. The foreign
object inspection program found a weld wire, weld rod and a thin metal strip, 1/16" thick x %"
wide x 3 14" long, all of which were retrieved.

The Millstone 2 replacement program has resulted in steam generators which have been
successfully operated and have met all performance expectations. Heat transfer, moisture
carryover and controllability objectives are being met. To date the Millstone 2 RSGs have
accumulated 24 months of full power operating experience. Presently however, Millstone 2
continues to be shutdown pending conclusions from a configuration management program in
response to NRC 10CFR50.54f requirements to show compliance with the plant license basis.
Millstone 2 is expected to restart late in 1998.

Ginna Performance

Ginna Station reached full power with BWC RSGs on June 15, 1996. Thermal performance and
moisture carryover were measured as part of the startup program. The thermal performance
warranty for the Ginna RSGs was in the form of a minimum steam pressure, downstream of the
outlet nozzle flow restrictor, as a function of the reactor average temperature at full power. The
guaranteed minimum steam pressure is given by the equation:

Pstm (psia) = 7.822 Tavg (°F) - 3618.5

Note that the irrecoverable loss in the steam lines between the instrument tap and the generator
nozzle must be accounted for when comparing measured and guaranteed pressures.

Unlike the earlier Millstone 2 RSG the heat transfer area for Ginna was designed to significantly
outperform the OSG thereby allowing for an increase in steam pressure and/or reduction in RCS
temperature.
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Verification of thermal performance at Ginna was done as part of the thermal calorimetric
calculation. The calorimetric results for the two RSGs show that the measured steam pressure
downstream in the main steam line was 733 psig at a reactor average temperature of 560.1°F.
Since the pressure drop in the steam line is 15 psi, the nozzle pressure was calculated to be 748
psig, which satisfies the warranty value without inclusion of corrections (see Table 4).

While the warranty performance is satisfied, the CIRC predicted nozzle pressure at Tave = 560.1°F
is 762 psig, 14 psi higher than the measured pressure. Further analysis of the data indicates that
thermal streaming is occurring in the RCS hot legs. The measured Thot in Loop B is 2.6°F higher
than in Loop A. This difference is difficult to explain since the Ginna NSSS is symmetric, and the
core power distribution was symmetric during the test and hot leg temperatures should not exhibit
this wide spread. At Ginna, one of the four hot-leg RTDs in Loop A is located on the opposite
side of the other three in the 27" ID RCS pipe. On Loop B, all four RTDs are localized on one
side of the RCS pipe. As a result, the average temperature from Loop A measurements can be
expected to give a better representation of true bulk temperature than the Loop B average.

Using measured hot leg and cold leg temperatures in conjunction with secondary side calormetric
heat duty, the calculated Loop A and Loop B RCS flows differ by 3%. Since the Loops are
symmetric this large difference can only be attributed to RCS temperature uncertainty. Since
there is no absolute flow measurements in the RCS Loops, the degree of streaming cannot be
definitely determined and a correction to Thot cannot be easily calculated. However, assuming the
measured value in Loop A is more reliable, as supported by RTD positions and independently
calculated best estimate RCS flows, the warranty nozzle pressure is calculated to be 742 psig and
the CIRC predicted pressure is 756 psig, compared to the measured pressure of 748 psig.

The remaining 8 psi difference between the measured and the predicted values can be attributed to
the variance in tube wall thickness. Ginna RSG tubing has a specified thickness of 0.043 ±.004"
and thermal analysis assumed an average thickness of 0.043". The actual wall thickness was
0.0445"; the resulting increased tube wall thermal resistance would be expected to reduce steam
pressure by approximately 6 psi thereby effectively matching the predicted performance.

Data collected following the initial performance testing has confirmed a linear increase in steam
pressure even though RCS temperatures and thermal power were held constant. This represents
an improvement in the overall heat transfer coefficient, likely resulting from an improved boiling
heat transfer coefficient due to improved nucleation on the tube outer surface. Similar trends
were reported at San Onofre Unit 2 and Callaway during the first cycle of operation [3]. During
the first 18 month Ginna operating cycle, a steam pressure increase of approximately 8 psi was
observed. This pressure increase trend as illustrated in Figure 5 continues beyond the first
refuelling outage. This results in both warranted and predicted performance being met (after
inclusion of streaming correction but without correction for wall thickness).

Moisture carryover tests were performed by RGE under the direction of NWT Corporation using
Sodium-24 radiotracer. Based on sampling reheater drain activity, the estimated ± l a uncertainty
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band for the Ginna steam carryover measurement was ±20% using a Sodium-24 radiotracer and
assuming a mean carryover concentration of 0.01%. The estimated uncertainty of using non-
radioactive potassium concentrations for determination of carryover is significantly larger. Based
on sampling reheater drain flow a mean carryover of 0.07%, the potassium technique would have
an uncertainty of ±50%.

The Sodium-24 test procedure involved injecting the tracer into the feedwater system and
allowing the system concentration (radioactivity) to equilibrate. Moisture carryover was
determined by two sampling techniques. The first used feedwater sampling, blowdown sampling
and circulation ratio for determining steam drum concentration, while the second used heater
drain tank and blowdown sampling and circulation ratio. Both methods, as reported in Table 5,
confirm moisture carryover values of 0.015%, more than 6 times lower than the warranty value of
0.1%.

Startup testing at Ginna also included water level stability tests to assess the adequacy of the
wide-range level feed-forward signal at low power and the responsiveness of the Advanced
Digital Feedwater Control System (ADFCS). The Ginna ADFCS uses the wide-range level at
low power as a feed-forward signal to control feedwater valve setting in response to increases or
decreases in steam load at low power. The original Ginna feedwater level control system
increased level from 39% of span at 0% power to 52% of span at 20% power and then maintained
a constant level of 52% up to 100% power. The OSG wide range signal as a function of power
had a negative slope despite increasing water level. The negative slope can be attributed to higher
velocities in the narrower Westinghouse Series 44 downcomer which resulted in a larger dynamic
pressure drop at the low wide range tap. The RSG, however, has a wider downcomer and lower
downcomer velocity which results in a relatively constant wide range signal versus power. Due to
the reduced slope of this signal, the effectiveness as a feed-forward controller was questioned. To
resolve this concern the water level control program was altered to a constant level of 52% of the
143 inch span for all powers. This change produced a more negatively sloped signal for the feed-
forward element. Startup testing confirmed water level stability using ADFCS control at low
powers.

The automatic feedwater control system was also tested at 25% and 75% power by imposing a
5% step change increase in feedwater flow to force an increase in water level and then note the
level recovery responsiveness. Tests confirmed a smooth recovery to the water level setpoint
with little or no undershoot.

An unplanned turbine trip at 25% power, due to loss of condenser vacuum, confirmed excellent
water level controllability. Immediately following the trip, a 45 psi pressure rise resulted in only a
9" water level collapse before condenser steam dump valves opened and effectively returned the
level to the controlled setpoint.

Following the first cycle of operation both secondary and primary side inspections were carried
out. Primary side Eddy Current Testing (ECT) of 100% of the tube bundle confirmed no
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reportable indications. In addition to this bobbin coil inspection, 20% of the tube expansion
transitions at the secondary face of the tubesheet were tested on the hot leg side, again confirming
no reportable indications.

Secondary side internals inspection was undertaken to verify that there were no unknown
degradation mechanisms occurring in the RSGs and to assist with the response to Nuclear
Regulatory Commission Generic Letter 97-06 on secondary internals degradation. In addition the
inspection helped determine if the RSGs were experiencing tubes in close proximity to each other.

Secondary side inspections included the steam dome, primary and secondary separators,
feedwater header, U-bend region and lower internals near the top of the tubesheet. No
degradation of any items in any regions were observed, and tube deposits were light.

Two foreign objects, a hex-head bolt and matching nut were found near the center of the no-tube
lane and removed. No tube damage was observed by ECT. Subsequent investigations revealed
that the bolt and nut were not native to the steam generator.

Five tube gaps with less than 0.100" of vertical clearance were identified by ECT in both SG A
and SG B. Visual inspections of some of these tubes confirmed the ECT results. The condition
of tube proximity is an acceptable condition based on extensive analysis by BWC including
thermal hydraulic, structural and wear analysis.

Catawba Unit 1 Performance

Catawba Unit 1 RSGs, the first of three sets installed in Duke Energy units, reached full-power
operation in October, 1996.

For the Duke Energy heat transfer warranty, a minimum overall heat transfer capacity, UA, of
9.29 x 107 Btu/hr°F was specified for full-power operation rather than a steam pressure versus
RCS temperature curve as at Ginna. The heat transfer capacity is calculated by dividing the
measured heat duty as determined from a secondary side calormetric by the Log Mean
Temperature Difference (LMTD) based on RCS hot leg, RCS cold leg and steam outlet
temperatures. UA has the advantage of remaining nearly constant for relatively wide ranges of
full-power conditions thereby providing greater flexibility for startup conditions during heat
transfer testing.

To account for measurement uncertainty, the UA guarantee value included a 3.3% margin to
account for instrument inaccuracy and known RCS hot leg thermal streaming.

Based on analysis of raw uncorrected data obtained at the time of the test, BWC calculated the
average overall heat transfer capacity for all four steam generators to be 9.68><107 BTU/hr-°F,
which is 4.2% above the guaranteed value. Table 6 summarizes the data used to obtain these
values.
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Babcock & Wilcox has further analyzed the startup data in order to verify that the steam
generators are performing as predicted. Catawba has a relatively accurate absolute RCS flow
measurement which can be used to calculate RCS hot leg temperatures. Using the measured RCS
flow to correct for streaming, adjusting the cold leg temperature to account for pump heat input,
and accounting for steam line pressure losses, BWC has calculated an average corrected UA of
1.00* 108 BTU/hr-°F, which is marginally above the BWC best estimate value of 9.98xlO7

BTU/hr-°F. The corrected data is shown in Table 7.

Following initial startup, moisture carryover testing was performed by NWT Corporation using
the potassium chemical tracer method. Duke Energy opted for the chemical tracer method rather
than a Na-24 radio tracer due to considerations related to handling a small but highly radioactive
Sodium-24 sample. A potassium tracer was selected because of the unknown corrosion
behaviour of the other alternate chemical tracers, sodium and lithium nitrate.

Accuracies of chemical tracer techniques are less than those associated with Na-24 radio tracer
due to chemical tracer detection limits and the small concentrations of tracer chemicals
downstream of the RSGs. For example the RSG steam drum liquid concentrations were
approximately 10 ppb and the feedwater concentration resulting from carryover is only 1.5 ppt.
Chemical tracer moisture carryover accuracy was maximized by using forward pumped heater
drain (FPHD) and moisture separator reheater (MSR) drains where typical concentrations
increased to approximately .015 and .025 ppb respectively. Moisture carryover based on
feedwater concentrations and second stage reheater drains were attempted; however the observed
concentrations were at, or near, the NWT detection limit for potassium and the concentration
increases were only approximately 10% of the background level. Because of the large associated
uncertainty, feedwater and second stage reheater drain measurements were not considered valid.

Table 8 provides the summary of the FPHD and MSR drain tank moisture carryover analysis from
two tests. The results varied from .039% to .057% moisture carryover which, despite reduced
accuracy relative to Na-24 was about 20% of the 0.25% limit.

Secondary side visual inspections and ECT inspections of the tube bundle were completed during
the first refueling outage in 1997. Visual inspections included secondary and primary deck steam
drum components, top of tube bundle, tube bundle U-bend restraint system, feedwater header,
downcomer and tubesheet region. All inspections were performed by personnel access through
the steam drum manway or remote inspections using a PTZ camera through a transition cone
handhole. Varying amounts of corrosion products were observed on different components.
Generally the deposition observed on the primary separator deck was loose granular particulate
matter and a pasty deposit was observed on the primary separator flow arm surfaces. A thin
fouling layer was observed on the tube bundle with no evidence of deposit bridging at support
locations. It was observed that some J-tabs were not contacting tubes which can be expected and
is indicative of J-tab support redundancy. ECT inspection of the tube bundle found no reportable
indications.
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McGuire Unit 1 Performance

The McGuire Unit 1 RSGs reached full power in June 1997. Heat transfer capacity and moisture
carryover testing similar to the Catawba Unit 1 tests were completed shortly following startup.

Like Catawba the heat transfer capacity UA was calculated from secondary side heat balance and
measured terminal point temperatures for comparison with the guaranteed minimum value of 9.29
x 107 Btu/hr/ft2. Results from testing each of the flow loops are provided in Tables 9 and 10
showing that the guaranteed minimum UA was easily satisfied. The corrected UA which
considers hot leg steaming and steam line pressure losses is negligibly less than the best estimate
value.

Like Catawba Unit 1 the moisture carryover was determined by NWT Corporation utilizing the
potassium tracer method for comparison to the guaranteed maximum of 0.25%. During the
measurement programs, the SG sampling system valves were configured to obtain samples from
the upper shell, however, since it is possible dilution of this sample with blowdown liquid
occurred as a result of sampling system valve leakage, two sets of MCO values were calculated,
i.e., one assuming that the source was the upper shell tap and the other that the source was the
blowdown tap sample. Since the RSG recirculation ratio is 5.74 at 100% power, the calculated
MCO values differ by < 0.01%. Table 11 provides results of the moisture carryover testing. The
overall average of the eight values is 0.047% which is approximately 20% of the 0.25%
guaranteed.

Catawba 1 water level responses were stable at all power levels. During the McGuire 1 start-up
the RSGs experienced both low power and full load water level oscillations. Catawba 1 utilizes a
digital feedwater control system and McGuire 1 has an analogue feedwater control system.
McGuire 1 did experience water level swings at less than 10% power which required constant
attention by operators. After analyzing McGuire 1 control system data and comparing with
Catawba 1 control system responses, control system tuning and operator experience have
improved level control stability for McGuire 1 at low power levels.

At full load for all 4 RSGs one of four narrow range water level instrumentation loops
experienced a 3% of range oscillation at approximately 1 Hz. Due to the lack of correlation
between the unstable loops and internal steam generator features and due to the excellent stability
of Catawba the oscillations are not attributed to the RSG design or thermal hydraulic
characteristics.
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CONCLUSION

Replacement steam generators supplied by BWC to Northeast Utilities, Rochester Gas and
Electric, Duke Power and Florida Power and Light have been designed for maximum reliability
and operability. Start-up performance testing at Millstone Unit 2, Ginna, Catawba Unit 1 and
McGuire Unit 1 have confirmed that the RSGs are meeting all expectations of performance. Heat
transfer, moisture carryover and controllability objectives have been met. First outage visual and
ECT inspections of the Millstone Unit 2, Ginna and Catawba Unit 1 RSGs confirms that the
steam generators are in excellent condition.
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Table 1
Steam Generator Parameters

Steam Generator Model

*fo. Steam Generators/Unit
NSSS Thermal Power Rating MWt

Unit Electric Power Rating MWe

In Service Date year

Design Life years

Dry Weight Ibm

Weight of Lower assembly Ibm

Tube Support Structure

U-bend Support Structure

Tube Support Material

Heat transfer Area ""2

TubMMaterial -Alloy
Number of Tubes

Tube Nominal O.D. in.

Tube Nominal Wall Thickness in.

Tube pitch in.
Full Power RCS T-hot (Design/Startup) "F

Full Power TCS T-cold (Design/Startup) °F _ ,

RCS Loop Flow/SG Ibm/hr

Full Load Steam Flow (Design) Ibm/hr
Full Load Steam Outlet Nozzle Pressure psia

Full Load Steam Temperature °F

Full Load Feedwater Temperature °F

(DesignL
Design Fouling Margin hr-ftz-

"F/Btu

Design Plugging Margin %
Circulation Ratio

ASME Secondary Side Design Pressure psia

ASME Secondary Side Design °F
Temperature

ASME Primary Side Design Pressure psia

ASME Primary Side Design "F
Temperature

Millstone Unit 2

OSG
CE - Series 67

2
2715

862
12/75

40
1.009,089

6 - Egg-Crate
2 - Partial Egg Crate

2 - Partial Support Plates

5 - Bat-Wing Supports

Carbon Steel
90,674

Alloy 600 MA

8519
0.750
0.048

1
594
548

74x10*6

5.9x10A6

880
529.3

435

0

0.0%

4.0
1015

550

2500

650

RSG
B&W- Series 67

Replacement
2

2715

862
1/93

40
1,070,400

676,800

7 - Lattice Grids

12-Flat-bar
Supports

SS Type 410S

93,500

Alloy 690 TT
8523

0.750
0.045

1
594/592.7

545.7/544.2
74x10A6

5.9x10A6

880
529.3

435

0

7.4%/0%

4.4
1015

550

2500

650

FPL, St. Lucle Unit 1

OSG
CE-Series 67

2
2710

900/839

12/76

40
1,024,317

6 - Egg-Crate
2-Partial Egg Crate

2-Partial Support Plates

5 - Bat-Wing Supports

Carbon Steel

90,109

Alloy 600 MA

8519
0.750
0.048

1
606
548

70 x 10A8
5.9x10*6

885
530
435

0.0003624

0%
4.1

1000

550

2500

650

RSG
B&W-Series 67

Replacement

2
2710

900/839

1/98

40
1,086,000

7-Lattice Grids

12-Flat-bar Supports

SS Type 41 OS

93,707

Alloy 690 TT
8523
0.750
0.045

1
597.6/594.8

548
71.05/75.57 x10A6

5.9x10A6

823/868
521.5/527.7

435

0.00005/0.00002

18%/0%

4.3
1000

550

2500

650

RG&E, Ginna Station

OSG
W- Model 44

2
1528

516/470

7/70

40
610,000

6 - Drilled Plates

4-Anti-Vibration Bars

Carbon Steel

44,430

Alloy 600 MA
3260
0.875

0.05

1.234

603.9
543.1

32.95 x10A6
3.3x10"6

755
514
425

0

15%
3.4

1100

556

2500

650

RSG
B&W - Model 44

Replacement

2
1528

516/470

6/96

40
632,400

8 - Lattice Grids

10 - Flat-Bar Supports

SS Type 410S
54,000

Alloy 690 TT

4765
0.75
0.043

1.019

603/601.7
544/545.4

33.36/34.95 x10A6

3.25/3.26 x10A6

787/877
516.3/528.9

425

0.00015/0.00002

20%/0%

5.3
1100

556

2500

650

Duke Power, Catawba Unit 1
& HcGuire Unit 1 & 2

OSG
W - Model D2/D3

4
3430

1129

6/85
12/81 3/84

40
736,000

8 - Broached Plates

4 - Anti-Vibration Bars

Ferritic Stainless

48,300

Alloy 600 MA
4568

0.750
0.043

1.0625

1020
547
440

1200

600

2500

650

RSG
B&W - Model D
Replacement

4
3430

1129

10/96
5/97 12/97

60
795,800

9-Lattice Grids

10-Flat-Bar Supports

SS Type 410S

79,800

Alloy 690 TT

6633

0.685
0.040
0.93

624.4/614.2
564.8/556.3

34.7/37 x 10A6

3.78x10A6

1020

547
440

0.000196/0.00002

20%/0%

5.7
1200

600

2500

650



Table 2
MILLSTONE UNIT 2 START-UP DATA

Parameter

Primary Flow (lbm/hr)

ThotC*)
Tco.d ( °F)
Feedwater Flow (lbm/hr)
Steam Pressure (psia)
Heat Duty (Btu/hr)

Foulingihr-ft2-°F/Btul

SG-1

Site Data
69.59xlO6

598.0
547.5

5.92x106

887.5
4.618xlO9

-

cmc
69.59x106

598.3
547.9

5.92x106

887.5
4.618xlO9

0.00002

SG-2

Site Data
70.74x106

597.0
547.0

5.94x106

880.3
4.638xlO9

-

CIRC
70.74xl06

597.1
547.1

5.94xlO6

880.3
4.638xlO9

0.00002

Table 3
Moisture Carryover Testing

Steam Generator No. 1
Steam Generator No. 2
System Avg.

Moisture Carryover
0.016%±0.003%
0.028%±0.002%

0.022%

Table 4
Ginna Startup Performance Measurement Results

Parameter

Thot(°F)

Tcoid (°F)

Tave(°F)

AT (°F)

Wpri (lbm/hr)

P (psig)

Loop A

587.9

530.6

559.3

57.3

35.39 xlO6

748.0

LoopB

590.5

531.5

561.0

59.0

34.25 x 106

748.0

Average

589.2

531.1

560.1

58.1

34.82x 106

748.0
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Table 5
Moisture Carryover Test Results for Ginna

Parameters

SG Power

Main FD Water Activity

Average SG Blowdown Activity

(CR-1)/CR

MCO Based on Main Feedwater
Sample
Heater Drain Tank Flow

SG Total Feedwater Flow

Heater Drain Tank Activity

MCO Based on Heater Drain Tank
Sample

Units

%

uci/ml

uci/ml

%

klbm/hr

klbm/hr

nci/ml

%

Sample #1 n

100

1.23E-06

6.76E-03

0.81

0.015

2002

6473

3.90E-06

0.015

Sample #2

100

1.22E-06

6.69E-03

0.81

0.015

2000

6471

4.11E-06

0.015

Sample
#3
100

1.27E-06

6.72E-03

0.81

0.015

2002

6474

4.15E-06

0.015

Sample #4

100

1.13E-06

6.67E-03

0.81

0.014

2007

6475

3.99E-06

0.015

ample #5

100

1.49E-06

6.60E-03

0.81

0.018

2008

6477

3.86E-06

0.015

Table 6
Uncorrected Data and UA Calculations for Comparison to Guarantee for Catawba Unit 1
Parameter

Hot Leg Temperature (°F)

Cold Leg Temperature (°F)

Calculated RCS Flow Rate (lbm/hr)

Feedwater Temperature (°F)

Feedwater Pressure (psig)

Feedwater Flow (Ibm/hr)

Steam Pressure (psig)

Calculated Steam Temperature (°F)

Blowdown Flow (lbm/hr)

Heat Duty (Btu/hr)

Log Mean Temperature Difference (°F)

UA (BTU/hr°F)

Guaranteed UA (Btu/hr°F)

Loop A

614.02

553.88

3.690 x 10'

439.29

1018.67

3.90 x 106

979.88

543.92

0

3.023 x 109

30.82

9.80x10'

9.29xlO7

LoopB

609.69

553.37

3.667 x 10'

439.09

1020.58

3.60 x 106

980.97

544.05

0

2.785 x 109

28.84

9.66x10'

9.29x10'

LoopC

613.98

553.42

3.584 x 10'

439.43

1030.45

3.81 x 106

981.31

544.09

0

2.953 x 109

30.07

9.82xlO7

9.29x10'

LoopD

612.84

554.28

3.660x10'

438.48

1016.97

3.76 x 106

980.77

544.03

0

2.912 xlO 9

30.76

9.47x10'

9.29x10'
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Table 7
Corrected Data and UA Calculation for

Comparison to Best Estimate Performance for Catawba Unit 1
Parameter

Corrected Hot Leg Temperature (°F)

Corrected Cold Leg Temperature (°F)

Measured RCS Flow Rate (lbm/hr)

Feedwater Temperature (°F)

Feedwater Pressure (psig)

Feedwater Flow (lbm/hr)

Corrected Steam Pressure (psig)

Calculated Corrected Steam Temperature
(°F)
Blowdown Flow (lbm/hr)

Corrected Heat Duty (Btu/hr)

Corrected LMTD (°F)

Corrected UA (BTU/hr-°F)

Best Estimate UA (BTU/hr°F)

Loop A

613.24

553.58

3.729 x 107

439.29

1018.67

3.90 x 10*

987.68

544.87

0

3.021 x 109

29.91

l.OlxlO8

9.98x10'

LoopB

608.56

553.07

4.046 x 107

439.09

1020.58

3.60 x 10*

988.77

545.00

0

2.784 x 109

27.89

9.98xlO7

9.98x10'

LoopC

611.79

553.12

3.804x10'

439.43

1030.45

3.81 x 10*

989.11

545.04

0

2.952 x 109

28.76

1.03 xlO8

9.98x10'

LoopD

611.87

553.98

3.851x10'

438.48

1016.97

3.76 x 10*

988.57

544.98

0

2.911 x 109

29.79

9.77x10'

9.98x10'

Table 8
Summary of Moisture Carryover Measurement at Catawba Unit-1

MCO Based on
FPHD

MSRDr. Tk.

Test No.
2
1
2
1

MCO, %
0.057
0.045
0.045
0.039
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Table 9
Uncorrected Data and UA Calculations for Comparisons to Guarantee for McGuire Unit 1

Parameter
Hot Leg Temperature (°F)
Cold Leg Temperature (°F)
Feedwater Temperature (°F)
Feedwater Enthalpy (Btu/lbm)
Feedwater Flow (lbm/hr)
Steam Pressure (psig)
Calculated Steam Temperature (°F)
Steam Enthalpy @ 0.047% MCO
Blowdown Flow (lbm/hr)
Thermal Load (109 Btu/hr)
RCS Calorimetric Flow (10* lbm/hr)
Log Mean Temperature Difference
(°F)
UA (Btu/hr-°F)
Guaranteed UA (Btu/hr°F)

Loop A
613.376
555.152
437.65

416.696
3.7163 x 10*

1009.821
545.768
1192.269

0
2.8823
36.397
29.485

9.78xlO7

9.29xlO7

Loop B
613.149
555.517
437.22

416.425
3.7773 x 10*

1010.633
545.865
1192.238

0
2.9305
37.383
29.680

9.87x10'
9.29x10'

Loop C
613.984
555.576
437.28

416.491
3.7743 x 10*

1011.27
545.935
1192.217

0
2.9278
36.793
29.888

9.80xl07

9.29x10'

LoopD
612.154
555.537
437.32

416.545
3.7523 x 10*

1010.157
545.808
1192.256

0
2.9107
37.753
29.300

9.93x10'
9.29x10'

Table 10
Corrected Data and UA Calculations for Comparisons to

Best Estimate Performance for McGuire Unit 1
Parameter
Corrected Hot Leg Temperature (°F)
Cold Leg Temperature (°F)
Feedwater Temperature (°F)
Feedwater Enthalpy (Btu/lbm)
Feedwater Flow (Ibm/hr)
Steam Pressure (psig)
Calculated Steam Temperature (°F)
Steam Enthalpy @ 0.047% MCO
Blowdown Flow (lbm/hr)
Thermal Load (109 Btu/hr)
Measured RCS Flow (10* lbm/hr)
Log Mean Temperature Difference
(°F)
UA (Btu/hr-°F)
Best Estimate UA (Btu/hr°F)

Loop A
613.28

555.152
437.65

416.696
3.7163 x 106

1009.821
545.768
1192.269

0
2.8823
36.48

29.457

9.7848x10'
9.98x10'

LoopB
612.026
555.517
437.22

416.425
3.7773 x 10*

1010.633
545.865
1192.238

0
2.9305
38.13

29.356

9.9826x10'
9.98x10'

Loop C
612.639
555.576
437.28

416.491
3.7743 x 10*

1011.27
545.935
1192.217

0
2.9278
37.66

29.502

9.9241x10'
9.98x10'

Loop D
612.281
555.537
437.32

416.545
3.7523 x 106

1010.157
545.808
1192.256

0
2.9107
37.67

29.337

9.9216x10'
9.98x10'
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Table 11
Summary of Moisture Carryover Measurements at McGuire Unit 1

Calculation Basis

Forward Pumped
Heater Drains
Forward Pumped
Heater Drains
Moisture Separator
Drains
Moisture Separator
Drains

Test No.

1

2

1

2

Average

SG Upper Shell
Sample Source

0.057

0.041

0.053

0.056

0.052

SG Slowdown
Sample Source

0.047

0.034

0.044

0.046

0.043
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Figure 2 - Primary and Secondary Steam Moisture Separator Arrangement
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Figure 3 - Flatbar U-bend Restraint System Arrangement
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Figure 4 - Lattice Grid High Bar/Low Bar Detail
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1600 MWT
740 PSIO

734 PSIG

1518 MWT

1500 MWT
720 P5I5

B8 132 176 220
Days

264 308 352 396 440

(Outage)

Figure 5 - Ginna RSG Steam Pressure and Core Thermal Power Trending
From 11/26/96 to 01/26/98
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DISCUSSIONS

Authors: R. Klarner, F. Steinmoeller, J. Millman, W. Schneider, Babcock & Wilcox

Paper: Design and Performance of BWC Replacement Steam Generators for PWR
Systems

Questioner: C. Turner, AECL

Question/Comment:

The design steam quality on the hot leg upper tube bundle is 40%, and inspection results indicate
deposits are heaviest in regions where steam quality exceeds 30%. Are you expecting heavy tube
deposits in the 40% steam quality region of your replacement SG's?

Response:

For a recirculating steam generator design with a circulation ratio of approximately 5.5, the
maximum quality is approximately 40% and occurs in the hot leg of the U-bend region. This
region is most susceptible to tube deposition and should be inspected. Simulations by BWC of
the Palo Verde steam generators showed that the upper bundle region which experienced
significant deposition correlates well with the region having more than 30% quality.
Experimental results have also shown significant increases in deposition rates with increases in
steam quality beyond approximately 30%. See Turner et al. "Reducing Tube Bundle Deposition
with Alternative Amines" (Session 3).

Questioner: B. Bussy, EDF

Question/Comment:

How do you explain the increase of pressure during the first cycle?

Response:

Increases in pressure have been observed in other stations and is the result of increased
nucleation sites relative to clean tubes. See Kreider et al. "A Global Fouling Factor Methodology
for Analyzing Steam Generator Thermal Performance Degradation" (Session 3) for a discussion
of other stations with similar results.

45



Questioner: S. Buhay, Ontario Hydro

Question/Comment:

For the B&W RSG "D" Style design with the "U-bend Flat Bar Support System", what stabilizer
approach is recommended when a primary side tube removal is performed?

Response:

The question is understood to relate to the need for vertical restraint where a tube section has
been removed and may require stabilization. Firstly, if a section of tubing is removed, the need
for stabilization if any should be determined. For a situation where the remaining tube is well
supported laterally, no stabilizer may be needed. Regarding vertical restraint, where a lower
section of tube is removed, the remaining U-bend "cane" may remain at its nominal location or it
may be left in contact with a vertically adjacent neighbour. Restoring the U-bend cane to
position, verifying position and securing it is a complex and tedious activity. Allowing the cane
to remain in contact with its in-service neighbour is considered to be an acceptable condition and
precludes the need for vertical stabilization (W. Schneider, Babcock & Wilcox).

Questioner: K. Bagli, OH/SESD

Question/Comment:

For the Millstone Inspection Results, you mentioned sludge particles %" by W. I would not
refer to these as particles. Do you know the nature and origin of these particles?

Response:

Millstone inspection reports referred to the W x W particles as sludge 'rocks'; however, the
report noted that they disintegrated under light pressure during retrieval attempts. No detailed
information on the nature or origins of these particles was available.
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STEAM GENERATOR TUBE SUPPORT PLATE DEGRADATION
IN FRENCH PLANTS : MAINTENANCE STRATEGY

Jean-Paul Gauchet (*) Nicolas Gillet (**) Marc Stindel (***)

CA0000199

ABSTRACT

This paper reports on the degradations of Steam Generator (SG) Tube Support Plates (TSPs)
observed in French plants and the maintenance strategy adopted to continue operating the plant
without any decrease of the required safety level.
Only drilled carbon steel TSPs of early SGs are affected. Except the particular dammage of the
TSP8 of FESSENHEEVI 2 caused by chemical cleaning procedures implemented in 1992, two
main problems were observed almost exclusively on the upper TSP :
-Ligaments ruptured near the aseismic block located at 215°. This degradation is perfectly

detectable by bobbin coil inspection. It occurs very early in the life of the SG as can be seen
from the records of previous inspections and no evolution of the signals was observed. This
damage can be detected for 51M model SGs on several sites.

- Wastage of the ligaments resulting in enlargement of flow holes with in some cases complete
consumption of a ligament. This damage was only observed for SGs of at GRAVELINES. This
damage evolved cycle after cycle.

Detailed studies were performed to analyze tubing behavior when a tube is not supported by the
upper TSP because of missing ligaments. These studies evaluated the risk of vibratory instability,
the behavior of both the TSP and the tubing in case of a seismic event or a LOCA and finally the
behavior of the TSP in case of a Steam Line Break.
Concerning vibratory instability it was possible to define zones where stability could not be
demonstrated. Damping cables and sentinel plugs were then used when necessary to eliminate
the risk of Steam Generator Tube Rupture (SGTR). For accidental conditions, it could be shown
that no unacceptable damage occurs and that the core cooling function of the SG is always
maintained if some tubes are plugged.
From this analysis, it was possible to define the inspection programs for the different plants
taking into account the specific situation of each plant regarding the damages detected. These
programs include bobbin coil inspections and special Motorized Rotating Pancake Coil (MRPC)
inspections when indication of ruptured ligament is obtained with the bobbin coil. It also
includes televisual inspection for GRAVELINES SGs.
Prevention of evolving damage observed in GRAVELINES was also dealt with. Erosion
corrosion of carbon steel of the TSP was identified as the root cause. The occurrence of erosion
corrosion was analyzed as the result of secondary chemistry and thermalhydraulic conditions at
the periphery of the upper TSP. In 1996 it was therefore decided to modify the secondary
chemistry by using morpholine instead of ammonia and by increasing the pH. Results of
inspections carried out at the end of the cycle in 1997 provided positive conclusions about the
efficiency of this modification.

(*) EDF, NPP Operations/Maintenance Department (**) FRAMATOME, Steam Generator Department
(***) EDF, Central Laboratories
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Steam generator tube support plate degradation in French plants :
Maintenance strategy

Jean-Paul Gauchet (EDF, NPP Operations/Maintenance Department)
Nicolas Gillet (FRAMATOME, Steam Generator Department)

Marc Stindel (EDF, Central Laboratories)

INTRODUCTION

The degradation of steam generator tube support plates (TSP), a phenomenon discovered in April
1995, applies to 51A and 51M type SGs (equipped with carbon steel drilled tube support plates).
The phenomenon affects 37 of the 48 SGs of this type.
In 1995, 755 tubes (including 224 at Fessenheim 2 and 274 at Gravelines 2) were plugged due to
this type of damage. 281 tubes were plugged due to TSP degradation in 1996 (mainly at
Gravelines 3 and 4 : 252 tubes) and only 11 tubes were plugged in 1997, showing that this
phenomenon has been brought under control.

1. BACKGROUND

TSP damage was first discovered in 1995, during an outage at Fessenheim 2, since eddy-current
inspection procedures previously required to check only the tube integrity and not the tube
supports.

• At Fessenheim 2, the damage mainly concerned TSP8 (8th tube support plate) on two of the
three SGs, and was caused by chemical cleaning procedures implemented in 1992. In fact, the
damage was due to an overly high flowrate of reagent, leading to a local wastage of the plate.
Eddy-current inspections with a bobbin coil (BC) on SG3, review of reports made during
previous inspections, RPC10 (usual rotating probe coil) and televisual inspections have
shown:

• total wastage of the TSP8 around the 12 tubes where the phenomenon was discovered ;
• partial wastage of TSP8 in the same zones : anti-seismic support 215° 30 (ASB 215°) for 102

tubes on one steam generator and 82 tubes on another one ;
• presence of star pieces of tube support plate 8 ("yo-yo" like structures of material around the

tubes and flow holes) on the 7th tube support plate, geometrically in line with the damage
observed on TSP8 ;

• presence of all these above observations at inspection performed in 1993, but not before
chemical cleaning of 1992.

• From April to August 1995, much more limited damage was observed during eddy-current
inspections at Saint-Laurent B2, Dampierre 4, Blayais 1 and Tricastin 2. This damage
generally occurred very early in the life of the component and has not evolved since. It
consists of partial fragmentation of ligaments between flow holes and tube holes, near ASB
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215°, and/or abnormal eddy-current signals, especially from tubes close to welding pins for
patch plates.

In August 1995, during inspection at Gravelines 2, a review of the records showed that a large
section of TSP8 was affected by some damage on two steam generators. Televisual inspection
and correlations between televisual and eddy-current inspections indicated that this damage
was evolving, with a progressive loss of ligaments due to wastage. In 1996, the same
degradations were also observed on Gravelines 3 and 4 SGs.
A review of BC inspections and analyses of previous inspection data on all of the 51A and
51M SGs have provided a list of the SGs affected and determined if damage was evolving or
not.
To evaluate the extent of this damage, anticipate other possible damage and define a
maintenance strategy, a Design Review of SG Internals was undertaken by EDF and
FRAMATOME. The main results for TSP degradation are reported below.

2. DAMAGE ANALYSES

With regard to nature and origin of tube support plate damage, the SGs 1 and 3 at Fessenheim 2
(chemical cleaning performed) must be distinguished from the other 51A and M steam
generators.
For the latter, damage observed can be divided into three categories.

2.1. TSP ligaments ruptured in front of ASB 215° (tubes not showing changes in the BC
signal)

Broken ligaments are located around the closure of the tube bundle wrapper and the bundle anti-
rotation system ; it concerns only 51M type SGs. These observations can be made very early in
the life of the SGs; they are perfectly identifiable from phase-shifted bobbin coil signals during
the pre-service inspection, or during the initial inspections, or after two cycles, and do not change
over time.
Due to their early apparition, work was undertaken to identify at which stages of fabrication,
erection, or start-up, high stresses could be produced. This work included tests of representative
mock-ups, specific instrumentation of steam generators during fabrication and refined
mechanical analyses. It was also necessary to take into account that for more recent SG models,
these ruptures of ligaments do not occur.
Finally it was possible to conclude that the ruptures on SG 51M occurred because of a
combination of material properties (drilled carbon steel TSPs), mechanical design of SG internals
and stresses introduced at different stages of fabrication.

2.2. Wastage of TSP ligaments (tubes with bobbin coil signals that change over time)

The televisual inspections of SGs at Gravelines 3, in 1996 confirmed the hypotheses developed
during televisual inspection of the Gravelines 2 SG, in 1995: the progressive wastage of
ligaments results from Flow-Assisted Corrosion (FAC) which results in enlargement of the water
flow holes at TSP8.
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Analysis of televisual inspections carried out in 1996 on 16 SGs and of chemical and
thermalhydraulical studies has confirmed the different mechanisms behind this damage to tube
support plates. It was therefore decided to change the water chemical treatment of the Gravelines
units (from ammonia to morpholine), starting with Gravelines 3 and 4, and to study the impact of
different chemical parameters, in particular the hydrazine concentration influence. This
programme is performed using a dedicated loop in EDF Laboratory.
The switch from ammonia + hydrazine to a combined morpholine + hydrazine + ammonia
treatment on units 3 and 4 allowed increasing the PH at the TSP level at operating temperature. A
new eddy current probe, more specific and avoiding spurious signals (see section 2.3) has also
been used ; NDT results confirmed by televisual inspections were satisfactory :

- During the 1997 outage at Gravelines 4, only a few tubes were plugged because of TSP
degradation (morpholine treatment implemented in 1996, three months after start of the fuel
cycle).
- No tubes plugged because of TSP degradation at Gravelines 3 during 1997 outage (morpholine
treatment implemented in 1996 at the beginning of the fuel cycle).
Furthermore, a thermalhydraulical analysis and use of the BRT Cicero Code developed by EDF
show that FAC appears in the hot leg, and more specifically at the 8th plate in a zone which
corresponds to the damage observed at Gravelines 2, 3 and 4.
A detailed televisual inspection to locate FAC occurrence on the TSPs of the SG removed from
Gravelines 2 is continuing. The primary goals are to refine our understanding about the precise
location where FAC occurs and to increase the accuracy of the predictions obtained with the
codes.

2.3. Tubes with no TSP damage but with abnormal BC signals

For tubes near patch plate welding pins, televisual inspections and use of a new rotating probe
(STF) which discriminate between BC artifacts and actual ligament rupture were performed.

Except two or three cases, no rupture was observed.
In some few cases, the televisual inspection did show an overlap of the pin weld for the tubes
with BC signals but generally no degradation was noted.
Again, these BC signals have not changed since the pre-service or initial inspections. These
abnormal BC signals are caused by the specificity of the pin welds. Similar cases have been
observed on foreign units.

3. SAFETY ANALYSIS

The safety analysis for the plants affected by TSP damage was carried out by EDF and
FRAMATOME. To evaluate the short and long-term corrective and preventive measures needed
for the steam generators involved, studies were performed to determine:

- Impact of actual or potential degradation on internals and consequences on tube vibrational
behavior and fatigue resistance.
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- Impact of considering an anti-seismic support ineffective and consequences on tube integrity
under faulted conditions, such as LOCA or safe shutdown earthquake (SSE).

3.1 Vibrational behavior of tubes when upper TSP is damaged

The CAFCA4 code, developed jointly by EDF and FRAMATOME, was used to characterize
flow patterns and associated energy in the secondary side of steam generators.

Results were used for vibrational analyses. The following cases were analyzed :
- upper tube plate without degradation (baseline);
- upper tube support plate with observed degradation ;
- upper tube support plate with conservative evolution of the degradation ;
- upper tube support plate with conservative evolution of the degradation and with the tubes in

the degraded zone being plugged.

The vibrational analyses were carried out using the GERBOISE computer code (developed by
FRAMATOME and CEA) and "GEVffiUS", developed by EDF. This last code is based on an
advanced methodology for predictive analysis of the flow-induced vibration of tube bundles
subject to cross-flow.
These different analyses enabled identifying the tubes potentially at risk of rupture by fatigue due
to vibrations. Based on these analyses, areas where these tubes were located were defined to
receive specific attention for maintenance (see section 4).

3.2 Impact of TSP degradation on tube bundle integrity for loss of coolant accident or
seismic conditions

Under faulted conditions, the TSPs are subjected to loads that transit between the tube bundle
and the SG shell, at the level of the anti-seismic supports. Zones near the supports therefore
experience heavy stresses.
Local degradation of a TSP in one of these zones results in a localized loss of plate stiffness and
in the redistribution of forces, with increased loads exerted on the other anti-seismic supports.
Specific models and methods were developed to evaluate the behaviour of TSPs and tubes. In
particular, an elastoplastic model more precisely determines the effect of horizontal loadings on
tube integrity.
TSP yielding occurs and deformation of flow holes causes "pinching" of SG tubes. It is therefore
necessary to analyze the risk of tube rupture and the impact of reducing the primary fluid cross-
section on SG operation in faulted conditions.

Risk ofSG tube rupture

Specific tests were performed to characterize the behavior of tubes internally pressurized when
pinched by TSP deformation. Testing involved undamaged or corroded tubes and portions of
plate damaged by rupture or wastage of TSP ligaments. Tubes were subjected to increasing
pinching until rupture occurred.
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Analysis of the results shows that tube rupture can occur in some zones Where deformation can
be considered as "critical" under Safe Shutdown Earthquake (SSE) but not under LOCA
conditions.

Risk of loss ofSG core cooling function

The risk of loss of the SG core cooling function is related to a reduction of the primary fluid
cross-section of the tube bundle. The extent of this reduction is determined on the basis of the
number of pinched tubes.
For SSE, the resulting loss of heat transfer area is compared with the allowable reduction. For
LOCA, differential pressure changes are such that secondary side pressure becomes higher than
reactor coolant pressure and possible tube collapse must be taken into account. Specific tests
were therefore performed to establish a correlation between the extent of pinching and collapse
pressure. Analyses were performed taking into account observed or assumed degradation of the
TSPs.
For each accident, each type of SG and each kind of degradation, the zones of tube/TSP
interaction were determined and the impact on safety evaluated.
It was shown that the number of tubes likely to be pinched as a result of TSP degradation is
sufficiently low to maintain SG function during SSE and LOCA. The study also enabled
identification for SSE of tubes vulnerable to rupture in case of TSP degradation.

3.3 Harmfulness of loose parts

Analysis shows that all loose parts, whether actual or potential, will not cause a steam generator
tube rupture (SGTR), when the frequency of NDT for 51A and M SGs is 100% BC inspection
every two cycles and 100% BC of the two most peripheral rows at each cycle.

4. MAINTENANCE STRATEGY AND POLICY

The maintenance strategy concerning damage to tube support plates on 51A and M SGs is based
on operating experience and results of studies performed for the Design Review. It takes into
account the possible evolution of damage observed on some SGs and results in :

- equipping the tubes in the vibration risk zones (defined in section 3.1) with a damping cable to
prevent instability of the tube and fatigue rupture in case of loss of support occurring during the
next cycles;

-preventively plugging the tubes vulnerable to rupture by pinching for degraded TSP
experiencing an earthquake (SSE).
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The major aspects of the maintenance policy are as follows:

- SGs with damage that may evolve :
During each outage, BC inspection of tubes, in zones where rupture has been identified as
possible under faulted conditions in case of TSP degradation, is performed to identify tubes with
signals indicating plate fragmentation. Plate/tube intersections that show indications of
fragmented plate are subjected to an additional non destructive testing with STF rotating probe
on order to confirm the fragmentation.

- SGs without damage that may evolve :
The usual inspections as required by the Basic Preventive Maintenance Program are adequate.
No additional BC inspection is required, since the tubes with plate fragmentation are known
based on reviewing the last 100% BC inspection. Only additionnal STF inspection is required in
tubes where BC indicated fragmentation in order to confirm it.
Cables were installed in 1996 at Fessenheim 2 and Gravelines 3 and 4.
In 1995, as all the studies were not completed, sentinel plugs were used to immediately ascertain
any tube damage which may occur. Some of them have been replaced by damping cables during
the next outages.

5. CONCLUSION

After first degradations appeared on internals of SGs, EDF and FRAMATOME carried out a
Design Review to understand the causes of damage, and to anticipate eventual new damages.
This Review led to defining in relation with the French Safety Authority a long term policy for
inspection and, when necessary for repair of the Steam Generators. Main work was concentrated
on 51 model SGs but other models were also analysed by comparison with 51 SG model. Only
the work related with TSPs was reported here.

The final aim of this Review, which was to define a maintenance strategy for continuing
operation under good safety conditions in spite of problems encountered, was reached.
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DISCUSSION

Authors: J.P. Gauchet, N. Gillet, M. Stindel, EDF and Framatome

Paper: Steam Generator Tube Support Plate Degradation in French Plants: Maintenance
Strategy

Questioner: R. Crovetto, Betz-Dearborn

Question/Comment:

(1) Did you consider, as chemical maintenance, to prevent FAC by increasing the O2 levels in
the SG?

(2) Is there any correlation between chemical cleaning and the support plate deterioration?

Response:
(1) French strategy about chemical maintenance is first of all to protect tube bundle against

IGA ODSCC. So the secondary conditioning has to be a reducing environment. So we do
not favour oxygen addition. About FAC, the problem can be put under control with other
means such as pH.

(2) No, except for the special case of Fessenheim 2 where TSP degradation is due to a problem
of implementation of chemical cleaning hoses.

Questioner: K. Bagli, OH, SESD

Question/Comment:

(1) You have placed a lot of emphasis on the mechanical maintenance strategy. My feeling is
that the change in chemistry from ammonia to morpholine/hydrazine has also played a key
role. Your comments please?

(2) Your TSPs are suffering from FAC. Low chromium, copper, molybdenum play a vital role
in FAC of carbon steel. What is the material specification of your CS TSPs? What is the
chromium content?

Response:

(1) Yes, we agree that the change of chemistry played a significant role in stopping FAC.
(2) Chromium is not specified for the CS of TSP and the content of the TSP of GrA2 (after

analysis) is very low (0.02%).
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Questioner: M. Wright, AECL, CRL

Question/Comment:

Regarding the ruptured ligaments, I have been looking for examples of SCC of C-steel since we
found SCC in a carbon steel feeder pipe at the Point Lepreau Generating Station. Would you like
to comment on its possible role in this case?

Response:

The SCC phenomenon is not possible in this case because rereading BC signals during pre-
service inspection identifies the broken ligaments signals.

Root cause is not perfectly known but work was undertaken to identify at which stages of
fabrication, erection, transport, high stresses, could be produced. Finally, it was possible to
conclude that the rupture ligament occurred because of a combination of material properties
(drilled CS TSP), mechanical design of SG internals and stresses introduced at different stages of
fabrication. For maintenance strategy the important thing is that this kind of degradation is not
evolutive and concerns only a few tubes.

Questioner: Gorman, DEI

Question/Comment:

Have you quantified the FAC rate after the chemistry change to morpholine?

Response:

We have not been able to quantify exactly the FAC rate with morpholine, but it is clearly better
than with ammonia. In fact, televisual metrology examination of Gravelines 3 and 4 after one
full cycle with morpholine show no loss or thickness for ligament, confirmed by an appearance
of the surface of TSP (and flow hole) repassivated. FAC kinetics in morpholine are 0 (with high
pH) at GRA3 and GRA4. At Fontevraud IV (September 1998) there is a paper about FAC
modelling at GRAVELINES before and after the switch from ammonia to morpholine.
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STEAM GENERATOR MANAGEMENT AT
ONTARIO HYDRO NUCLEAR STATIONS

J. Nickerson, AECL Sheridan-Park
CA0000200

C.C. Maruska, Ontario Hydro

ABSTRACT

Managing ageing steam generators involves costly decisions for the utility, both
in terms of the cost of the maintenance activities and in terms of having the unit
shutdown and consequent power loss while performing these activities. The
benefits of these activities are seldom guaranteed and are sometimes very
intangible. For nuclear utilities the most pertinent questions that arise are have
we identified all the problem(s), can we predict the risk due to these problems?
Can we implement corrective and preventive activities to manage the problem
and what is the optimum timing of implementation? Is the money spent
worthwhile, i.e. has it given us a return in production and safety? Can we avoid
surprises? How can we tangibly measure success? This paper touches briefly on
all the questions mentioned above but it mainly addresses the last question:
"how can we tangibly measure success?" by using several success indicators
proposed by EPRI and by applying them to actual Ontario Hydro experience.
The appropriateness of these success indicators as the means to assess the
success of these programs, to feed back the results, and to enhance or revise
the programs will be discussed.

INTRODUCTION

Steam Generators are large heat exchangers that transfer the heat from the reactor coolant to
make the steam that drives the turbine generator. The steam generators at Ontario Hydro (OH)
are shell and tube heat exchangers with several thousand tubes each. There are 4, 8 or 12
steam generators in each OH reactor unit for a total of 176 steam generators with
approximately half a million tubes in-service for the utility. A critical sub-component of the steam
generator is the tubing. At Ontario Hydro three different types of tubing alloy have been used:
Inconel 600 at the Bruce A and B units, Incoloy 800 at the Darlington units and Monel 400 at
the Pickering A and B units.

The steam generator has two main functions: integrity, as an important barrier between the
radioactive primary fluid to the non-radioactive secondary fluid, and thermal performance, i.e.
the production of steam for the turbine generator. To act as a barrier, the tubing must be
essentially free of cracks, perforations, and general deterioration. Widespread tubing
degradation has been occurring world wide at a large number of plants and also at Ontario
Hydro, (EPRI Progress Report, 1997). This deterioration has resulted in very large scale
mitigative action programs which include: tube inspection and plugging, chemical cleaning and
high pressure water lancing, internal and external modifications and repairs. Ultimately, at
Ontario Hydro, tubing degradation has also been one of the main reasons for premature
shutdown of two units.

The role of steam generator Life Cycle Management (LCM), as defined by EPRI (Welty, 1990),
is to optimize steam generator operation relative to safety, reliability and cost-effective
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maintenance. The purpose of such a program is to identify age-related degradation
mechanisms, assess cumulative damage to date and predict future risk due to this damage.
With this information, one can identify possible counter-measures. A formal LCM program
assesses the cost-benefit of each and defines an integrated set of such counter-measures in a
program document that takes into account the objectives of the station and the utility.

The general approach used at Ontario Hydro to prepare and implement steam generator LCM
programs was developed over the past 6 to 7 years, see for example the LCM program
development for BNGS-B (Maruska, 1994). The process at OH has not been altogether uniform
from station to station and has evolved with time as lessons are learned. The suddenness of
the onset of major degradation modes in some OH plants has resulted in largely reactive steam
generator programs being implemented.

For OH plants not yet experiencing major steam generator degradation there is a drive towards
more proactive programs as both internal and external experience have strongly indicated the
need to be vigilant well into the future due to the possibility of new or unexpected degradation.
Table 1 gives a brief summary of the various problems experienced at Ontario Hydro, the
possible contributing factors, and a summary of counter-measures implemented to date to
address them. For up to date descriptions of these programs, see references quoted (Tapping,
Nickerson et al, 1996 and Tapping, Maruska et al, 1998).

In a very simplified form, LCM programs are based on the Shewhart-Deming Cycle, the Plan
Do Check Adjust cycle (PDCA), (Deming, 1986). The bulk of this paper discusses the Check
part of the cycle. In order to maintain or improve steam generator performance one needs to
check or to measure the effect or success of the programs that may be in place.

There are two very important criteria for these success measures. Good performance
measures should be forward looking, and their interpretation should effectively determine the
action(s) that need to be taken, either to continue or to change the present program of
activities. This requires performance measures which are clear, valid and relevant and which
somehow can be projected into the future in order to be able to adjust programs and direct
attention and effort to achieve the objectives set out by the utility or station.

HOW CAN WE TANGIBLY MEASURE SUCCESS?

This paper builds on some of the success measures suggested by EPRI (Welty, 1990) and
includes: forced and planned station incapability due to steam generators, number and rate of
forced outages due to steam generator problems (usually due to tube leaks), tube plugging and
inspection trends which can be used to trend degradation and in turn allow end-of-cycle
condition and end-of-life predictions, the ALARA principle on dose consumed for steam
generator activities, and the predicted gain/loss in terms of production achieved through these
activities. All of these measures mentioned above will be discussed in this paper. The
appropriateness of these indicators as the means to assess the success of LCM programs and
to feedback the results to enhance or revise the programs will also be discussed.

These are just a sample of indicators that may be used. There are other measures which may
not be so readily quantifiable but which are also critically important including: safety measures,
such as meeting regulatory end-of-cycle requirements, increasing regulator confidence or
lowering overall probability of tube ruptures.
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There are also a number of measures which are more readily quantified and are shorter term
but can not be so readily related to the objectives of the unit/utility. These include measures on:
factors which may impact on degradation: amount of deposits removed due to cleaning,
chemistry improvements, lowering impurity levels in the steam generator, amount of condenser
leakage, etc.

Station Incapability due to Steam Generators.
Forced and planned station incapability due to steam generators as a function of time is shown
in Figure 1 for all Ontario Hydro units since the first unit went in-service in 1971 (PNGS-A, Unit
1). Although the total amount of incapability is important, it is the ratio between the forced and
planned incapability that is the more interesting and telling aspect of this graph. Forced
incapability means that an unexpected development took place leading to immediate shutdown
and consequently lack of time for proper analysis and preparation. Unplanned actions invariably
incur high cost. Planned incapability, as the term indicates means a pre-scheduled shutdown;
consequently reasonable time was available to plan actions and resources thus lowering overall
cost.
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Figure 1 Forced and Planned Incapability due to Steam Generators - OHN All Units

The ratio of forced to planned incapability, as well as the total incapability, improved in OH
following the truly disastrous year of 1992 (where capacity factor losses reached 14.1%, mostly
forced) up until 1996. This was an indication that steam generator programs were achieving
the objective, i.e. degradation management, but overall, capacity losses were still below
standard and in 1997 a new degradation mode at BNGS-A once again increased significantly
the station incapability due to steam generators.

The average OH capacity loss in the last ten years has been about 5%. By comparison, during
the last 10 years the capacity factor loss due to steam generator problems in the U.S. has
averaged 2.5%. In 1996 the U.S. capacity factor loss was 2.3% of which 0.7% was due to
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steam generator replacement and 1.6% was due to steam generator tube problems (EPRI
Progress Report, 1997).

Based on U.S. and world experience capacity losses due to steam generators should stay
between 2 to 3%, all of it planned.

Station incapability is a good indicator of steam generator performance but can not be used in
isolation of information from other station information. For example, incapability due to steam
generators seemed to have decreased dramatically in 1996. On a first assessment this seemed
to indicate that the steam generator problems were finally resolved perhaps due to the large
amount of work carried out post 1992. However, this was not the total picture, several units
were shutdown for other reasons in that year which meant that many steam generators were
simply not operating. Also of concern is the trend appearing in 1997 reflecting the most recent
degradation mechanism found at BNGS-A (ODSCC and PWSCC at the tubesheet) indicating a
new set of problems and actions which also reinforces the need to be ever vigilant of new
developments.

Forced Outage Rate

Another good indicator of the ability to manage steam generator performance is the rate of
forced outages. Figure 2 shows the number of forced outages due to steam generator
problems, mainly due to tube leaks, with time for all OH units since the first unit went in-service.
By dividing the number of forced outages by the number of operating units a forced outage rate
can be obtained.
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Figure 2 Number of Forced Outages due to SG Problems, mainly Tube Leaks OHN - All Units

The average forced outage rate for OH from 1971 to 1996 was 0.09 but there have been some
years in OH experience where the forced outage rate reached 0.5. The average rate compares
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favourably with the average forced outage rate in the U.S. for 1975 to 1996 which was 0.19
(EPRI Progress Report, 1997). However, in the U.S. there has been a steady trend of
improvement. The 1996 forced outage rate in the U.S was 0.03.

Ideally, the long-range goal should be to have no forced outages due to steam generator tube
leaks. The best way to achieve this is to know and predict the actual condition of the tubes. See
next indicator on inspection and plugging trends.

Tube Inspection and Plugging Trends

The number of tubes plugged (left y-axis) and the number of tubes inspected (right y-axis in
plot) for all OH units since the first unit went in-service are plotted in Figure 3. Plugging and
inspection trending on a per unit and per mechanism basis trends the progression of
degradation with time and leads to predictions of end-of-cycle condition and also, when all
degradation mechanisms are combined, to end-of-life projections for the particular unit's steam
generators.
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Large scale inspection campaigns, i.e. in the order of thousands of tubes, using a variety of
Non Destructive Examination techniques did not start until after 1989 (at this time OH acquired
much of the technology required for these campaigns). There was very little inspection
performed prior to this time that resulted in no real knowledge of the actual condition of the
tubes. The large number of steam generators per OH unit, smaller tubes, reactor heat sink
requirements and deep ID magnetite layer require specialized inspection technology and makes
it difficult to inspect all the tubes in a single outage without greatly extending the outage. Hence,
there is an ever-increasing demand to improve speed and quality of inspection methods and
techniques.
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To project into the future and make valid end-of-cycle or end-of-life predictions, good, reliable
in-service information is essential. In OH experience this information has been generally poor,
especially for early operation, which sometimes has forced projections to be made on the basis
of one point in time. In addition, in OH experience, the steam generators have demonstrated
variations in behaviour, within the same plant, within the same unit and sometimes within the
same steam generator. Inspection sample sizes have seldom been sufficient to account for this
variation which has led to some very unpleasant surprises occurring at the worst possible time.

Inspection and plugging trends are good indicators of the health of the steam generator and of
the reliance one can place on end-of-cycle condition and end-of-life predictions. However,
inspection and plugging data remain merely information until some judgment is applied and
must be supplemented with other forms of information such as root cause investigations,
inspection capability verification, and other monitoring activities and analysis in order to truly
understand the behaviour of the degradation mechanism. Ideally, there should be a steady
amount of inspection being carried out continuously according to a program of inspection suited
to the component and a steady decrease in the amount and rate of tube plugging if LCM
activities are implemented effectively.

ALARA

Worldwide advances in tube inspection tube plugging and tube removal methods and
technologies have led to a very dramatic decrease in the amount of dose consumed for these
activities. Ontario Hydro adopted much of this improved technology over time, with the resultant
decrease in total dose consumed in steam generator activities.
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This is very evident in Figure 4 which plots the amount of dose consumed per tube inspected
(logarithmic y axis on the right), and also plots the amount of dose consumed per tube plugged
or removed from the steam generator (normal y axis on the left) with time for all units at OH
since in-service. This information was extracted from in-service reports from all units.

The amount of dose consumed per tube inspected has decreased by several orders of
magnitude since 1971, while the amount of dose consumed per tube plugged or removed from
service has decreased by at least an order of magnitude. This has led to a significant savings in
dose consumed, in the order of hundreds of rem [100 rem = 1 Sievert]. It is worthwhile to point
out that the large inspection and plugging campaigns of today would not really be possible had
not these advances taken place. Dose consumed through steam generator activities should
continuously decrease with time through improvements in methods and techniques.

Predicted and Actual Production Gain/Loss due to Steam Generator Activities
and Problems

PNGS B is a four unit station which has been in-service since 1984 (PNGS-B Unit 5 or P5 was
first in-service). These units have 12 steam generators per unit, tubing is made with Monel 400
alloy. In this type of analysis PNGS-B will be used as a specific example although it could be
applied to any other station.

In late 1991 following a boiler tube leak that resulted in a forced outage, P5 was found to have
extensive pitting of the boiler tubing caused by under-deposit corrosion, see Table 1 for more
details. The pitting degradation rate was extremely high before any mitigative action took place.
Major rehabilitative work was started in 1992, which included inspection and tube plugging,
major water lancing and cleaning campaigns, upgraded chemistry control, and major
modifications to the secondary side system to replace all copper bearing components including
the condenser.

These actions appear to have been successful since, to date, the degradation rate decreased
to almost non-detectable by NDE techniques. The other 3 units have a similar tube alloy and
were also at high risk (P6 also had a forced outage due to a tube leak in 1992, pitting
degradation was also found recently in P8) therefore the rehabilitative actions were carried out
on all 4 units.

These actions were carried out in a pre-determined schedule since 1992 and are almost
complete (completion expected in 1999). Further preventive actions are planned for the life of
the plant but the cost/benefit of these actions is not included in this particular analysis. The total
actual cost of the rehabilitative programs amounted to about $185 Million (Can.), not including
downtime.

A simple analysis was carried out to determine if the actions carried out gave a return on the
investment in terms of power production. Figure 5 plots the actual station incapability from 1990
to 1996 plus a hypothetical case which assumes no rehabilitative actions were undertaken on
any unit and only code minimal inspection/plugging took place (as shown by the dotted line).
The difference between the two cases shows an initial gain in capacity (in 1992 and 1993), the
predicted situation changes as the degradation in P5 reaches the point were the steam
generators are no longer operable causing the unit to shutdown for major repairs or waiting for
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steam generator replacement. This causes the large predicted increase in capacity loss in and
after 1994.

Degradation due to pitting would also have affected the other three units in time increasing the
predicted capacity loss post 1995.
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Unfortunately, actual station incapability reached 49 %ICbF in 1996 due to other causes
unrelated to steam generators. The costs associated with large steam generator programs can
not be recovered if the units are not operating, therefore the analysis was stopped at this point.

Figure 6 depicts the predicted gain/loss in terms of power production (MW-h) and cost ($) for
the predicted scenario discussed above in Figure 5. The predicted initial gain would have
amounted to about 95.3M$ (all cost is computed using the value of power at the time in $/MW-
h) in recovered outage time (i.e. time not spent performing corrective measures). Add this cost
to the 185M$ of the cost of the corrective maintenance activities themselves and the total cost
of all steam generator corrective actions for PNGS-B was about 280.3M$.

However, increasing steam generator degradation and the subsequent loss of the units for long
term major corrective measures (which may have included steam generator replacement)
would have cost the station 209.6M$ in lost production to the end of 1995. By the end of 1995
all but 70.7M$ was recovered.
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This indicator is also a good one to calculate to assess the success of past performance and to
determine if the counter-measures should be continued or strengthened in the future, but it
does exemplify the fact that the steam generators are not isolated components in the unit. The
performances of other components have direct and indirect impact on the operation and cost
effectiveness of the steam generators.

SUMMARY AND CONCLUSIONS

The performance measures discussed in this paper all are good measures of the overall
success of steam generator LCM programs. However, In order to be able to project into the
future and determine future changes to the LCM programs no single measure is enough. A
combination of all the above supplemented by indicators related to other aspects such as safety
or some shorter term measures related to the success of individual LCM program activities is
needed. These steam generator specific measures can not be used in isolation and must also
be supplemented with information from other components or other sources that complete the
total picture for the unit or station.

The success of the LCM programs implemented has been mixed for OH units, which
demonstrates that the benefits of the LCM program are not guaranteed. Predictions made
through the program that do not match the actual outcomes need to be reviewed and revised
accordingly in an ever-continuous circle of improvement. It is important also to realize that not
only is the steam generator ageing, so are all the other components in the unit and the extent of
ageing in other reactor unit components may not be fully accounted for.
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Table 1
Summary of Steam Generator Problems and Countermeasures

UNIT PROBLEM
Pickering-A Pitting/wastage in top of

tubesheet area mainly in
Unit 1

RIHT rise (loss of thermal
performance)

Pickering-B Pitting/wastage in top of
tubesheet area and at
support-plate broaches
RIHT rise (as in PGA)

Tube fretting due to debris

Shallow erosion of tubes at
supports (unit s 8, 7)

Bruce-A IGSCC/IGA in U-bend at
scallop bars.

IGSCC/IGA @ tubesheet on
secondary side (discovered
in 1997)

PWSCC at tubesheet in Unit
4 (discovered in 1997)
Shallow pitting in top of
tubesheet area

Boiler level oscillations.
Fatigue

Tube fretting due to debris
Scallop bar corrosion

Bruce-B Fretting of tubes at U-bend
and top support plate.

Possible tube SCC at TS
similar to BNGS-A

Tube fretting due to debris

Shallow pitting.

Darlington Shallow U-bend tube fretting
No other major problems to
date

CONTRIBUTING FACTORS
Deep sludge piles.
Poor chemistry control (for all Pickering
units) for some time. Impurity ingress
due to condenser in-leakage
Primary side fouling?
Divider plate leakage.
Sludge piles; heavy deposits; impurity
ingress due to chronic condenser in-
leakage. Secondary/primary side
fouling. Poor chemistry control (for all
Pickering units) for some time. Mixed
Cu/Fe secondary side system.

Debris left maintenance activities, pre
or in-service
Unknown at this time

High-induced stresses due to locked
tube supports, denting of tubes at
scallop bar intersections and "jacking"
of scallop bars due to carbon steel
corrosion. Lead (Pb) contamination in
Unit 2 accelerated cracking. Some
fatigue/corrosion fatigue involvement.

Unknown at this time. Tube stresses,
susceptible material, hard sludge piles
and acid excursion may have
contributed to mechanism
Unknown at this time

Presence of sludge pile and possibly
acidic sulphate conditions due to WTP
excursion
Fouling of upper support plate.
Excessive vibration

Debris from maintenance activities
Unknown. Possibly crevice corrosion
under deposits/acidic conditions. May
be some flow assisted corrosion also
Excessive clearances of U-bend
supports

Susceptible material, stress,
environment

Debris left from maintenance activities
pre or in-service
Possible acid and caustic excursion
(WTP in 1989) or may be due to start-
up oxygen transients

Under investigation at this time

- OHN All Units
COUNTERMEASURES

Waterlancing and crevice chemical
cleaning carried out in Units 1 and 2.
Inspection and plugging of tubes.

Primary side cleaning of straight legs in
Unit 1 (produced no improvement in RIHT)
Manage pitting degradation. Massive
inspection and plugging in Unit 5. Tube
removals. Chemistry upgrading in all units.
Chemical cleaning and water lancing of
deposits in all units. Removal of all Cu
components in secondary system,
including condenser (all units to be finished
end of 1997). Sleeving developments
Minimal inspection only to code

Inspection trending

Large inspection and plugging campaigns.
Tube removals Release of stresses by
unlocking supports. Feedwater chemistry
upgrading. Secondary side chemical
cleaning and wateriancing carried out in
Units 1,3 and 4. Removal of Cu
components including condenser in Units 3
and 4. Lead control and monitoring
measures. Boric acid addition. WTP
improvements
Inspection and plugging campaign. Tube
removals for metallography

Inspection and plugging

Inspection trending

Lancing effective in stopping oscillations.
Additional supports installed to reduce
vibration in all units
Minimal
Inspection and additional supports installed
in Units 1, 3 and 4

Inspection and plugging. Additional
supports installed as prototypes in some
steam generators
Extensive inspection with special probes.
Root cause analysis. Possible
development of sleeving techniques.
Minimal

Inspection trending. Chemical environment
monitoring. Deposit monitoring. Evaluation
of cleaning options. Tube removals for
metallographic assessments
Inspection trending and root cause
analysis on fretting degradation
Proactive/preventive program of
maintenance (preventive water lancing),
inspection and chemistry control.
Evaluation of chemical cleaning methods.
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DISCUSSION

Authors: J. Nickerson, C. Maruska, AECL and Ontario Hydro

Paper: Steam Generator Management at Ontario Hydro Nuclear Stations

Questioner: J. Gorman

Question/Comment:

What level of inspection will be used for thus far unaffected SGs, e.g., 800 tubed SGs at
Darlington? What amount of special inspection techniques, e.g. plus point, will be used? Any
planned investigatory tube removals are planned?

Response:

A definitive inspection program has not been approved yet for any OHN unit, although a
comprehensive plan is currently under preparation. The proposed inspection scope for
Darlington is: baseline inspection with bobbin probe of all tubes by the year 2002. Post this date
the proposal for inspection call for inspection of approximately 50% of the tubes in 2 to 4 boilers
with bobbin probe plus about 20% of the tubes with special crack detection probes such as Plus
Point or Cecco every 4 years. The proposal also includes one tube to be removed from service
from a representative SG every 4 years. However, all this information is very preliminary and
needs to be approved.
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ABSTRACT

Strategic planning of steam generator (SG) maintenance and repair is a key issue for
plant availability and reliability. In Germany, maintenance and eventual repair
considerations are an integrated part of a multistep concept for reliable SG
performance. This concept is addressed as early as in the design phase of a nuclear
power plant.

In contrast to the tube degradation problems that have been encountered worldwide,
SGs of the Siemens/KWU design have proven by operating experience that they are
very efficient in minimizing tube corrosion or any other SG related problems.

A multilevel concept has been developed, applied and wherever necessary improved in
order to ensure reliable operation. The main elements of this concept are thorough
design engineering incl. proper material selection and stringent requirements and
quality control for fabrication accompanied by tight control requirements of water
chemistry environments. In order to counteract tube deficiencies a complete arsenal of
maintenance, inspection- and repair-techniques have been developed and successfully
applied.

Performance of SG is continuously evaluated and fixed in lifetime databases. The main
indicator for SG integrity still is the eddy-current testing of SG tubes. SG tubes which
have shown indications at the eddy current tests are rated with lifetime threshold values
and SGs affected by tube damages are inspected, and eventually, repaired, based on
individual assessment criteria.
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HOW TO KEEP YOUR STEAM GENERATOR WORKING WITH LOW COSTS FOR A
LONG AND RELIABLE OPERATING TIME

by
Thorsten Flammann
Siemens AG / KWU

Germany

1. INTRODUCTION

Operating pressurized water reactors (PWRs) with U-tube steam generators (SGs)
have encountered difficulties associated with either one or a combination of inadequate
material selection, poor design and manufacturing and an insufficient water chemistry
control which resulted in excessive tube degradation. Tube degradation is related to
corrosion phenomena, such as wastage, pitting, intergranular attack (IGA), primary
water stress corrosion cracking (PWSCC), intergranular stress corrosion cracking
(IGSCC) and other phenomena, such as denting, flow induced vibration fretting and
wear.
In contrast to the above mentioned tube degradation problems that have been
encountered worldwide, SGs of the Siemens/KWU design have proven by operating
experience that they are very efficient in minimizing tube corrosion or any other SG
related problems.

A multilevel concept has been developed, applied and wherever necessary improved in
order to ensure reliable operation. The main elements of this concept are thorough
design engineering incl. proper material selection and stringent requirements and
quality control for fabrication accompanied by tight control requirements of water
chemistry environments. In order to counteract tube deficiencies a complete arsenal of
maintenance, inspection- and repair-techniques has been developed and successfully
applied.

Performance of SG is continuously evaluated and fixed in lifetime databases. The main
indicator for SG integrity still is the eddy-current testing of SG tubes. SG tubes which
have shown indications at the eddy current tests are rated with lifetime threshold values
and SGs affected by tube damages are inspected, and eventually, repaired, based on
individual assessment criteria.
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2. DESIGN ENGINEERING

The first level comprises thorough design engineering, proper material selection,
deliberate specification and control of water chemistry guidelines and stringent
requirements and quality controls for manufacturing.

2.1 Design Engineering/Material Selection

The Siemens/KWU design encompasses a broad spectrum of steam generator parts
and components. In all cases it has been and will be Siemens/KWU's objective to
consider the following main design criteria:

• Avoid concentration of impurities by avoiding heated crevices and flow stagnation
zones.

• Avoid high stresses in the tubes.
• Minimize tube vibrations.
• Provide adequate access for inspection and maintenance.
• Use experimentally optimized moisture separators and dryers.

Already the very early steam generator designed by Siemens/KWU contained features,
which were incorporated only after thorough experimental and/or analytical
investigations had confirmed that they are adequate for the specific application in a
nuclear steam generator (see Fig. 1).

3. WATER CHEMISTRY CHARACTERISTICS

Besides detailed design engineering, proper material selection and careful
manufacturing, chemistry guidelines within rather close limits have to be specified and
monitored. Nevertheless, considering the exceptional features of the Siemens/KWU
steam generators, the possibility for relaxation of chemistry guidelines was considered
in the actual specification, thus enabling the Utilities to operate the plant more flexible.

3.1 Primary Side

The chemistry restrictions for the steam generators are much less demanding than
those corresponding to the rest of the primary circuit. In all cases the limiting factors are
found in other components (reactor, fuel elements) or in other objectives pursued (dose
rate buildup minimization). Therefore, no steam generator related chemistry guidelines
for Siemens/KWU replacement steam generator.
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3.2 Secondary Side

Important factors affecting the corrosion behavior of steam generator tubes are
corrosion products, impurities (salts and organic substances), oxygen and other
oxidants. The corrosion products have the greatest influence. They are deposited
particularly in regions of high heat flux and stagnant flow (SG tubes, tubesheet, crevices
between tube and tube supports).

Towards the end of the seventies, more and more wastage occurred in SG tubes. In
addition to short term remedies (e. g. lancing of the tubesheet), strategies were
established for improvement of the overall integrity of the secondary side. Most utilities
replaced their condenser tubes with new ones made out of stainless steel or titanium,
thereby creating suitable conditions for increasing the pH level and considerably
reducing the entrainment of corrosion products into the steam generator. Depending on
the plant-specific circumstances, the hardware modifications took varying periods of
time, so it took ten years before full change to this new chemistry was completed.

4. PROVISIONS FOR REMEDIAL ACTIONS

4.1 Maintenance, Inspection- and Repair-Techniques

For inspection, maintenance and repairs, sufficient access to both chambers of the
primary head is provided by manways. The accessibility of the manways and the design
of the manway covers, studs and nuts allow use of stud tensioners. This shortens the
opening and closing process and contributes to the ALARA man rem dose concept. The
upper portion of the steam generators is equipped with a largely sized manway. The
large size in combination with the utilization of a stud tensioner helps to reduce the
exposure time for personnel during inspection, maintenance and repairs.

Four handholes are located above the tubesheet. These handholes allows inspections
of the lower area of the tube bundle and the secondary surface of the tubesheet. The
strategic location as well as the large size of the handholes facilitates sludge lancing
and simplifies the necessary activities above the tubesheet and reduces the time
needed for any inspection and maintenance activities in this area.

To have access for inspection to the most sensitive internals inside the SGs, many
locations such as steam dryers, separators, feedwater ringline, shroud in tube bundle
region, shroud in the flow distribution plate region, etc. are reachable through
inspection openings, handholes or manways.

In order to ensure satisfactory performance of steam generators, inservice inspections
and maintenance work have to be performed regularly. In spite of the fact that steam
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generators equipped with Incoloy 800 mod.1) tubing show very little corrosion, a
complete arsenal of equipment for testing of steam generator tubes has been
developed. A robot was developed for all kinds of steam generators tube inspections
and maintenance. The robot basically consists of a support structure and two arms by
with every position of the tubesheet can be reached. The robot can be used for
inspection of the steam generator tubes as well as for the tube plugging, sleeving,
welding, machining. In addition to the standard multifrequency eddy-current technique,
special eddy-current and ultrasonic probes were developed. These probes are used to
analyze tube defects and to obtain additional information on kind, size and depth of
defects. A rotating combined ultrasonic and eddy-current probe is specially suited for
the analysis of large volume defects resulting from wastage corrosion or fretting.

The most common repair technique is plugging. The former explosive plugs have
meanwhile been completely replaced by superior removable mechanical. They are
placed in the defective tubes by manipulators such as finger walkers or robots as
described above. The sleeving technique developed by Siemens/KWU is characterized
by welding of the sleeves at both ends. Advantages of this technique are absolute leak
tightness and inspectability of the welds.

4.2 Cleaning Achievements

Cleanliness is one of the most important prerequisites for a steam generator's long life.
Therefore emphasis was put on the development of cleaning techniques:

A tubesheet lancing equipment serves to further reduce the risk of corrosion by
removing the sludge pile on the tubesheet by water blasting. The equipment is
designed to be installed in the tube lane of a steam generator trough handholes above
the tubesheet (see Fig. 2).

Several spray nozzles are arranged on a spray head, which moves along the tubes
lane. The spray head can also be moved up and down covering with its water jet the
whole region of crud drop-out. Because of the triangular pitch the whole circumference
of the tubes can be reached by water jets.

Periodic tubesheet lancing in combination with measures such as replacing Cu-
containing material from the steam/feedwater cycle and thus maintaining a high pH to
reduce the transport of corrosion products into the steam generators results in a
minimum build-up of crud. After removal of usually less than 10 kg per steam generator
the tubesheet is clean as it was demonstrated by fiberoptic inspections.

In case there are big amounts of crud in a steam generator at locations which cannot be
reached by water jets, chemical cleaning of the tube bundle is an alternative for crud
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removal. The Siemens/KWU technique for chemical cleaning is able to remove copper
as well as corrosion products from a steam generator without affecting the tubes or
other structural materials. This method has been applied to the steam generators of
numerous units in Germany and abroad. Up to 500 kg of crud could be removed per
steam generator.

5. INTEGRATED SERVICE CONCEPT

The Integrated Service Concept includes the preparation, performance and
documentation of the above mentioned services as well as the engineering activities
necessary for an integrated evaluation of the steam generator.

In former times the decision about the particular service activities at the SGs such as
eddy-current testing of SG tubes, optical inspections, tube sheet lancing or repair works
was taken based on individual separated aspects and optimizations. On the contrary
the integrated service concept is directed to the over-all optimization of all above
mentioned service activities by recording, evaluating and judging of results from
operation and from inspection. Thereby not only the behavior of the specific plant with
their SGs will be considered but also other similar plants. The goal of this concept is an
optimized maintenance depending on the SG status as well as an optimized availability
of the SG considering safety related and economical aspects (see Fig. 3).

The engineering part of the concept consists of the modules component monitoring,
assessment of results from other plants, maintenance advice and recommendation as
well as other special evaluations or considerations.

With the evaluations not only the trouble free operation of the SGs is assured but it also
can get a contribution to the plant safety status analysis which has to be performed later
on.

Performance of SG is continuously evaluated and fixed in lifetime databases. The main
indicator for SG integrity still is the eddy-current testing of SG tubes. SG tubes which
have shown indications at the eddy current tests are rated with lifetime threshold values
to assure a safe and trouble free operation till the next outage without an unplanned
shut down for tube repairing.

The steam generator operating experience is recorded with special consideration of
tube damage due to material removal at points of contact with tube supports (anti
vibration bar (AVB) fretting) and foreign objects (loose part (LP) fretting). This
information is used to determine an enveloping fretting wear curve, which can be used
to determine wear criteria and/or define examination cycles for initial indications. The
safety-related verification of tube integrity is also developed for subsequent indications.
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For LP fretting, foreign-object specific wear curves are described and the determination
of wear criteria demonstrated. For verification the enveloping curve for AVB fretting has
been compared with experimental results.

The Integrated Service Concept provides the possibility to agree and bundle the
individual activities, to optimize the personnel assignments and by this assure a safe
and reliable operation of the SGs at low cost.

6. OPERATING EXPERIENCE

As of the end of 1997 a total of 80 Siemens/KWU steam generators were in commercial
operation worldwide. This number includes also 6 replacement steam generator for
Ringhals Unit 2 and 3 with Inconel 690 TT tubes.

As far as SG tubes made of Incoloy 800 mod.1) are concerned, phosphate wastage was
in the past the only mechanism of significance experienced in the Siemens/KWU plants
operating under phosphate treatment. In addition to several secondary system
improvements and the modifications to the water chemistry, annual cleaning of the
steam generator (tubesheet lancing) during refueling has proven a suitable means of
restricting the progress of wastage. Since 1985 wastage corrosion is no more an issue
for old Siemens/KWU SGs.

Apart from corrosion of this type after more than 25 years there has been only one
instance of SG tubes developing intergranular crack within the sludge pile region on the
secondary side of the tubesheet and two tubes with traces of pitting. With SG tubes
made of Incoloy 800 according to Siemens/KWU specification there have been no
indications of PWSCC, IGA, or chloride-induced SCC.

Operation experience with the stainless steel grid-type tube supports and vibration
restraints in the U-bend region has verified that unacceptable tube vibration, which
could lead to fretting, is effectively suppressed by this design. Extensive eddy-current
examinations carried out in all PWR nuclear power plants constructed by
Siemens/KWU produced following results ( see Fig. 4):

• No fretting of SG tubes at the grid in the straight tube sections
• Minimal fretting in the U-bend region in a few older plants
• No fretting in the U-bend region in plants with standard vibration restraints. This

design is operation in since 1978.

Fretting damage to the extent discovered in preheater steam generators of other
vendors can be excluded on the grounds that Siemens/KWU already from the beginning
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- installed flow distribution boxes in order to achieve uniform distribution of feedwater
flow at a moderate velocity level which is sufficiently below values inducing
unacceptable tube vibrations. Eddy-current inspections showed neither indications of
fretting attack nor any other kind of tube wall degradation.

There were only 13 instances of SG tube leakage, of which half led to non-scheduled
outages. This resulted in a plant availability forfeit of less than 0.1 %. Numerous
publications deal with the effects of steam generator problems on plant availability. The
figures quoted range from less than 2 % for 1986 to over 4 % for the years between
1980 and 1984. These percentages do not include outages for steam generator
replacement. Comparison of the availability figures confirms the effectiveness of the
Siemens/KWU design and operating concept of steam generators in PWR nuclear
power plants.

Neither at this time nor in the next future any replacements of steam generators have to
be anticipated in Siemens/KWU designed nuclear power plants.

1) modifications due to a better corrosion resistance: lower content of carbon, increased
stabilization ratio and additional degree of cold working
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REVIEW OF EPRI'S STEAM GENERATOR R&D PROGRAM

P.J.Millett
C.J. Welty

ABSTRACT

EPRI has carried out an extensive R&D program on SG technology since the mid 1970's.
Very early efforts under the auspices of the Steam Generator Owners Group (SGOG)
focused on developing remedial actions for the critical SG corrosion issues of denting,
wastage and pitting. Fundamental work was also carried out in the development of
thermal hydraulic models for vibration and wear, chemical cleaning and tube repair
techniques. In the late 1980's and continuing through today, the program has shifted
emphasis towards management of steam generator degradation, primarily stress
corrosion cracking of the SG tubes on both the primary and secondary sides. The
current Steam Generator Management Program (SGMP) carries out R&D in four areas;
materials, chemistry, thermal hydraulics and non-destructive testing. The strategic
goals of this program and projects put in place to achieve these goals will be reviewed
in detail in this paper.
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Review of EPRI's Steam Generator R&D Program Millett & Welty

INTRODUCTION

Steam Generator degradation has caused substantial losses of power generation,
resulted in large repair and maintenance costs, and contributed to significant personnel
radiation exposures in Pressurized Water Reactors (PWRs) operating throughout the

world. EPRI recently the revised Steam Generator Reference Book , which reviews all
of the major forms of SG degradation. Competitive pressures are causing utilities to
strive to reduce operations and maintenance (O&M) and capital costs. SG corrosion is
a major contributor to the O&M costs of PWR plants, and therefore US utilities are
evaluating and implementing the most cost effective solutions to their corrosion
problems. Mitigation strategies developed over the past few years reflect a trend
towards plant specific solutions to SG corrosion problems. Since SG degradation is in
most but not all cases an economic problem and not a safety problem, utilities can focus
their mitigation strategies on their unique financial situation. Accordingly, the focus of
R&D has shifted from the development of more expensive, prescriptive solutions to
corrosion problems to providing the utilities with a number of mitigation options, for
example; molar ratio control, boric acid treatment, iron reduction and chemical
cleaning. An additional focus of the R&D program in the future will be more cost
effective and accurate NDE of SG tubes.

Figure 1 shows the loss of capacity factor attributed to corrosion problems in US PWRs
for the years 1980 through 1996. Pressurized water reactors (PWRs) experienced an
average capacity loss of more than 5% and a peak of nearly 8% in 1982. It is estimated
that SG corrosion problems have cost the US nuclear utility industry billions of dollars.
The data in Figure 1 shows that despite the fact that the PWR fleet is aging, capacity
factor losses have continually improved, although the levels have somewhat stabilized
over the past few years. It is anticipated that further improvements will be realized as a
result of the implementation of steam generator management practices such as
improved water chemistry, inspection and repair techniques.
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STEAM GENERATOR TUBE DEGRADATION

Steam generators are large and expensive components that were designed for an
expected service life of up to 40 years. Some service-induced damage to steam generator
tubes was anticipated, however, by the mid-1970s, steam generator tubes in many RSGs
were being plugged at a rate which indicated that the design margin would be
exceeded well before their 40 year design life. Since 1977, EPRI under the direction of
the US and foreign utilities has conducted a major research program to help utilities
improve the performance of their steam generators. As a result, most of the initial types
of damage have been eliminated. Improved steam generators incorporating design
enhancements derived from both laboratory and field R&D have operated for well over
a decade with virtually no corrosion related problems. Current new and replacement
steam generators are anticipated to operate for the remaining life of the plants and will
support life extension in many cases. However, many older design units remain in
service. While some operate successfully with minimum degradation, others have
deteriorated to such an extent that some utilities now face a particularly difficult and
expensive decision: whether to replace their current steam generators at costs of around
$100-200 million per plant, to de-rate the plant due to a reduction in heat removal
capability as steam generator tubes are plugged, or to shut down certain plants entirely.

SGMP TECHNOLOGY R&D PROGRAM

In recent years, EPRI's Steam Generator Management Program (SGMP) has evolved
into a number of Issue Resolution Groups (IRG's) which focus on resolving critical
issues such as; alternate plugging criteria and the SG rule (now deferred by the US
regulator) and a SG technology R&D program. This paper discusses the ongoing
activities of the R&D program which is divided into four disciplines; materials research,
advanced water chemistry, thermal hydraulics (including vibration and wear) and non
destructive examination (NDE) research.

Materials Program

Secondary side steam generator tubing degradation continues in both recirculation
and once through steam generators with mill annealed Alloy 600 despite plant
operation with reduced impurity ingress (ALARA chemistry), boric acid, molar ratio
control as well as reduced iron transport, elevated hydrazine and chemical cleaning
among other efforts. It is important to know why degradation of Alloy 600 tubing
continues so steam generators can be managed to maximized their service life and to
prevent steam generators with Alloy 690 from experiencing the equivalent fate.
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Earlier R&D programs have defined the improvement to be gained by materials and
design changes for replacement steam generators. The current materials program
addresses products in the areas of inhibitor applications and the identification of
factors influencing the continued IGA/SCC of original steam generators where
materials and design changes cannot be made. An understanding of Alloy 600 corrosion
is considered important to prevent corrosion in replacement units.

Primary Side Corrosion

Degradation of the SG tubing occurs on the primary side. Primary side corrosion has
effectively been limited to stress corrosion cracking (SCC) of the tubing in regions of
high tensile stresses, including the tube to tubesheet expansion zone and inner row u-
bend regions. Operationally induced stresses associated with denting and sleeving
have also resulted in PWSCC. From a mechanistic view, PWSCC or pure water
cracking is not completely understood. Primary water chemistry is however, believed
to have at most a second order effect on PWSCC. The motivation for optimizing
primary water chemistry is to control radiation fields in the primary system.

R&D programs conducted throughout the world have led to the identification of
materials and heat treatments that are much more resistant to PWSCC than the mill-
annealed Alloy 600 used in most original equipment generators. These improved
materials including Alloy 690 and Alloy 800 are being used in new and replacement
units. To date these materials have not yet experienced PWSCC. These materials also
have proved to be more resistant to secondary side attack in plants that have replaced
SG's. To prolong the life of the older generators, stress improvement processes
(annealing and shot peening) have been developed and widely used. PWSCC is very
temperature sensitive, and at some plants the primary system temperature has been
reduced to further extend generator life. Sleeving also has been employed as a repair
method to avoid the need to plug damaged tubes. Another repair method which looks
promising involves insitu welding of the tube at the damage location and also nickel
plating.
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Secondary Side Corrosion

Major activities in the materials program has focused on the development of inhibitors.
Boric Acid Treatment (BAT) was originally used to control SG tube denting.
Subsequent laboratory work^-4 indicated that the use of boric acid may also be
beneficial in controlling secondary side IGA and/or SCC. The exact mechanism for
inhibition is not known. It may be neutralization of a caustic environment and/or
modification of the oxide film on the tubing making it more protective. Approximately
30 percent of US PWRs are currently using BAT. Most of these plants indicate that they
are using BAT for IGSCC control. Although data from the laboratory testing of BAT is
quite positive, the field data is less clear. Weibull statistics have been used to evaluate
the time to failure of SG tubes before and after BAT application^. The interpretation of
the field data in reference 5 suggests that on average a small benefit has been realized
due to the use of BAT.

More recently, Lumsden^ has shown that the use of titanium oxides strongly inhibit
caustic IGSCC. Since titanium compounds have extremely low solubilities, it was
postulated that the inhibitor would not be able to penetrate fouled crevices. In fact, the
titanium additives were found to be less effective in the model boiler testing when the
crevices were prepacked to simulate fouling. The titanium additives were more
effective at inhibiting cracking in initially open crevices. These results suggest that
implementation of a titanium based inhibitor may be more effective immediately
following a chemical cleaning or before the crevices are significantly fouled. Several
plants have gone forward with full scale additions of titanium oxides. To address the
question of access of the crevice to titanium, a destructive examination of a tube
support/tube intersection removed from a recently retired SG at Ringhals was
conducted (9). Titanium was injected prior to shutdown of the plant, but the
examination indicated that titanium was unable to penetrate the crevice. As with BAT,
the potential benefits of adding the inhibitor greatly outweigh the small risk of
deleterious side effects. To date there is no firm data on whether titanium has been
effective in any of the plants.
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The major new initiative in the materials program will address the influence of
startup /shutdown on producing oxidizing conditions which may have a major
influence on IGA/SCC in steam generators. The hypothesis that IGSCC may be
significantly influenced by startup /shutdown conditions is based on several
observations including; l)Belgian correlations of damage being influenced by number
and frequency of shutdowns, 2) known ingress of oxidants during startup, 3) direct
measurement of SG ECP during startup of non-commercial plants. The program will be
designed to test this hypothesis through both laboratory testing and field tests. This
work will result in the development of steam generator layup /startup guidelines. A
basis document, to be available by the end of 1998, will provide the available field
experience and laboratory testing results to demonstrate that the most significant
growth of initiated SCC occurs during the early phases of startup when the
electrochemical potential at the degraded location(s) has been raised because of
oxidation reactions occurring during layup/startup. Follow-up programs will be
carried out.

In addition, two other mechanisms for IGSCC have recently been proposed that will be
addressed in the materials program. The first, associated with the presence of
aluminum silicates in crevices is being addressed by other R&D programs, primarily
EDF. The results from their program will be available to the SGMP and some
laboratory work will be carried out by EPRI. The other mechanism, steam phase attack
has been postulated for both OTSG's in the superheated region and RSG's in steam
blanketed crevices. This mechanism will be investigated by a laboratory test program
over the next several years.

Advanced Chemistry Program

Improved water chemistry control is essential to reduce corrosion damage within the
SG's, and the input of corrosion products into the SG's where it can foul tube surfaces
and crevices. An improved understanding of the relationship between bulk chemistry
parameters and local chemistry parameters where the corrosion is occurring is needed
to improve corrosion control strategies. New approaches are required to control
corrosion product deposition and transport within the SG's. Secondary water
chemistry control is a compromise between conflicting requirements in the Balance of
Plant (BOP) and the SG. Data is needed to define the optimum chemistry considering
the SG and BOP on a plant specific basis.
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EPRI has developed Secondary Water chemistry guidelines and revised them at 2-3
year intervals to reflect technology developments and plant experience. These
guidelines are derived from work carried out in this program. Advanced technology
developments are incorporated in application guidelines, which provide assistance to
the plant chemists on water chemistry control, including improved amines, molar ratio
control and IGSCC inhibition (Boric Acid and TiO2 Addition).

Crevice Chemistry

Most forms of secondary side SG degradation have been associated with the
concentration of impurities locally in flow starved regions, such as the crevice formed
between the tube and support plates, or underneath corrosion product deposits which
form on tube supports, tube sheet surfaces, and free span surfaces. The concentration of
impurities in these regions can be orders of magnitude greater than the bulk water.
These aggressive solutions have caused a number of forms of corrosion. Since changing
the material properties in situ is difficult, most of the remedial actions have focused on
modifying the crevice chemistry to control the corrosion of the SG tubing. An
understanding of the crevice solution is necessary to mitigate corrosion, so much effort
has focused on developing insights into how crevices concentrate solutions, what
chemistries exist in crevices and how potential inhibitors might work in the crevice. A
major initiative within the SGMP over the past several years has been the development
of a highly instrumented device for monitoring SG crevice chemistry (7) . A heated
crevice monitor (HCM) has been developed and tested in the laboratory at Rockwell
International. The device contains a prototypical SG tube support crevice instrumented
for temperature, electrochemical and solution composition measurements. A second
less complicated device has been constructed and is in operation at SJSU (8) to
complement the studies at Rockwell. The development work and subsequent
construction of a second instrumented heated crevice for installation at the OHI plant
had been co-funded by Kansai Electric and the other Japanese PWR utilities. The
autoclave was installed at OHI 1 in September 1997 and will be operational over the
next 18 months.

The work at OHI will provide critical data on the development of crevice chemistry in
an operating PWR. This data from a plant operating at sub-ppb impurity levels in
conjunction with the laboratory data from the HCM at much higher impurity levels will
provide a more complete picture of the relationship between crevice chemistry and bulk
water chemistry. A crevice T/H model has been developed and initial benchmarking
using the laboratory data from Rockwell has been accomplished (9), but the model also
needs to be tested with actual plant data from OHI. An ECP model coupled with the
T/H model (10) will also be benchmarked with the laboratory and plant data.
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The results from this program will lead to improved chemistry control practices with
better definition of appropriate molar ratio control practices and guidelines for the use
of elevated hydrazine to optimize reducing conditions. The program will be completed
by 2000 to support the next revision to the Secondary Water Chemistry Guidelines.

Recent reports of FAC of SG support plates in a few French and US plants requires an
understanding of the influence of SG chemistry parameters on this damage mechanism.
A report detailing the root cause and corrective actions at the Graveline plants of EDF
will be completed by the SGMP in late 1997. Internal investigations by EDF are
leading to new recommendations for lower hydrazine limits in some EDF plants. In
addition to hydrazine, which is suspected to enhance the FAC rate, the influence of the
SG pH on FAC must be better understood so that the SG chemistry can be optimized to
control IGSCC of the SG tubing and to minimize the potential for FAC of carbon steel
materials in the SG. Two investigations will be conducted to determine the influence of
SG chemistry parameters and the SG design on FAC in PWR SG's. The first
investigation will be a detailed survey of US PWR inspections for SG internals
corrosion. This survey will include both inspection and chemistry data with an attempt
to develop correlations between operating chemistry and damage. In parallel, a
laboratory program will be conducted to directly measure the influence of SG chemistry
parameters on FAC. This work will also support the next revision of the EPRI
Secondary Water Chemistry Guidelines.

SG Sludge/Fouling

Corrosion product fouling of crevices and tubes is clearly related to SG corrosion. Tube
fouling is implicated in the longer term decay of SG pressure performance. And, the
extent of fouling determines the frequency of required chemical cleanings. Robust,
measurable standards for the success of the programs in this area, therefore, are plant
observables such as an increased blowdown iron (indicating improved control over
corrosion product deposition), a flattening in the long term downtrend in steam
pressure, and a reduction in chemical cleaning costs.

Over a number of years, chemistry interventions for SG sludge/fouling control have
been focused on methods for reducing corrosion product transport into the generator.
Several alternative amine programs have been developed and applied successfully in
the field as a result of these efforts. At some point, however, one recognizes that a finite
level of iron ingress seems likely to be unavoidable. Continued competitive pressures
to improve heat transfer efficiency while holding down SG cleaning costs therefore
demand an alternative approach be formulated in order to enable further improvement
in iron control.
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The SG Sludge/Fouling Control Program is directed at developing chemical
technologies to reduce the rate of corrosion product deposition in the generator and to
improve the use of wet layup and sludge lancing opportunities for achieving tube
defouling and sludge removal. This program began with loop studies at AECL which
demonstrated a clear effect of amine choice on the rate of iron oxide deposition onto
Alloy 600 tubes under heat flux conditions. For 1998 through 2002, a significant
expansion of the program is proposed to leverage the likely surface chemistry modes of
action behind those results.

In the next 1 to 2 years, the program consists of two main thrusts: (1) development of
surface chemistry interventions for tube fouling control based on tailoring amines to
advantage the effect on deposition rate already observed at AECL; (2) investigation of
polymeric dispersants as possible additives to inhibit tube fouling during operation;
and, (3) investigation of wet layup treatment and sludge lancing chemistries to promote
tube defouling and more efficient sludge removal. The second area began this year in
collaboration with a number of utilities should culminate in a trial of a dispersant in an
operating PWR. In addition, an industry guideline for qualification of any additive to
the secondary cycle during operation (such as a dispersant) or during layup (such as a
defouling agent) will be developed to support other new secondary chemistry
initiatives.

Advanced NDE R&D Program

Improved methods for examining steam generators are needed to accurately assess the
condition of tubes, sleeves, plugs and tube support structures. Only by having a
thorough understanding of steam generator conditions can continued operation be
justified. Improvements in the ability of NDE techniques to more reliably detect and
more accurately size degradation can lead to a better understanding of degradation
type, degradation growth rates and tube structural integrity. Greater accuracy of the
examination measurements will provide higher confidence in the determination of the
maximum allowable operating period between inspections and may provide a basis for
justifying a full cycle of steam generator operation without having to perform a mid-
cycle inspection. Increases in the Probability of Detection (POD) of degradation could
provide the basis for decreasing the size of the inspection sample without reducing the
maximum interval between inspections.
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As greater numbers of inspections are required to gain a thorough understanding of the
steam generator condition, the duration and cost of the examination increases. Often,
the steam generator inspection is the critical path task at some point during a refueling
outage. Unfortunately, the inspection techniques which are currently considered as the
most comprehensive, are also typically the slower of the available NDE techniques.
Although much work has been performed in the development of methods to acquire
data from several probes inserted simultaneously in one channel head, rotating probe
technology is significantly slower than the generally less accurate pull through
techniques. There is a need to develop faster inspection techniques which provide the
detection accuracy of the slower rotating probe techniques. Faster techniques would
provide the opportunity to reduce the duration of the inspection and, in so doing,
would result in a reduction in the inspection costs and would help to minimize the time
that the steam generator inspection was the critical path activity.

The analysis of data is another area where there is need for improvement.. Two areas in
which improvements in data analysis methods, for currently available NDE techniques,
can benefit utilities include: 1) the development of improved techniques for measuring
degradation parameters and 2) the development of automated data analysis. The
development of data analysis methods for more accurately measuring degradation
(e.g., crack depth profiles) could assist utilities in justifying the use of alternate tube
repair criteria or could provide more precise flaw growth information for use in
predicting the future steam generator condition. This information would be included
as a vital part of the steam generator assessment.

The development of automated data analysis would reduce utility reliance on data
analysts and would result in a more reliable and consistent assessment of the steam
generator inspection data. During peak outage periods, there is often a shortage of
qualified data analysts. This situation often leads to longer working hours for the data
analysts and an analyst staff that often includes several less experienced individuals.
Automated data analysis will lead to a reduction in both analyst staffing levels and in
the number of computer workstations needed during an examination. There is also a
need to improve data analyst consistency in reporting results. The use of automated
data analysis will provide consistent results, not only during a given examination, but
from examination to examination. The time intensive effort to investigate and resolve
discrepancies between data analysts can be minimized due to the consistency provided
by automated data analysis.
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Improvements in steam generator NDE have the potential of providing utilities with
significant benefits, including: reducing inspection costs, reducing inspection duration,
providing data to justify cycle length, providing data to justify alternate repair criteria
and providing data to justify steam generator operation. The first action to address
NDE improvements is to evaluate existing NDE capabilities and to assess other NDE
R&D efforts that that may be ongoing. NDE methods that exist, but require some
improvements to meet utility needs, will be further developed. NDE methods that are
in an R&D phase should be further developed if a thorough assessment of the NDE
method results in a favorable status. In those areas where no useful method either
exists or is under development to address utility needs for improved NDE, R&D
activities will be initiated.

Thermal Hydraulic Program

Improved methods for characterizing the current condition of installed Steam
Generators and of predicting and controlling their future rate of degradation are
needed to minimize future capacity losses and further extend life. In addition, the
improved technology can be used in the design of replacement and new SGs and assure
that future SGs meet utilities' reliability and service life requirements. This requires
advanced technology to perform detailed plant-specific thermal and hydraulic analysis,
needed to evaluate the effects of tube plugging, sleeving, degradation mechanisms such
as under-deposit corrosion, flow induced vibration, tube wear and fatigue, and the
assessment of design fixes, modifications such as flow split, T(hot) reduction, etc.
Analysis of fouling and sludge deposition as a function of operating conditions and
water chemistry provides the needed input to design inspection and mitigation
methods.
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EPRI's Thermal hydraulics workstation version 1 was developed and released in 1996.
Its applications include calculation of thermal and hydraulic conditions in operating
steam generators to evaluate the effects of plugging, sleeving, and other degradation
mechanisms, thermal performance under different operating conditions, identification
of susceptible regions to fouling and deposition to provide information for in-service
inspection. The workstation software will be improved and implemented on a PC
(Windows 95, NT). Improvements in the future will include a deposit model based on
combining thermal hydraulics with water chemistry capable of calculating the growth
of fouling and deposits on tube surfaces and other regions. This information is useful
for scheduling chemical cleaning, sludge removal, and evaluation of performance
degradation. Combination of this advanced method with other tools such as
CHECWORKS will provide utilities with an analysis method to evaluate corrosion
product ingress and deposition within the steam generator and regions susceptible for
under deposit corrosion. The fatigue and wear analysis methodology, which couples
the tube vibration response with fatigue and wear rate correlation and material
property data base, will be implemented on a computer work station. Practical use of
the improved and validated workstation methodology will help in extending the life of
existing steam generator units by providing information for economical preventive
maintenance actions and in service inspection requirements.

STATUS AND FUTURE PROSPECTS FOR STEAM GENERATOR TUBE
DEGRADATION

R&D to develop remedies for the various forms of steam generator tube degradation
has been very beneficial to US utilities. Average capacity factor losses (see Figure 1
have been decreased from 5.5% (1980-1984) to 3% (1987-1994), average steam generator
life has been substantially extended and the forced outage rate due to tube leaks has
been reduced by a factor of ~7 from its peak in 1976. US utility estimates put the
present value of these improvements at several billions of dollars.

However, for the past several years, worldwide tube plugging rates which were
trending down in the early 1980s, have been increasing slowly and currently are at
values which suggest that the average steam generator life will be 20 to 25 years. Thus,
most original equipment steam generators may have to be replaced within the 40-year
plant license life. Because the average age of installed steam generators in the US
currently is -15 years, many replacements may be necessary in US plants within the
next 10 to 15 years unless remedial measures and/or improved repair methods can be
developed and deployed for ODSCC/IGA, which currently appears to the damage
form that will limit the life of most generators.
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The challenge for the near future is to make further improvements in capacity factors as
the nuclear fleet continues to age. As competitive pressures continue to influence
decisions that effect corrosion damage in PWRs, the challenge is to make further
improvements in a cost-effective manner. This means that utility remedial actions will
become more plant specific as individual utilities weigh the risks and benefits of the
remedial actions available to them..

The R&D program in the materials and chemistry programs so far have led to a good
but incomplete knowledge of the mechanisms for concentrating impurities in SGs and
the underlying corrosion processes themselves. Mitigation strategies and techniques
for evaluating what conditions exist in the SG crevices have been developed and are
now being implemented based on the current understanding of these phenomenon.
Work in the area of NDE research should lead to more accurate and less expensive
inspections. This will become especially important as US utilities will be required to
perform condition monitoring and operational assessments during each refueling
outage. Improved NDE will also allow operators to more quickly identify initiation of
damage mechanisms so that mitigation strategies can be implemented before the
problem becomes too severe. The work in the T/H area has been effectively used in
designing new and replacement SG's. Additionally, the eventual coupling of chemistry
and T/H models will allow for more accurate predictions of SG fouling and the
development of improved mitigation strategies.
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ABSTRACT

Since 1981, the Chinon Hot Laboratory has completed more than 380 metallurgical
examinations of pulled French steam generator tubes. Electricite de France decided to
perform such investigations from the very outset of the French nuclear program, in order to
contribute to nuclear power plant safety.

The main reasons for withdrawing tubes are to evaluate the degradation, to validate non
destructive examination (NDE) techniques, to gain a better understanding of cracking
phenomena, and to ensure that the criteria on which plugging operations are based remain
conservative.

Considerable experience has been accumulated in the field of primary water stress corrosion
cracking (PWSCC), OD (secondary) side corrosion, leak and burst tests, and various tube
plugging techniques.

This paper focuses on the PWSCC phenomenon and on the secondary side corrosion process,
and in particular, attempts to correlate French data from pulled tubes with the results of
fundamental R&D studies.

Finally, within the framework of the Nuclear Power Plant Safety and Maintenance Policy, all
these results are discussed in terms of optimization of the field inspection of tube bundles and
plugging criteria.

INTRODUCTION

Steam generators are critical components of pressurized water reactor systems, since they
enable the heat produced by the reactor to be transferred from the primary water to the
secondary circuit. Indeed, the steam generator tube bundles play a vital safety function,
representing the second and third safety barriers, and are therefore subjected to stringent
controls.

Unfortunately, in the early stages of the nuclear program, the steam generator tubes were
made from the nickel-base Alloy 600, which proved to be sensitive to corrosion phenomena
for exposure times within the typical life of nuclear power plant [1]. An EPRI study published
at the end of 1995 [2] revealed that more than 60% of all the tube plugging operations
performed throughout the world were due either to PWSCC or to corrosion in the secondary
side environment. Since 1981, the Chinon Hot Laboratory has completed more than 380
metallurgical examinations of tubes pulled out from French steam generators. The main
reasons for withdrawing tubes are to characterize the degradation, to validate non destructive
examination (NDE) techniques, to gain a better understanding of cracking phenomena, and to
ensure that the criteria on which plugging operations are based remain conservative.
Considerable experience has been accumulated in the field of primary water stress corrosion
cracking (PWSCC), secondary side corrosion, leak and burst tests, and various tube plugging
techniques.
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The present paper focuses on the PWSCC phenomenon and on the secondary side corrosion
process. In each case, the corrosion phenomenon is described first of all in terms of cracking
location, degradation parameters, basic causes, etc., before attempting to correlate the data
from pulled tubes with the results of fundamental R&D studies. Finally, within the framework
of the Nuclear Power Plant Safety and Maintenance Policy, all these results are discussed in
terms of optimization of the field inspection of tube bundles and plugging criteria. The use of
examinations of pulled tubing to validate NDE techniques has been presented in previous
publications [3-4], and will not be further considered in this paper.

PRIMARY WATER STRESS CORROSION CRACKING

In France, the first cracks due to primary water stress corrosion were discovered in 1981, in
the steam generator tubes of the Fessenheim nuclear power unit 1. Since then, this kind of
corrosion has been found to have caused degradation in numerous mill-annealed Alloy 600
steam generator bundles, and also in some thermally treated Alloy 600 tubes. The principal
results of the metallurgical examinations carried out in the Chinon Hot Laboratory on more
than 280 pulled tubes are summarized below in terms of:

- the phenomenology of cracking,
- the behavior of heat treated alloy 600 tubes,
- the relationship between observations on pulled tubes and fundamental R & D

studies concerning material properties.

1 - Cracking phenomenology

Primary side cracking in French steam generator tubes occurred in 3 areas : in the rolled
transition zone, in the rolled region within the tubesheet, and in the small U-Bend. In all cases,
the PWSCC morphology is purely intergranular.

1.1- Rolled transition zone

In the rolled transition area, cracking can be either longitudinal or circumferential.

A - Longitudinal cracking

The main reasons for pulling tubes due to PWSCC were :

- the presence of many longitudinal cracks on a given circumference, which could
possibly have prevented the detection of a circumferential crack,

- the presence of cracks close to one another endways and aligned almost parallel,
- the combination of longitudinal internal cracks and secondary side corrosion.

Generally, the longitudinal cracks are located in the rolled transition zone between the two
expanded regions (Figure 1). In some cases, a very long crack was found propagating in the
kiss rolled area. The location of the longitudinal cracks is consistent with the evaluation of the
stress level [5-6], which showed a high circumferential stress in the rolled transition zone
(Figure 2, Table 1).

For the numerous longitudinal cracks, the plugging criteria [7] are as follows :

" Due to the possibility of circumferential cracks not being detected, tubes with more than 11
longitudinal cracks on 270° detected by the rotating probe will be plugged ".

Moreover, an additional plugging criterion must be applied in the case of the detection of a
longitudinal crack whose length in the free span is equal to or greater than 13 mm.
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" If the lower end of the crack is not in contact with the tubesheet, and the upper end is
situated at 13 mm or more from the secondary face of this sheet, the tube must be plugged
provided that the length of the crack is at least 10 mm ".

In some of the metallurgical examinations on pulled tubes, longitudinal cracks aligned almost
end to end have been observed. The first crack is located in the rolled transition area and the
second one in the transition between the kiss rolled zone and the normal tube diameter. For
this unusual case, the plugging criterion is the following :

" two cracks located at orientations separated by 35° or less, whose opposite ends are
separated by a distance less than or equal to 7 mm, are considered to be a single crack and
the above plugging criteria must be applied ".

The third reason for pulling tubes is the combined presence of longitudinal internal cracks and
secondary side corrosion. Generally, the bottom of the area affected by secondary side
corrosion is located a few millimeters above the top of the internal longitudinal cracks. In fact,
this situation was relatively rare because of the small proportion of tubes sensitive to both
PWSCC and secondary side corrosion. In this case, the important thing is to make sure that
the burst pressure determined by the presence of longitudinal cracks is not significantly
reduced by the secondary side corrosion damage.

B - Circumferential cracking

Circumferential cracking in the PWR primary water environment is less frequent than
longitudinal cracking. However, some tubes have been withdrawn after the detection of
circumferential cracking by non destructive inspection. The circumferential cracks are located
just above the top of the tubesheet, and are associated with the deformation of the walls of
certain tubes due to the effect of oxidized steel or iron particles in the sludge on the tubesheet
(denting). The growth of these oxides induces an increase of longitudinal stresses which
produce circumferential cracking.

" Any sign detected by the rotating probe indicating the existence of a circumferential crack
requires that the tube be plugged "

1.2- Rolled area within the tubesheet

Cracking in the rolled area within the tubesheet was observed on a few tubes, in the following
cases:

i) lack of rolling ("skip roll"),
ii) lack of overlap between rolling passes,
iii) excessive bore diameter,
iiii) tubesheet drilling defects (Figure 3).

All these conditions result in sudden changes in the internal surface profile and develop high
residual stresses that cause cracks. However, these various degradations are only of limited
importance in terms of safety, since the tubesheet is secured to the tubes.

1.3-Small U-Bends

In 1990, Electricite de France decided to examine the first steam generator replaced in
France. The aim of this investigation [8-9] was to use the steam generator as a test bench for
maintenance operations, and to gain a better understanding of steam generator degradation.

On this occasion, 50 small U-bends removed from the first and second rows were examined.
The metallurgical examinations revealed some longitudinal cracks initiated in the PWR

102



primary water and located at the bend transition in the hot leg (Figure 4). Some longer cracks
completely traverse the tube wall.

2 - Behavior of thermally treated Alloy 600 tubes

The behavior of the thermally treated Alloy 600 tubes in PWR primary water is effectively
better than that of mill-annealed Alloy 600 tubes. Therefore, only 31 thermally treated Alloy
600 tubes have been pulled out and examined in the hot laboratory. Among these 31 tubes, 16
showed evidence of stress corrosion cracking damage (8 with longitudinal cracks and 8 with
circumferential cracks).

The occurrence of the longitudinal cracking was clearly correlated with a " bad"
microstructure in terms of PWSCC resistance (see § 3). As for the mill-annealed Alloy 600,
the cracking path was always intergranular and the stress corrosion cracks were located in the
rolled transition area.

The circumferential cracking was associated with the deformation of the wall of certain tubes
due to the effect of the oxidation of steel or iron particles in the sludge on the tubesheet. This
denting resulted in an increase in longitudinal stresses, causing circumferential stress
corrosion cracks. However, this phenomenon is now considered to be under control, and no
other unit has been significantly affected by it over the last few years.

3 - Correlation between observations on pulled tubes and fundamental R & D studies

As early as 1959, Coriou et al. [10] proved that solution-annealed nickel base alloys were
susceptible to intergranular stress corrosion cracking in deaerated water at high temperature.
Since then, numerous R&D studies have been undertaken [11-15] concerning Alloy 600 stress
corrosion cracking in PWR systems. Metallurgical examinations carried out on pulled tubes
have also provided information on the influence of material characteristics, such as carbon
content, microstructure, and final heat treatment at 700°C. The aim of the present comparison
is to correlate the field observations of steam generator tube behavior to the fundamental
R&D laboratory studies.

3.1 - Carbon content

Statistically, the stress corrosion cracking resistance of mill-annealed Alloy 600 is better for
low carbon contents (0.02-0.03%) than for high carbon contents (>0.035%). This behavior is
consistent with laboratory studies [12]. In fact, the main effect of the carbon content is related
to the microstructure, and especially to the precipitation of chromium carbides.

3.2 - Microstructure

The microstructure of the mill-annealed Alloy 600 tubing depended essentially on the
fabrication process and particularly on the final temperature, which determines the chromium
carbide distribution and grain size. 3 types of structure have been defined relating to the
chromium carbide distribution, as thereunder described :

- Structure I : most precipitates are intergranular,
- Structure II : the precipitates are mostly intragranular, but clearly follow the outline

of prior grain boundaries (ghost boundaries),
- Structure III : most precipitates are intragranular and are more uniformly distributed

than in structure II.

The PWSCC resistance of Alloy 600 is well correlated to the type of structure [16]. The tube
sensitivity can be classified in 4 categories, defined by the time to cracking in reverse U-bend
tests in primary water at 360°C. Laboratory studies have shown that tubes with type I
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structures present the highest resistance to PWSCC [15-17], and the same correlation has been
clearly revealed by the field behavior of tubes [18].

Recently, two different studies have clearly shown the beneficial role of grain boundary
carbide precipitation. Hertzberg et al. [19] isolated the role of carbon distribution on IGSCC
in both commercial and well characterized controlled purity Ni-16Cr-9Fe-xC alloys. Constant
extension rate tests performed in 360°C primary water clearly determined the respective
effects of carbon content and chromium carbide precipitation. The results proved that the
higher resistance to PWSCC was better correlated with the intergranular carbide precipitation
than with the carbon content. Furthermore, some AEM investigations performed by Lewis et
al. [20] have identified metallurgical features that affect cracking, in particular, grain
boundary composition and the interaction of cracks with carbides.

3.3 - Thermal treatment at 700°C

The final thermal treatment at 700°C is a stress-relieving treatment designed to reduce the
residual stresses induced by tube straightening. However, under certain conditions, this
treatment could modify the grain boundary carbide coverage, and therefore the PWSCC
resistance.

In the field, the behavior of thermally treated Alloy 600 tubes is better than that for mill-
annealed tubes (Figure 5) [18], although the improvement depends markedly on the carbon
content [12]. The beneficial effect of this heat treatment is extremely clear for material
without cold work, with a carbon content lower than 0.033 %.

SECONDARY SIDE CORROSION

Secondary side corrosion of mill annealed Alloy 600 occurred in France later than PWSCC.
The first tubing to be pulled for secondary side corrosion was removed from Fessenheim 1 in
1986. At that time, 97 tubes had already been withdrawn due to PWSCC. However, over the
last few years, the number of tubes plugged due to secondary side cracking has rapidly
increased, and in 1995 Electricite de France decided to replace a steam generator for the first
time due to secondary side damage, at the Saint-Laurent nuclear power plant B Unit 1.
Numerous studies were undertaken in order to describe and understand the cracking
phenomenon [21-24]. The large amount of information obtained from the metallurgical
examinations performed on the pulled tubes is summarized below in terms of:

- the location of cracking,
- the analyses of the tube deposits,
- the influence of material characteristics.

1 - Cracking location

In France, secondary side cracking has been found to involve two restricted flow regions :

- the tubesheet, in the sludge pile zone or in the crevice between the tube and the
tubesheet,

- the crevice between the tube and the tube support plate.

1.1 Tubesheet

Cracking can be either longitudinal, in the free span above the top of the tubesheet, or
circumferential, under the secondary side of the tubesheet.
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A - Free span corrosion in the tubesheet sludge pile area

From the pulled tube investigations, free span corrosion in the tubesheet sludge pile area can
be described as follows (Figure 6) :

- many short (less than 2 millimeters) longitudinal cracks,
- intergranular path,
- the cracking occurrence appears to be linked with the presence of sludge, and

corrosion can therefore be found many centimeters above the top of the tubesheet.

B - Circumferential cracking under the top of the tubesheet

By the beginning of 1998, 40 tubes showing circumferential OD cracking had been pulled out
and examined in the Chinon Hot Laboratory. The circumferential cracks are located a few
millimeters beneath the top of the tubesheet on a section where contact between the tube and
tubesheet is not tight. The upper section of this area is limited by the secondary side of the
tubesheet. In the lower section, the ODSCC can reach a height of -16 mm with respect to the
secondary side of the tubesheet (Figure 7). This means that in some instances, although the
hard rolling specifications were met, the tubes did not press sufficiently against the tubesheet.

The circumferential cracks have been classified in two different categories [5], which can be
described as follows:

" a " type : - the rupture is coplanar,
- the tubes are not located in the sludge pile area,
- in many instances, the cracking is connected to the presence of a drilling or

rolling defect,
- the tube is hard rolled + kiss rolled.

" b " type : - the cracking is not coplanar. Numerous short cracks propagate on various
planes,

- the tubes are located in the sludge pile area,
- the tubes are hard rolled with or without kiss rolling.

Based on the population of pulled tubes examined, type " a " cracks are deeper (average depth
44% compared to 29%) and longer (average length 250° in circumference compared to 220°)
than type " b " cracks.

These two cracking morphologies may be related to different stress patterns (Table 1, [5-6])
and/or liquid flow conditions.

Table 1 - Estimation of total axial stresses at expansion transitions (after [5-6]).

LOCATION
Inner Diameter

Hard Rolling
Kiss Rolling
Explosive expansion
Hydraulic expansion

Outer Diameter
Hard Rolling
Kiss Rolling
Explosive expansion
Hydraulic expansion

NO SLUDGE

345 MPa (50 ksi)
310MPa(45ksi)
276 MPa (40 ksi)
276 MPa (40 ksi)

172 MPa (25 ksi)
138 MPa (20 ksi)
103 MPa (15 ksi)
103 MPa (15 ksi)

WITH SLUDGE

379 MPa (55 ksi)
414 MPa (60 ksi)
310 MPa (45 ksi)
310 MPa (45 ksi)

138 MPa (20 ksi)
103 MPa (15 ksi)
69 MPa (10 ksi)
69 MPa (10 ksi)
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C - Mixed cracking path (intergranular and transgranular cracking)

Mixed cracking paths have been observed in a few tubes and plugs. This typical longitudinal
cracking (inter and transgranular propagation) is linked to the presence of lead in the sludge
pile area (5 times more lead in an area suffering mixed intergranular and transgranular stress
corrosion cracking than in an area showing only IGSCC). This phenomenon is now well
understood and well-documented by laboratory R&D testing [25].

D - Plugging criteria

The associated plugging criteria for 900 MWe nuclear power plants affected by secondary
side corrosion in the tubesheet area are the following :

- Circumferential cracking : " Any sign detected by the rotating probe indicating
the existence of a circumferential crack requires that
the tube be plugged ".

- Secondary side corrosion in the sludge pile area : " bobbin coil signal > 500 mVor
bobbin coil signal > 200 mV and presence of an
internal longitudinal crack (length > 10 mm) with a
difference in height less than 8 mm "

1.2 Tube support plate elevations

This type of cracking mainly concerns the steam generator bundles made of mill annealed
Alloy 600 and equipped with drilled hole tube support plates (TSP). The metallurgical
investigations carried out on 30 pulled tubes for secondary side corrosion at TSP elevations
and on a replaced steam generator at Dampierre Unit 1 [26] have shown that corrosion occurs
in the crevices between the tube and the TSP, which are totally filled with deposits or oxides.
Two kinds of corrosion have been observed : intergranular attack (IGA) and intergranular
stress corrosion cracking (IGSCC). Based on the pulled tube population, the corrosion
morphology at TSP elevations is close to that observed above the tubesheet in the sludge pile
area, and can be summarized as follows (Figure 8):

- numerous short longitudinal cracks with a part of IGA,
- the closer to the TSP mid-thickness, the deeper the IGSCC and the IGA,
- the corrosion does not extend beyond the TSP limits,
- on one steam generator, shallow and narrow transverse bands of IGA (300 urn) have

been found in front of the top and bottom of the TSP.
- generally, the extent of the secondary side corrosion decreases with the TSP

elevation.

Corrosion of similar morphology has been encountered at the flow distribution baffle (FDB)
on 4 pulled tubes, and on 2 tubes withdrawn from a steam generator equipped with broached
TSPs. In both cases, the damage occurred where the tube was close to or in contact with the
FDB or the broached TSP, thus reducing the corresponding clearance, allowing the crevices to
be filled by the deposits or oxides.

The plugging criterion for mill annealed Alloy 600 steam generator tubes for corrosion at TSP
elevations is as follows:

- Corrosion at TSP elevations : " Bobbin coil signal > 2 V (and > 1 V for TSP nos. 7
and 8) ".
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2 - Analyses of the tube deposits and underlying surfaces

Since 1984, the Chinon hot Laboratory has carried out numerous chemical analyses on
deposits scraped from the OD surface of pulled steam generator tubes. More than 250 deposits
located at various tube/tube support plate elevations and also at the top of the tubesheet have
been analyzed. These analyses provided more than 2,300 results that have been presented in
several publications [27-29]. Analysis of these results, in order to obtain an improved
understanding of the chemical medium actually responsible for secondary side corrosion, has
highlighted the following features:

The secondary side corrosion is associated with deposits which create or originate
from restricted flow areas, where deleterious chemical species can concentrate.
In French PWR units, corrosion occurs essentially only in restricted areas where the
water flow rate is reduced, in tube-TSP crevices and at the top of the tubesheet.
ZnO, Cu and especially SiO2 concentrations are significantly higher in the damaged
areas than in sound regions. In the restricted flow area, the major chemical species
found close to the tube is silica (20% in weight).
No significant difference has been revealed in the chemical composition of the deposit
at various elevations. Therefore, the higher corrosion rates at lower TSP locations
compared to upper ones seem to be due to the temperature difference between the
bottom and top of the steam generator bundle.

Some surface analyses performed on pulled tubes showed that silicate compounds
were deposited with an alumino-silicate gel sublayer, more or less bound to organic
compounds. Beneath this gel, a brittle, unprotective chromium and iron rich layer was
observed at the interface with the matrix.

Considerable work is still in progress in order to try to correlate this brittle layer to ODSCC
behavior, and in particular, to determine the role of the surface films and their stability as
defined by potential/pH diagrams [30].

3 - Influence of material characteristics

The study of pulled tubes has also provided information on the influence of material
characteristics such as carbon content, yield stress, microstructure, and final heat treatment at
700°C.

Based on the pulled tube population (i.e., only on cracked tubes), the average carbon content
of the tubes which experienced OD IGA/IGSCC in the field is lower than for those which
suffered PWSCC (0.02 wt. % compared to 0.03 wt. %).

Statistically, tubes with a low yield stress are more sensitive to secondary side corrosion than
tubes with a high yield stress. This result is in good agreement with R&D studies which have
shown that the stress threshold for secondary side corrosion is close to the yield stress [31]. It
is also consistent with the observed effect of the carbon content, since the latter is correlated
with the yield stress.

Concerning the influence of the material microstructure, no correlation between the
sensitivity to secondary side corrosion and structural parameters such as grain size and
chromium carbide precipitation has yet been established from the pulled tubes. However,
further studies are still in progress, particularly aimed to improve understanding of the
behavior of thermally treated tubes.
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Despite a 30,000 hours difference in operating time between the longest lived mill-
annealed Alloy 600 tube bundles and thermally treated Alloy 600 tube bundles, the
ODSCC behavior of thermally treated Alloy 600 in the field is significantly better. Up to
date, no secondary side corrosion has been observed on pulled heat treated Alloy 600
tubes.

E.D.F MAINTENANCE POLICY ON STEAM GENERATOR TUBE PLUGGING

Since 1983, the general E.D.F approach in terms of steam generator maintenance policy has
been to use "Degradation Specific Management". Each type of degradation is associated with
a specific analysis of root causes, the identification of the steam generator potentially affected,
and the consequences on the safety (Steam Generator Tube Rupture risk) and availability
(leak risk) of the nuclear power unit [32]. This analysis is mainly based on destructive and
non-destructive examinations, theoretical and experimental studies, and burst tests performed
on pulled tubes. This required multiple plugging criteria, a large number of pulled tubes and
numerous leak and burst tests.

1 - Number of plugged tubes and root causes

Figure 9 summarizes the total number of plugged tubes per year for 900 MWe nuclear power
plants, for each type of degradation. Firstly, it can be seen that, since 1990, the number of
plugged tubes has decreased year after year. Secondly, the number of preventive plugging
operations (AVB unsupported, TSP degradation) is still large and represents in 1996 more
than 65% of the total number of plugged tubes. Thirdly, by the fall of 1997, the PWSCC plug
tube amount is higher than the secondary side plug tube amount. The main reason is
preventive plugging operations concerning primary side degradation.

2 - Leak and burst tests performed in the hot laboratory

In order to estimate the safety margins provided by the plugging criteria and to evaluate the
risk of leakage and the bursting risk due to corrosion, the hot laboratory has performed a
considerable number of leak and burst tests on pulled tubes :

more than 250 results on tubes having suffered damage in the tubesheet area
(PWSCC or secondary side corrosion),
more than 220 results on OD corroded tubes from various TSP elevations.

The procedure used for room temperature testing, together with some of the results, have
already been published [33], and only the main findings concerning the risks of leakage and/or
bursting associated with the different kinds of degradation will be presented here.

Risk of leakage

The variation of the leak flow rate at 100 and 172 bar with the extent of internal longitudinal
stress corrosion cracking located in the rolled transition area is given in Figure 10. Although
we have to be very prudent when considering the following assessment, we observe that the
leak rates measured on the pulled tubes appear greatly overestimated when compared to the
end-of-life primary to secondary leaks in steam generators. In order to explain this behavior,
the following hypotheses seem the most plausible:

- the lower part of the crack may be located in the tubesheet and therefore not leak,
- the deposits on the secondary side of the tubesheet greatly hinder the leakage.
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Concerning the secondary side corrosion above the tubesheet, the risk of leakage is almost
zero, since on the pulled tubes without the tubesheet, none of the 17 tests carried out in the hot
laboratory resulted in a leakage, either at 100 bar or at 172 bar.

The number of leak tests performed on pulled tubes affected by circumferential cracking is
too small to draw significant conclusions (only 5 tests). However, the case of a 360° OD
initiated crack which completely traversed the wall over 10°, and yet did not leak at 100 bar,
is noteworthy. Moreover, it should be noted that the circumferential crack opening may be
increased during the pulling process, and this could falsify the results.

The secondary side cracking at TSP elevations is associated with deposits. The tube/TSP
crevice is then completely filled after a few cycles. Therefore, only tests performed with the
configuration "tube + TSP + deposit" are representative. Such tests have been carried out on
assemblies pulled from Dampierre Unit 1. The leak rate measured during the tests at 100 bar
is extremely low (the average value is lower than 10 cm /h). This result agrees with field
experience, since the steam generators with the greatest damage at TSP elevations leak very
little in operation.

Bursting risk

Although tests were performed with longitudinal internal cracks much longer than those
defined in the plugging criteria (up to 19 mm), no burst pressures less than 250 bar have been
measured (Figure 11).

All of the tests performed on pulled tubes affected by secondary side corrosion above the
tubesheet resulted in a burst pressure greater than 400 bar.

None of the 18 tubes with circumferential cracks have burst at a pressure lower than 230 bar.

The various burst tests performed on tubes affected by secondary side corrosion at TSP
elevations have shown a minimal burst pressure of 270 bar, even for tubes with much more
severe damage than that defined by the plugging criterion.

In conclusion, all these results demonstrate that the plugging criteria are conservative
and guarantee comfortable margins with respect to the Steam Generator Tube Rupture
Risk.

This E.D.F. steam generator maintenance policy has two significant beneficial effects:

- on the forced outages (Figure 12),
- on maintenance costs.

Since 1985, the forced outages due to corrosion have considerably decreased, to almost zero
in the 1990's. Moreover, no tube failure has been observed in any of the 55 French nuclear
power units, corresponding to an equivalent of 750 reactor-years of field experience.
It should also be noted that this maintenance policy has led to a marked decrease in the steam
generator maintenance costs (-25% between 1990 and the estimate for 1999).

CONCLUSIONS

An extensive program of investigation has been undertaken by Electricite de France over the
last 15 years in order to describe, understand and model corrosion phenomena in steam
generator tubing. Based on the metallurgical examination of 380 pulled tubes, this work has
enabled the establishment of appropriate efficient plugging criteria, together with the
development of a maintenance policy consistent with French steam generator field experience.
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However, although only one steam generator replacement has so far been due to secondary
side corrosion, the major concern for coming years is nevertheless related to the behavior of
the Alloy 600 tubes in the secondary environment. There is a lot more to do with mitigating
the secondary side corrosion than with the primary water stress corrosion cracking. The
PWSCC problem can been solved by implementing efficient remedial actions such as shot
peening, the use of Alloy 690, or repair techniques such as sleeving, nickel plating, etc. In the
case of secondary side corrosion, remedial actions are less effective (except the
implementation of Alloy 690), and few repair techniques are currently available.

As a matter of fact, additional work is still in progress on secondary side corrosion
phenomena [34]. One of the aims is to develop a model based on both investigations on pulled
tubes and fundamental laboratory studies, in order to describe and predict the occurrence of
IGA/IGSCC in secondary side steam generator environments, particularly for thermally
treated Alloy 600, and this is the major challenge for the future [35].
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Figure 1 : Location of the inner
longitudinal cracks Alloy
600 MA tube

Hard rolling Kiss rolling

Figure 2 : Evaluation of the inner stresses

Figure 3 : Cracking in the rolled area in the
tubesheet. Laser profilometry of a
silastic mold of a rolled tube with a
drilling defect.

outer surface

A)

Figure 4 : PWSCC in small U-bend.
Longitudinal cracking on MA Alloy 600.

a) Outer surface after leak test
b) Cross section of the main crack

inner surface
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a)

Figure 8 : OD corrosion at the Tube Support Plate Elevation - MA Alloy 600 tube
a) outer surface after burst tests
b) Transverse cut - Longitudinal IGSCC + IGA
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Figure 9 : Number of plugged tubes per year on french 900 MWe steam
generators.
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DISCUSSION

Authors: P. Berge, J.M. Boursier, D. Dallery, F. de Keroulas, Y. Rouillon, EDF

Paper: Lessons Learned from Tubes Pulled from French Steam Generators

Questioner: J.P. Van Langen

Question/Comment:

What is the reason for the second expansion at the tubesheet rolled joint area?

Response:

The second expansion of the tube in the tubesheet area is called "kiss rolling". This kiss rolling
operation has been done in order to reduce the stress level on the outer surface of the tube
(increasing resistance to secondary side corrosion).

Questioner: R. Klarner, BWC

Question/Comment:

Recently there have been several tubes plugged due to U-bend wear indications. Has the root
cause of this wear been identified?

Response:

Eight large U-bends have been removed from the first retired French steam generator at
Dampierre. The metallurgical examinations of these pulled U-bends are still in progress. The
main objectives of the metallurgical investigations are to validate the NDE techniques and to
determine the root causes of the wear process. I hope that I can answer your question at the
Fonteraud Conference!

Questioner: J.Gorman

Question/Comment:

(1) Have you ever observed either free span ODSCC or ID circumferential SCC at the TSP,
such as seen in USA Model 51s?

(2) What inspections are done to monitor for the above possible modes of degradation?
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Response:

(1) We have never observed either OD or IDSCC in the free span or circumferential cracking at
the TSP. The main reason of this absence of cracking is linked to a "good" secondary side
chemistry, associated with the absence of denting at TSP elevation.

(2) The answer is included in the final paper. At each planned outage, 100% of Alloy 600 MA
SG tube bundle is made with bobbin coil.
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WWER STEAM GENERATOR TUBE STRUCTURAL AND LEAKAGE
INTEGRITY

K. Splichal, VI. Krhounek, J. Otruba, M. Ruscak

ABSTRACT
CA0000204

The integrity of heat exchange tubes may influence the life-time of WWER steam generators and
appears to be an important criterion for the evaluation of their safety and operational reliability.
The basic requirements are to assure very low probability of radioactive water leakage, preventing
unstable crack growth and sudden tube rupture. These requirements led to development of
permissible limits for primary to secondary leak evaluation and heat exchange tubes plugging.
The stress corrosion cracking and pitting are the main corrosion damages of WWER heat
exchange tubes and are initiated from the outer surface. Both the initiation and crack growth
cause thinning of the tube wall and lead to part thickness cracks and through wall cracks, oriented
preferentially in the axial direction. The paper presents the leakage and plugging limits for
WWER steam generators, which have been determined from leak tests and burst tests. The tubes
with axial part-through and through-wall defects have been used.
The permissible value of primary to secondary leak rate was evaluated with respect to permissible
axial through-wall defect size of WWER 440 and 1000 steam generator tubes. Blocking of the
tube cracks by corrosion product particles and other compounds reduces the primary to secondary
leak rate. The plugging limits involve the following factors: permissible tube wall thickness
which determine further operation of the tubes with defects and assures their integrity under
operating conditions and permissible size of a through-wall crack which is sufficiently stable
under normal and accident conditions in relation to the critical crack length. For the evaluation of
burst test of heat exchange tubes with longitudinal through-wall defects the instability criterion
has been used and the dependence of the normalised burst pressure on the normalised length of
an axial through-wall defect has been determined. The validity of the criterion of instability for
WWER tubes with through-wall cracks have been experimentally confirmed. An expert system of
WWER steam generators has been suggested with the main goal to predict the corrosion damage
rate, the residual life-time and the life-time extension. The assessment is based on the evaluation
of local environment parameters by MULTEQ Code combined with SCC experiments.

Nuclear Research Institute Rez pic, 250 68 Rez, Czech Republic
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WWER STEAM GENERATOR TUBE STRUCTURAL AND LEAKAGE
INTEGRITY

K. Splichal, VI. Krhounek, J. Otruba, M. Ruscak

INTRODUCTION

The integrity of heat exchange tubes may influence the life-time of WWER steam generators and
appears to be an important criterion for the evaluation of their safety and operational reliability.
The basic requirement is to assure a very low probability of radioactive water leakage, preventing
unstable crack growth and sudden tube rupture. These requirements led to development of
permissible limits for primary to secondary leak evaluation and heat exchange tubes plugging
based on eddy current test (ECT) inspection and burst test experiments.

CORROSION DEFECTS

WWER 440 and WWER 1000 steam generators are horizontal bodies with 5536 and 11000 heat
exchange tubes respectively. According to the WWER steam generator tube experience the
titanium stabilized austenitic steel similar to the 321 type is susceptible in the secondary
environment to SCC and pitting. Corrosion damage of the outer tube surface occurs especially in
the form of crevice corrosion at the tube support plates in the higher thermally-loaded hot leg and
only to a limited extent in the cold leg tube section. In tube bends it is insignificant. The
corrosion damage of tubes in different steam generators and NPP units varies in different extent
(Fig.l). The total number of plugged tubes is given for four NPP units in Tab.l [1].

Table 1. WWER 440 steam generator plugged tubes

NPP unit

V I
V 2
V 3
V4

EDU1
EDU2
EDU3
EDU4

Number of SG

6
6
6
6
6
6
6
6

Operating time
[years]

17
15
11
10
10
9
9
8

Number of
plugged tubes

0
0

118
0
38
49
43
39

Plugged
tubes [%]

0
0

0.35
0

0.11
0.15
0.13
0.12
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Fig. 1. Number of plugged tubes of WWER 440 steam generators for two NPP units

Up to now any relationship between operating modes and defect initiation and propagation has
not been established. Stress corrosion cracking results in the formation of non through-wall as
well as through-wall cracks, oriented, primarily in the axial direction, and to a lesser extent also
circumferentially. In the first period the defects propagate through the tube wall in the form of
narrow cracks and their widening takes place probably by intergranular attact in the course of
further exposure to the secondary environment. The observed maximum crack length at the inner
surface of tubes pulled from operated steam generators was less than 12 mm.

LEAK RATE LIMITS

The basic approach to the determination of primary-to-secondary leak permissible limits is based
on measurement on tubes with through-wall cracks [2]. The evaluation should comprise the
location of defects in the tube free spans, the region of the tube support plate, and the tube
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expansion zones. In our work the limits have been derived only for the tube free spans. The tests
were carried out on equipment which enabled simulation of the primary and secondary circuit
temperatures and pressures of WWER 440 and 1000 steam generators. Leakage of medium
through an axial crack was measured in time dependence of exposure to the pressure inside the
tube pressurized by the primary water from the experimental reactor water loop. Resulting
relationships between the leak rate and the inner crack length or the inner crack cross-section
were determined and are shown in Fig.2,3 as an example for WWER 440 steam generator tubes
[2]. The smaller scatter of measured values of the leak rate in dependence on the crack cross-
section is due to the measured cross-section parameter involving the crack width, which is
decisive for clogging of cracks with particles present in the primary water.

.= .40- :

6 8 10

Crack inner lenght [mm]

12 14 16

Fig.2. Relationship between leak rate and crack length on the tube inner surface
for WWER 440 steam generator tubes
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Fig. 3. Relationship between leak rate and crack section on the tube inner surface
for WWER 440 steam generator tubes
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The formation of narrow through-wall cracks in the initial period does not necessarily lead to a
primary-to-secondary leak because the leakage is determined primarily by the crack width on the
tubes inner surface, hi the experiments performed under primary and secondary circuit operating
conditions of WWER 440 and 1000 (primary-to-secondary pressure difference of 7.8 and 9.4
MPa respectively), tube samples with axial cracks of 3-45 urn inner width and 1.3-14 mm inner
length were investigated. No primary-to-secondary leak was determined at cracks of inner width
3-5 um, whereas in 5-20 am wide cracks the leakage was restricted (Tab.2,3). The leakage was
blocked by clogging of cracks with particles either from the corrosion products or boron oxide
compounds precipitating during expansion of the primary water through the cracks.

Table 2. Relation between cracks size and leakage

Number of tube
specimens

8

20

5

Cracks

Inner width
\\im]

1.3-5

5-20

20.0 - 86.0

Inner length
[mm]

1.4-6.0

2.3 - 13.0

1.4-14.0

Leakage

without leakage

restricted leakage

leakage

Table 3. WWER 440 primary water particle sizes

Power plat

EDU

EBO

KKW

Experimental reactor
water loop

Operating time
[hours]

14 000

7 000 - 22 000

60 000

11000

Range of particle
size [um]

0.6 - 4.4

1-6

1-30

0.5 - 30

Average particle size
[um]

1

4.5-5.0

5.0

7.3

The permissible leak rate value was determined using following assumptions :

- The leak occurs under normal conditions. The permissible crack lengths were calculated under
loads which are defined as a threefold value of the primary-to-secondary pressure difference,
i.e. AP = 3 x 7.8 = 23.4 MPa for WWER 440 and AP = 3 x 9.4 = 28.2 MPa for WWER 1000
steam generators.

- The leak rate can occur at the primary circuit pressure of 12.5 MPa for WWER 440 and
15.7 MPa for WWER 1000 attained under accident conditions, such as secondary side
depressurization resulting from a main steam line or feedwater line break. Under these
conditions the permissible crack length were evaluated, using a safety factor of V2.
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On the basis of graphical evaluation using lower bound curve [3] of the measured values the
permissible leak rates have been determined, as 8 l.h"1 for crack length of 11.3 mm for WWER
440 and 10.2 mm for WWER 1000. Permissible crack lengths were determined by means of an
instability criterion for given pressures using the conservative erf value and a relation taken from

[4]. The obtained results are summarized in Tab.4. The leak rate value of 5 l.h"1 is recommended
to keep secondary water radioactivity below a sufficiently low level under operating conditions.

Table 4. Permissible leak rates

Power plant

WWER 440

WWER 1000

Loading
[MPa]

AP = 7.8

Pro =12. 5

AP = 9.4

PID=15.7

Coefficient of
safety

3

<2

3

<2

Permissible crack
length [mm]

11.3

20.3

10.2

20.1

Leak rate [Lh"1 ]

8

» 10

8

» 10

INTEGRITY OF HEAT EXCHANGE TUBES WITH THROUGH-WALL DEFECTS

The instability criterion of a straight tube with longitudinal through-wall defects is given by
Hahn's relation [5]. For the evaluation of burst tests results this criterion has been used in
following form:

of t M
(I)

where: P* is normalized burst pressure, Pa is measured burst pressure, Of is flow stress, R, t are
mean radius and wall thickness of tube and Mis the bulging factor and a/ — k(ay + oU)t oy, au are
flow, yield and ultimate stress respectively.

The dependence of the bulging factor on the normalized length A, of an axial through-wall defect
has been derived by Folias (relation 3), Erdogan (relation 4) and Hernalsteen (relation 5)
respectively Tab.5. The normalized through-wall flaw length X is given by relation

2a

•JRI
(2)

where 2a is the through-wall defect length.

The heat exchange tube integrity was evaluated by means of a burst test. Through-wall axial
defects were prepared by electro-discharged machining (EDM) and the SCC method. For the
burst test purposes the tubes were lined with a plastic bladder of 2 mm thickness. The relation
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between the normalized pressure for WWER 1000 steam generator tubes and the normalized flaw
length are shown in Fig.4, together with a plot of the 1/M values. The value of the ,,k" constant in
the expression for a/ was determined as 0.522.
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Fig.4. Burst test results on WWER tubes with SCC axial through-wall defects in free span

All the normalized burst pressure values lie above the curve determined by the Folias' relation
which represents rather a lower bound curve of the test results. The larger scatter is caused
probably by the uncertainty of the through-wall crack length determination . In fact, the crack
usually does not represent a single defect, but rather a system of multiple cracks mutually
separated on the tube outer surface by strips of material, their failure occurring only when the
unstable crack propagation takes place during the burst test.

Table 5. Bulging factors M and constants k

Relation

(3)

(4)

(5)

M

(1 + I.61a2/Rt)1/2

0.614 + 0.386 exp (-1.25A.) + 0.481 X

0.614 + 0.386 exp (-1.15 1) + 0.436 X

relation (3), (4)

k

0.58

0.55

0.522

Material

Inconel

Inconel

08Khl8N10T

References

[4]

[6]

[7]

this paper
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The Folias' relation was used to establish the lengths L = 2a of axial through-wall cracks for the
WWER 440 and 1000 steam generator tubes, permissible from the point of view of a controllable
crack development under normal operating conditions, accident conditions e.g. secondary circuit
depressurization, as well as under conditions of a threefold of the normal operating pressure
value. The results are summarized in Tab. 6.

Table 6. Critical lengths of axial through-wall crack

Pressure conditions

Normal operation

Accident

Threefold pressure difference

WWER 440

P [MPa]

7.8

12.5

23.4

L [mm]

41.9

26.1

13.8

WWER 1000

P[MPa]

9.4

15.7

28.2

L [mm]

36.6

21.9

12.0

TUBE PLUGGING LIMITS

Determination of the plugging limits is based on experimental measurement of the critical
pressure at the rupture of a tube with a crack. The result is a relationship between the critical
pressure and the tube wall thinning determined by means of ECT. In the case of WWER steam
generators the tube wall thinning measurement can be performed only by means of a bobbin coil
probe. Burst test were carried out at pressures up to 100 MPa and at temperatures of 290° and
320° C. The critical pressure was measured on tubes with both artificial corrosion defects, the
maximum crack length 12 mm and defects prepared by EDM method, the maximum crack length
35 mm. Results of measurement of the normalized critical pressure vs. tube wall thinning for
corrosion cracks are shown in Fig.5. As follows from the relationship between the experimentally
determined normalized pressure and the tube wall thinning, the lower bound curve for measured
values lies sufficiently, above the anticipated pressure load values. The permissible values for
tube plugging have been derived for accident and normal conditions of WWER 440 and WWER
1000, i.e. for a secondary side depressurization and for threefold value of the primary-to-
secondary pressure difference.

The resulting plugging limit for WWER 440 steam generator tubes involves the critical size of a
defect, corrected by its growth during the period between two subsequent in-service inspections,
and as well as by the accuracy of the ECT metod. The calculation of the plugging limit was based
on the approach PWR steam generators, using the equation

D.+DB +D0= Dc (6)

where Dp is the limit value of wall thinning for tube plugging, DE - error of ECT measurement,
Dc - tube wall thinning in the interval between two successive in-service inspections, Dc - critical
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wall thinning, determined for pressure loading under accident conditions. All values are in % of
tube wall thickness.
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Fig.5 Normalized burst pressure vs. SCC - slot depth

As follows from the data in Fig. 5, for the normalized threefold operating pressure difference the
critical WWER 440 tube wall thinning Dc is 100 %. The error of ECT measurement has been
established as Dg = 15 %. The rate of the tube wall thinning has been determined as 0.58 % of the
wall thickness per month [8]. This results in a wall thinning value of Do = 17.4 % for a 3-year
interval of in-service inspections. The resulting limit for steam generator tube plugging is then:

Dp =100-17 .4-15 = 67.6%. O)
The plugging limit value of 70 % has been suggested with respect to WWER 440 operating
experiences.

ENVIRONMENT PARAMETER ASSESSMENT AND CORROSION
DAMAGE PREDICTIONS

The results obtained on the damage of heat exchange tubes should have to be assessed from the
point of view of possible consequences both for the reduction of the steam generator thermal
capacity and the safety of primary and secondary circuit components. Although at present the
corrosion damage of tubes is relatively small, for further operation of the WWER steam
generators it is required to establish an evaluation system pointed to:
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- prediction of the amount and rate of damaging with respect to the residual life-time;

- implementation of corrective measures, such as those optimizing the water regime parameters
(molar proportion of anions and cations), the hideout return measurement and the condensate
polishing operation;

- introduce water regimes in the WWER secondary circuit which would minimize corrosion
and corrosion-erosion damages of materials and lower the amount of deposits in the circuit.

Basic approach to the assessment of corrosion damage is to determine the parameters of a local
environment taking into consideration the preferential occurrence of damage in regions of tubes at
the tube support plates, in thread holes of the WWER 440 collectors and in tube-collector joints
of the WWER 1000 collectors.

At present there exist three possibilities how to identify and model the environment in a crevice:
(1) chemical analysis of surface deposits in crevices (qualitative method) and evaluation of
blowdowns and hideout returns; (2) thermodynamic analysis based on the modeling of
concentration processes, e.g. using the MULTEQ Code; (3) experimental modeling based on the
formation of identical thermodynamic and chemical conditions in a model crevice.

The MULTEQ Code has proved to be a suitable tool for the identification of environment in
crevices for several reasons: the code has been validated in several independent organizations
and used for evaluation of the water environment at nuclear power plants; calculations performed
for WWER steam generators have proved a quantitative agreement of results with the
microanalysis of deposits on the inner surface of crevices, as well as conformity of model cases
with engineering expectations; the code enables to perform sensitivity analysis for simulation of
different chemical regimes and thermodynamic conditions.

Calculations performed in this way will serve to determine the composition and pHT of the model
environment for the stress corrosion cracking or pitting corrosion tests under conditions of a
crevice. The first phase of experiments will be aimed at investigation of the influences of initial
contents and mutual interactions of the present components on the level of environment
concentration, the resulting pHT values and the deposit composition. The measured values will be

compared with in-process measurements of the bulk and local parameters.

During the second phase tests of SCC will be carried out and parameters of the crack initiation
and propagation will be determined. The tests will be aimed at examination of changes of the
water environment composition, especially the content of aggressive impurities, and of the level
of stress. From the calculations and from the experimental and in-process measurements the
damage mechanism will be predicted in correlation with the bulk parameters of the water
environment as well as with the calculated stress values. The proposed procedure of assessment
will proceed in following steps:

- Calculation of temperatures on the surface of heat exchange tubes with emphasis on the points
of their contact with the tube support plate.
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- Modeling of the environment in a particular crevice with following outputs: pH of the crevice
environment, composition of the crevice environment, determination of solid and liquid
phases; execution of a sensitivity analysis of the crevice environment taking into account
thermodynamic conditions in the crevice; definition of conditions in crevices during an
outage; determination of a model environment for autoclave tests.

- Tests of corrosion cracking in the given environment with following outputs: time to initiation
in dependence on the stress for the given environment; threshold value of the stress intensity
factor for the given environment; crack growth kinetics in form of a relation between the
crack growth rate and the stress intensity factor taking into account the geometry of the tube.

- Variation of models of damage for the given environments. On the basis of such model it will
be determined whether the damage can be initiated at a particular location and, if appropriate,
whether the initiated defect can propagate and when it attains a critical size.

On the basis of a variance analysis the likely time to the incidence of a damage of a non-through
defect type as well as to the incidence of a through-wall defect will be determined. Through
monitoring of the parameters of the blowdown and hideout return chemistry environments
differing from normal operating conditions will be identified and then for these individual
events models of damage will be applied using the above mentioned procedures. If such
conditions take place during the steam generator operation, the estimate of the remaining service
life will be corrected taking into account the time-defined occurrence of such effects.

CONCLUSION

The permissible value of primary to secondary leak rate 81.ii"1 was evaluated with respect to
permissible through-wall defect size of WWER 440 and 1000 steam generator tubes. The
conservative value of 5 1/h was suggested as the leak rate limit for WWER-440 nuclear power
plants. The formation of narrow through-wall cracks in the initial period does not necessarily lead
to a primary-to-secondary leak because the leakage is determined primarily by the crack width on
the tubes inner surface. The leakage through the cracks is reduced if the size of corrosion product
and other compound particles correspond with the through-wall crack width.

The validity of the criterion of instability for WWER tubes with through-wall cracks has been
experimentally confirmed. The permissible size of axial through-wall cracks is 13,8 and 12,0 mm
respectively for the threefold value of the primary-to-secondary pressure deference in WWER
440 and 1000 steam generators.

The crack lengths observed on pulled tubes were in all cases lower than the established critical
crack lengths. The preliminary statistical evaluation of the ECT in-service inspection data proved
that the crack growth is also sufficiently low. Thus the leakage can be monitored for a long period
under operating conditions. Therefore the leak before break approach could be applied with a
sufficient margin of safety.
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The defected tubes with wall thinning above 70% rupture under burst test condition at a critical
pressure of 35 MPa, which is higher than the threefold value of primary to secondary pressure
difference 23.4 MPa for WWER 440 and 28.2 MPa for WWER 1000.

As shown by experimental studies, the use of permissible thinning of 70% for the heat exchange
tube plugging does not lead to an unstable crack growth and consequently to an uncontrollable
radioactive leakage. This corresponds to experience hitherto obtained at WWER 440 nuclear
power plants whose number of damaged tubes is very low.

An expert system of WWER steam generators has been suggested with the main goal to predict
the corrosion damage rate, the residual life-time and the life-time extension. The assessment is
based on the evaluation of local environment parameters by MULTEQ Code combined with SCC
experiments.
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DISCUSSION

Authors: K. Splichal, V. Krhounek, J. Otruba, M. Ruscak, Nuclear Research Institute Rez
pic.

Paper: WWER Steam Generator Tube Structural and Leakage Integrity

Questioner: M. Halin, Lovissa NPS

Question/Comment:

You mentioned that you have found high concentrations of sulfate in the threadholes and you
suggest a different concentration type than for hide out. Have you considered that the sulfate can
come from molybden in sulfide based grease used on the bolts?

Response:

The higher sulfate contents were determined in DOR water and in primary collector thread holes.
We suppose the similar concentration processes take place under crevice conditions of tube
support plates and thread holes. The similar higher sulfate contents were determined in
environments of thread holes with M0S2 and Ni based lubricants.

Questioner: R.F. Voelker, Lockheed-Martin

Question/Comment:

What was the secondary chemistry of the steam generator?

Response:

The secondary water parameters are controlled by NH3, N2H4 water chemistry. Average pH
values under operating conditions are in the range 8.5 - 8.8.

134



CA0000205

REGULATION OF AGEING STEAM GENERATORS

by

B.L. Jarman, I.M. Grant & R. Garg

ABSTRACT

Recent years have seen leaks and shutdowns of Canadian CANDU plants due to steam generator
tube degradation by mechanisms including stress corrosion cracking, fretting and pitting.

Failure of a single steam generator tube, or even a few tubes, would not be a serious safety-
related event in a CANDU reactor. The leakage from a ruptured tube is within the makeup
capacity of the primary heat transport system, so that as long as the operator takes the correct
actions, the off-site consequences will be negligible.

However, assurance that no tubes deteriorate to the point where their integrity could be seriously
breached as result of potential accidents, and that any leakage caused by such an accident will be
small enough to be inconsequential, can only be obtained through detailed monitoring and
management of steam generator condition.

This paper presents the AECB's current approach and future regulatory directions regarding
ageing steam generators.

Atomic Energy Control Board
Ottawa, Canada
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1.0 INTRODUCTION

1.1 Regulatory Mission

In Canada, the Atomic Energy Control Board (AECB) is the agency of the federal government
entrusted with ensuring that the use of nuclear energy poses no undue risk to health, safety,
security or the environment. The AECB is responsible, under the current Atomic Energy Control
Act, for regulating nuclear power plants. Since the provincial governments regulate pressure
retaining equipment in general, jurisdiction in such matters was shared with the provinces.

Underlying the AECB's regulation are the following general objectives:1

• Nuclear activities should not pose unacceptable risks to workers, the public or the
environment;

• Events that lead to the escape of radioactive material or the exposure of people to
ionizing radiation should occur with low frequency, decreasing as the consequence
increases, so that the likelihood of catastrophes is virtually zero.

Nuclear power plants in Canada were originally licensed based on analyses, documented in the
Safety Reports, of postulated accidents initiated by failures in the plant and external events.2 The
analyses were required to show that the public radiation dose resulting from each event is within
limits derived from the recommendations of the International Commission on Radiation
Protection (ICRP).

1.2 Significance of Steam Generator Ageing

Several Canadian plants have experienced steam generator tube degradation in recent years.3 This
physical ageing changes the licensing assumptions by increasing the potential for tube failures
during operation, upsets or accidents. The tubes form part of the reactor pressure boundary, so
their failure causes a small Loss of Coolant Accident (LOCA). They form part of the containment
boundary also. Thus any radionuclides that escape by leakage to the secondary side are released
eventually to the environment. The Safety Reports recognized the possibility of tube ruptures
during operation. In the analyses of other events, however, it was assumed that the tubes would
not leak more than nominal amounts.

Therefore the need exists to show that the practices followed in ageing steam generators give an
acceptable overall level of safety. The AEC Act gave broad discretionary powers to the
regulators. In the past, the AECB and its licensees have negotiated resolution of such issues case
by case based on their impact on nuclear safety.4
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The AECB's position has been that regulation of steam generators should ensure the following:

• A low probability of spontaneous tube rupture, in terms of occurrence per plant year,
under normal operating conditions.

• A very low probability of tube rupture under accident conditions, in terms of the
probability of occurrence of a design basis accident and consequential SG tube rupture.

• Primary to secondary leakage during normal operation and during postulated accidents
within siting guide dose limits.

Tube fretting at supports

Loose parts damage-

Tube high cycle fatigue

Corrosion of supports

ODSCC at tube supports & tube
deformation

-Tube pitting in freespan

-Tube denting at supports

corrosion in sludge zone above
tubesheet and supports
Pitting
IGA

Figure 1: Tube Degradation Mechanisms in CANDU Steam Generators

2.0 EXPERIENCE IN REGULATING STEAM GENERATORS

2.1 Bruce B Fretting

Fretting at U-bend supports in Bruce B steam generators was discovered in 1989 during a
periodic inspection. The maximum depth reported was about 50% through wall. A theory was
advanced that fretting was "self limiting." Consequently, action was initially limited to periodic
monitoring of steam generator condition. Prototype anti-vibration bars were also installed in Unit
5. However, fret depth continued to show an increasing trend until, in 1995, a tube leak occurred
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in Unit 7. On inspection, several other flaws were found in that Unit to have approached the
maximum tolerable flaw size.

At this point, AECB staff asked Ontario Hydro to change its strategy for dealing with steam
generator tube fretting to one that manages the risks more rigorously. Ontario Hydro has
responded by setting up a schedule of inspection and tube plugging designed to ensure that few
tubes will be at risk of failure during the current inspection interval. The latter criterion was
supported by a safety assessment of consequential tube failures. The AECB has also asked
Ontario Hydro to use inspection results regularly to confirm the models for predicting future
steam generator flaw populations.

2.2 Bruce A U-Bend Stress Corrosion Cracking

A series of tube leaks in 1991 caused by circumferential cracks at the U-bends was the first sign
of trouble in Bruce Units 1 and 2. Initially, the response was limited to finding and plugging the
leaks. The absence of other indications from inspection was assumed to justify continued
operation, despite information5 that the technique did not readily detect circumferential cracking.

After a seventh forced outage, Units 1 and 2 were shut down for investigation. Tube removal
revealed that tubes in the U-bend region contained outside diameter stress corrosion cracking
(ODSCC). The cracking was especially severe in steam generators 2 and 3 of Unit 2. There,
several tubes contained through-wall cracks. The inspection had not detected these defects.

A case for fitness for service of Unit 2 was eventually based on inspection with the specially-
developed Cecco-3 eddy current probe.6 The probe performance was demonstrated on removed
tubes. This exercise credited the probe with an 80% probability of detection (POD) for cracks
deeper than 60% through-wall. The possibility that some defects may have remained after
inspection was addressed by showing that consequential failures in the event of an accident
would not cause leakage beyond tolerable limits.

However, reinspection of Unit 2 after a year of operation revealed many new crack indications.
Statistical models suggested that faster-than-expected crack growth rates were responsible. These
findings implied that tube plugging could soon reach unacceptable levels (Figure 2).

To justify continued operation of Unit 2, AECB staff asked for the following information:

• Acceptance criteria for the maximum numbers of plugged tubes in Unit 2 steam
generators;

• An assessment of the remaining life and a planned date for shutdown;
• An inspection strategy;
• Predictions of end-of-interval crack populations and justification of their acceptability.
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Figure 2: Bruce Unit 2 ODSCC Development

Inspection during a planned outage in 1994 confirmed the trend of crack growth. Unit 2 was laid
up in October 1995.

2.3 Pickering B Pitting

Unit 5 at Pickering B experienced tube leaks in the early 1990s due to pitting in the lower regions
of the steam generators. Recurring leaks and growth of inspection indications gave evidence of
rapid corrosion. More than 1000 tubes were plugged in a short period. Ontario Hydro submitted
plans for plugging up to 500 tubes per steam generator. To avoid tube plugging, Ontario Hydro
also proposed a novel repair process known as electro-sleeving. The AECB, however, held that
laboratory evidence was needed to support field trials, and that long-term field trials were
required before large-scale use could be considered. Therefore it is unclear that the problem
could have been managed by plugging or electro sleeving. Ontario Hydro acted aggressively to
clean the steam generators and to improve the feedwater chemistry and materials. This action
appears to have solved the problem.

2.4 Bruce B Preheater Fretting

In June 1997, a tube leak was detected in a Unit 6 preheater. Ontario Hydro subsequently
inspected approximately 30% of the tubes in each of the four preheaters in this unit and found
tube fretting at the supports. This lead to identification of a generic problem similar to—and,
from a safety standpoint, additional to—the steam generators. Until then the preheaters had not
been inspected and were assumed to be in good condition. The AECB has requested that Ontario
Hydro apply a strategy for managing the preheater tube degradation similar to that for the steam
generators.

139



2.5 Bruce A Top of Tubesheet SCC

In April 1997, Ontario Hydro found that SCC at the tubesheet roll transition was the cause of a
tube leak in Unit 1. Tube removals and 100% inspection of the lower 30 inches of the hot leg
tubes revealed many other OD and ID flaws in Units 1, 3 and 4.

These findings posed new concerns. The absence of indications from previous inspections
implied two equally disturbing alternatives. Either the inspection failed to pick up the problem,
or the cracks developed rapidly since the last inspection.

The situation was perceived also to be less tolerant to uncertainties in management than previous
cases involving fretting, pitting, or SCC, where the flaws were limited in circumferential extent.
"Leak before break" was less assured. Since leak rate increases sharply with increasing
circumferential crack extent, the risk of consequential tube failures following a plant upset or
accident seemed greater than previously.

Since concerns about inspection accuracy and crack growth rates limited our confidence in
continued fitness for service, other assurances were sought. By taking credit for the actual
concentration of radioactivity in the reactor coolant, Ontario Hydro demonstrated tolerance for at
least one steam generator tube rupture during a plant upset. On this basis, and with a reduction in
the limit for primary-to-secondary leakage, AECB staff accepted the return to service of Units 3
and 4 until the planned shutdown in April 1998.

2.6 Darlington U-Bend Fretting

Ontario Hydro recently reported U-bend support fretting in Darlington Unit 2. Indications were
detected in 28 tubes with a maximum depth of approximately 35%.

Despite its apparently benign state, experience suggests that fretting will worsen over time. We
expect Ontario Hydro to produce plans to define the extent and severity of U-bend fretting and
rates of change in all DNGS units. In the longer term we expect measures to manage and
mitigate the problem.

3.0 LESSONS LEARNED

3.1 Regulatory Process

A regulatory strategy consists of the processes of setting standards for an activity, evaluating its
compliance with the standards, and promoting compliance. In systems engineering terms, the
processes overall can be likened to a feedback controller (Figure 3).

For steam generators in operating plants, the main regulatory controls consist of the inspection
requirements and acceptance criteria in the CSA standards, called up in conditions attached to the
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Figure 3: Regulatory Processes

operating licenses, the limits on steam generator tube leakage in licensee Operating Policies and
Principles, and requirements for reporting of pressure boundary degradation.

In theory, the regulator evaluates compliance with the criteria stated above, and takes action in
response to a detected non-compliance. While this generally has worked in practice, experience
has revealed some weak points. These are discussed below.

3.2 Problem Recognition

Awareness of problems in reactors develops gradually. In the early stages, information is often
ambiguous. Denial—"it can't happen here"—is a not-uncommon reaction to signs of trouble.
Given imperfect information, two decision errors are possible: acting when no problem exists
(false call), or failing to act when a problem exists (non-response). While recognizing the
possibility of overreaction, AECB staff attempts to act as a catalyst by asking "what if."

A serious weakness is that the CSA standards for periodic inspection specify samples that are too
small and too infrequent to detect deterioration of steam generator tubes promptly. In several
cases, problems have developed without detection by the periodic inspection program, e.g.,
Bruce A SCC, Bruce B preheater fretting. Statistics show that at least 20% of the population of
tubes must be inspected to give confidence that a given condition affects less than a small
fraction. A recent AECB research report on fitness for service guidelines recommended larger
inspection samples.7

On the other hand, 100% inspection does not eliminate uncertainty. It eliminates sampling error.
Several sources of uncertainty remain. Inspection techniques, scope and frequency are inevitably
shaped by planning assumptions about the defects of concern, the areas at risk, and rates of
development. "100% inspection" is vulnerable to lack of knowledge and inaccuracies in these
assumptions.

Even when inspection is accurately targeted, the performance of present day eddy current
techniques leaves room for doubt about the flaw population that remains after inspection.
Performance demonstration gives valuable evidence of what the technique does and does not
detect. However, such exercises may be biased or incomplete. Bias creeps in, for instance, from
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focussing only on tubes in which defects are called. This procedure controls the "Producer's
Risk" in Figure 4 below. However, the regulator is primarily interested in what is left in service,
i.e., the "Consumer's Risk." Correcting this bias requires random investigation of tubes with
acceptable indications. However, limits exist. Proving the nonexistence of non-detectable defects
is logically impossible. Thus, probability of detection exercises should avoid attempting to
quantify the unquantifiable.

INSPECTION CALL

Reject

Accept

DEFECT CHARACTERISTICS

"Good"

Producer's Risk

OK

"Bad"

OK

Consumer's Risk

Figure 4: Inspection Outcomes

Leak monitoring supplements inspection to give warning of tube degradation. It also acts as a
real check on the consumers risk. Leak monitoring does not by itself guarantee safety, however.
In some circumstances, leaks have occurred only after the defects have grown beyond the
maximum tolerable flaw sizes, e.g., Bruce A SCC. This experience shows that "leak before risk
of break" is not assured in all circumstances.

Other informal sources of information are reports of experience elsewhere, and research. Such
information helps to anticipate problems. In systems terms, adding a predictive capability
improves the feedback controller's response and reduces time lags and oscillation. This
information has not always been effectively used.

3.3 Ageing Management

In the short term, the AECB has responded to reports of steam generator problems by doing or
requesting the following:

• Investigation of the noncompliance;
• Assessment of the safety of continued operation, and the tolerance to probable failures;
• Judgement of the time available to gather more information;
• Adjustments to controls: e.g. expansion of inspection to define the scope and severity of

the problem, inspection of similar components or other reactor units, and repeated
inspections to define its kinetics.

Over the medium term, steam generator tube degradation has been managed by a strategy of
periodic inspection and reassessment. The process is depicted in Figure 5. As this figure
suggests, statistics usefully describe steam generator ageing, in view of the large tube population,
individual variation and inspection uncertainties. The AECB has sponsored research that resulted
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in a software package named CANTIA for modelling flaw populations and assessing failure
probability.8

Elements of the strategy are listed in Figure 6. The objective is to ensure that the population of
degraded tubes remains fit for service, while individual flaws meet the CSA standard or alternate
repair criteria consistent with the ASME Code. Extreme as opposed to average behaviour is a key
issue. Figure 5 shows that the "upper tail" of the population is of concern. Limits on the
population "at risk" are based on the need to ensure that radioactive releases caused by tube
failures during plant accidents or upsets will not exceed regulatory limits. Because different tube
defects and stresses can produce a wide range of primary to secondary leak rates, and because the
condition of individual tubes is not well defined, the AECB has generally requested large
margins between the consequential leak assessments and the legal limits.

This strategy has worked satisfactorily, but it has the weakness that the regulator and the

i. Confirmation of the ability of the examination method to detect and size flaws
ii. Description of the population of degraded components and rates of change
iii. Failure criteria for normal and accident conditions
iv. Repair criteria with appropriate margins against failure
v. Procedures for repair of unacceptable defects
vi. Acceptance criteria for population at risk
vii. An in-service inspection plan that ensures the population meets the acceptance criteria
viii. Definition of a long-term end point

Figure 6: Elements of Strategy for Managing Ageing Degradation
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licensees get comfortable with it. However, if many steam generator tubes are subject to
degradation, it is merely playing out the end game. As experience at Bruce A and elsewhere has
shown, the situation can deteriorate quickly unless a solution is found.

3.4 Problem Mitigation/Prevention/Solution

The AECB attempts to focus attention on the long term endpoint, on rejection criteria (i.e.,
conditions beyond which operation will not continue), problem mitigation and solution.
Examples of such outcomes include the request in the case of Bruce 2 for a planned shutdown to
avoid the risks of indefinite operation, chemical cleaning of Pickering steam generators, which
appears to have eliminated leaks due to pitting, and installation of antivibration bars at Bruce B
which have been shown to reduce fretting wear.

4.0 REGULATORY DIRECTIONS

Although in the past jurisdiction was shared with the provinces, a 1993 decision by the Supreme
Court of Canada made it clear that regulation of nuclear facilities is a federal responsibility.
Furthermore, in early 1996, the Minister of Natural Resources tabled Bill C-23, The Nuclear
Safety and Control Act in the House of Commons. This Act is expected to come into force this
year. Besides changing the name of the AECB to the Canadian Nuclear Safety Commission, the
new Act provides for more explicit and effective regulation by giving the Commission clear and
specific powers.

Consequently, the AECB has started to restructure its regulation of pressure boundaries. As a
first step it has changed the license conditions for power reactors to state explicitly the
requirements for pressure vessels and piping. These require compliance with the technical
content of CSA standards N285.0 and B51. The AECB has arranged with provincial agencies to
carry out authorized inspection to administer these conditions.

In future the AECB intends to publish federal pressure vessel regulations and guides to
compliance under the Act. The AECB wants to refer to CSA standards for construction and in
service requirements. However, the present nuclear standards lack adequate rules for inspection
and guidelines for dispositioning flaws. AECB staff would like to correct this deficiency by
asking its licensees to develop fitness for service guidelines for steam generator tubes that can be
incorporated into the CSA standards. The standards should cover inspection, acceptance criteria,
and either prescribe levels of inspection consistent with practices in the nuclear industry or
contain the logic that leads to current requirements. To meet targets for publishing new standards
and regulations, this needs to be done within about eighteen months.

In absence of such standards, the AECB will continue to mandate actions it considers necessary
for public safety.

5.0 CONCLUSIONS
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Past practice under a flexible regulatory regime allowed the AECB to make judgements on specific
cases of steam generator degradation. This practice was successful up to a point but involved
considerable effort in motivating licensees to deal with emerging problems rather than treating the
regulators as the problem.

Changes in the regulatory climate in Canada driven in part by the poor performance of the industry,
privatisation, ineffective legislation and government reorganization have resulted in stronger
emphasis on compliance and enforcement.

The rules on operation with degrading equipment do not exist in a legally enforceable form. In most
case the types steam generator degradation encountered to date are manageable and tolerable for
limited periods of operation. Degradation can be covered in rules for operation, fitness for service
criteria and inspection strategies.

The AECB expects to have in place rules for steam generator degradation within the next 18 months.
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DISCUSSION

Authors: B.L Jarman, I.M. Grant, R. Garg, AECB

Paper: Regulation of Ageing Steam Generators

Questioner: K. Bagli, OH SESD

Question/Comment:

In Nucleonics Week, 1998 May 21, "US Passes Five Years Without a Steam Generator Tube
Rupture". A key element is the rigorous inspection program. The main credit goes to the NRC.
When is the AECB going to operate in a similar proactive/prescriptive mode rather than in a
reactive mode?

Response:

I believe the credit goes to licensee as well as the US NRC to have implemented a rigorous
inspection program which has reduced the tube rupture in last few years.

CANDU units have had no steam generator tube ruptures since they went in service. This does
not necessarily mean that CANDU units are safer to operate. In other words, actual tube rupture
is not the only criteria to measure the safe operation of a nuclear plant.

With the new CNSC Act, expected to be in effect by early next year, AECB (CNSC) intends to
have regulations with more prescriptive requirements. AECB has asked the CSA code
committee to revise the code to include the technical requirements for CANDU power plants. If
the code refers to other codes such as ASME, it should specify the sections that are applicable to
CANDU power plants. The AECB have asked the licensees to write FFSA and CLA for SGs.
The requirements of these documents will be captured in regulations.

In summary, with the new act and regulations, the AECB will be more prescriptive on
compliances, limited flexibility and little or no 'regulation by negotiations'.
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CANDU STEAM GENERATOR FITNESS-FOR-SERVICE GUIDELINES

D.A. Scarth1, M.J. Kozluk1, E.E. Cartar1, M. Mirzai1,
C. Maruska1, J.H. Nickerson2 and D.B. Graham1

ABSTRACT

Steam generator tubes function as part of the CANDU3 reactor primary heat transport system
coolant pressure boundary. The occurrence of degradation mechanisms in nuclear steam
generators has led to the need for industry-standard documents that contain uniform evaluation
methods for the fitness-for-service assessment of degraded steam generator tubes. Proposed
Fitness-for-Service Guidelines (FFSG) for in-service evaluation of steam generator tubes and
preheater tubes in CANDU nuclear power plants are under development. The FFSG are intended
to provide Canadian nuclear industry-standard acceptance criteria and evaluation procedures for
assessing individual flaws detected during inspection. In addition, they provide a consistent
approach for assessing the adequacy of the condition of the entire population of steam generator
tubes in a reactor unit. The FFSG are based on safety-related Performance Criteria that require
tube structural integrity be maintained during the evaluation period, that operational leak rate is
monitored and does not exceed the allowable limit, and consequential leakage during postulated
upset or abnormal events is acceptable. The assessments would typically be used to justify
continued operation for a planned interval and/or to justify the level of in-service inspection. This
paper provides an introduction to the proposed FFSG for CANDU steam generator tubes.

1 Ontario Hydro
2 Atomic Energy of Canada Ltd.
3 CANadian Deuterium Uranium

149



CANDU STEAM GENERATOR FITNESS-FOR-SERVICE GUIDELINES

D.A. Scarth, M.J. Kozluk, E.E. Carter, M. Mirzai,
C. Maruska, J.H. Nickerson and D.B. Graham

1. INTRODUCTION

Steam generator tubes function as part of the CANDU reactor primary heat transport system
coolant pressure boundary. The occurrence of degradation mechanisms in nuclear steam
generators has led to the need for industry-standard documents that contain uniform evaluation
methods for the fitness-for-service assessment of degraded steam generator tubes. There is a need
to formalize periodic monitoring of the condition of aging tubes, and to quantify safety margins
regarding tube integrity and potential radioactive releases to the environment. A significant effort
is underway under the Electric Power Research Institute (EPRI)/Nuclear Energy Institute steam
generator degradation management program to develop industry standard evaluation methods for
degraded steam generator tubes [1]. Previously, U.S. NRC criteria that address the limits for tube
repair was provided in Regulatory Guide 1.121 [2]. More recently, a performance based
approach was proposed by the U.S. NRC in the form of the Steam Generator Tube Rule which
subsequently became the NRC draft Generic Letter 97-XX [3] and the draft Regulatory Guide DG-
1074 [4].

There is a need for fitness-for-service guidelines specifically for CANDU reactors used in the
Canadian nuclear industry. This is due to the unique set of tube and tube support configurations,
the use of Monel 400 and Incoloy 800 materials in addition to Inconel 600, and other CANDU-
specific issues. A review of international fitness-for-service assessment approaches for steam
generator tubes, from the viewpoint of applicability to CANDU steam generator tubes, is provided
in reference [5]. Methodologies for probabilistic assessments specific to CANDU steam generator
tubes are provided in references [6] and [7].

A multi-disciplinary team with representatives from Ontario Hydro and Atomic Energy of Canada
Ltd. are developing Fitness-for-Service Guidelines (FFSG) for in-service evaluation of steam
generator tubes and preheater tubes in CANDU nuclear power plants [8]. The proposed FFSG
are intended to provide industry-standard acceptance criteria and evaluation procedures that will
lead to more consistent assessments being produced throughout the Canadian nuclear industry.
This paper provides an introduction to the proposed CANDU steam generator tube FFSG. The
role of the FFSG in the steam generator tube degradation management program is first provided,
followed by an overview of the FFSG. The concept of Performance Criteria is described, along
with the approach for periodic assessments. A qualitative overview of an example assessment is
then given, followed by current issues and planned future developments.
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2. ROLE OF FFSG IN STEAM GENERATOR DEGRADATION
MANAGEMENT

Steam generator tube degradation management includes water chemistry control, in-service
inspection and monitor ing, condition assessment of the steam generator tubes, and steam generator
cleaning and other maintenance activities.

Condition assessments of steam generator tubes in CANDU plants are under the jurisdiction of
the Canadian Standard CAN/CSA-N285.4-94 [9]. The rules in CAN/CSA-N285.4-94 permit
acceptance of indications with predicted end-of-evaluation-period depths not exceeding 40% of
the wall thickness. When an indication does not satisfy this criterion, a fitness-for-service
assessment to demonstrate integrity is required. The proposed FFSG are intended to provide the
evaluation procedures and acceptance criteria for such fitness-for-service assessments. FFSG
assessments would typically be used to justify continued operation of steam generator tubes in a
degraded condition, and/or as a means to justify the level of in-service inspection. Degradation
mechanisms covered by the FFSG include intergranular attack, stress corrosion cracking, fatigue,
pitting, fretting wear, wall thmning caused by corrosion and erosion, and localized tube
deformation such as denting.

3. OVERVIEW OF FFSG

3.1 Approach

The main objectives of the FFSG are to provide reasonable assurance that: steam generator tube
structural integrity is maintained; there are adequate margins between estimated emissions and
applicable site dose limits with consideration of possible consequential steam generator tube
failure. The FFSG are based on methods previously developed to assess tube degradation at
Ontario Hydro Bruce A and B Nuclear Generating Stations. The FFSG are also based on safety-
related Performance Criteria, which have been proposed under the EPRI program [1], as well as
by the U. S. NRC [3,4]. Performance Criteria are described in Part 4 of this paper. Tube leakage
is permitted in this approach, provided the Performance Criteria are satisfied.

The FFSG provide procedures for determining the Maximum Tolerable Flaw Size (MTFS), which
is used to determine the acceptance limit for tube repair. Procedures are provided for a backward
looking, Condition Monitoring Assessment of the entire population of tubes to validate and or
adjust predictive methods based on service experience. The FFSG also include a forward-looking,
Operational Assessment to demonstrate that the Performance Criteria will be satisfied during the
next evaluation period. Both deterministic and probabilistic assessments are covered. The FFSG
place a significant reliance on the use of statistical analysis methods. This is due to the large
number of steam generator tubes in a reactor unit, the statistical nature of Probability Of Detection
(POD) of flaws and flaw sizing error, and uncertainty and variability in flaw growth rate.
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3.2 Organization of FFSG

The FFSG consist of two sections. Section I contains the acceptance criteria and evaluation
procedures. These include the Performance Criteria, procedures for evaluation of individual
detected flaws, procedures for the Condition Monitoring Assessment and Operational Assessment
of the entire tube population, procedures to assess the reactor shutdown operational leakage limit,
and guidelines for tube repair. The main body of Section I provides mandatory acceptance
criteria, while detailed evaluation procedures are provided in the nonmandatory Appendices.
Material properties and derived parameters, such as material flow stress and leak rates, are
provided in Section II. The technical bases for the FFSG will be provided in a separate document.

4. PERFORMANCE CRITERIA

The bases for the acceptance criteria in the FFSG are the Performance Criteria. The Performance
Criteria require that tube structural integrity be maintained during the evaluation period, that
operational leak rate is monitored and does not exceed the allowable limit, and that consequential
leakage during postulated upset or abnormal loading events is acceptable. Deterministic and
probabilistic Performance Criteria are provided.

4.1 Structural Integrity Criteria

Adequate structural integrity of the tubes must be maintained during the evaluation period.
Separate Performance Criteria apply to detected or postulated flaws, and to localized tube
deformation.

4.1.1 Sharp, Crack-Like, or Blunt Flaws, Wall Thinning

For blunt flaws, prevention of crack initiation must be demonstrated. Otherwise, the blunt flaw
must be treated as crack-like. Safety margins on load must be evaluated using either acceptance
criteria prohibiting leakage, or acceptance criteria permitting leakage. The required safety factors
on load are equivalent to those in the ASME Boiler and Pressure Vessel Code, Sections III [10]
and XI [11]. The acceptance criteria prohibiting leakage require that safety factors on load for
prevention of penetration of the flaw through the wall must be satisfied. In addition, protection
against unstable rupture of a related postulated through-wall flaw must be demonstrated. The
acceptance criteria permitting leakage allow through-wall flaw penetration provided Leak-Before-
Break is demonstrated using required safety factors on load for prevention of tube rupture, and
provided acceptable consequential leakage through all flaws during the most limiting postulated
upset or abnormal loading events, including accident events, is demonstrated. In-situ pressure
testing is permitted as a method of demonstrating structural integrity margins.
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4.1.2 Localized Tube Deformation

Localized tube deformation includes denting. Prevention of crack initiation must be demonstrated.
Otherwise, the localized tube deformation must be evaluated as crack-like.

4.2 Operational Leak Rate Criteria

The operational leak rate limit, and the frequency of leak rate monitoring, must provide
reasonable assurance of Leak-Before-Break during normal operation, and protection against tube
rupture during upset or abnormal loading events. Reasonable assurance must be provided that the
contribution of the corresponding through-wall flaw(s) to consequential leakage during upset or
abnormal loading events is acceptable.

4.3 Consequential Leakage Criteria

Potential leakage during the most limiting postulated upset or abnormal loading events, including
accident events, must be assessed considering all degradation mechanisms. Assessment must be
based on a flaw distribution that reflects the detected flaws, and must cover un-inspected tubes.
The Consequential Leakage Assessment must demonstrate that the leakage during the event is
acceptable, based on an adequate margin between estimated total accumulated dose and applicable
site dose limits.

5. ELEMENTS OF FFSG PERIODIC ASSESSMENTS

When tube degradation is detected, the condition of the steam generator tubes is compared
periodically against Performance Criteria to provide reasonable assurance that the tubes remain
capable of fulfilling their intended safety functions. The steam generator tubes are assessed for
operation over an evaluation period, which may be the time interval between the current steam
generator tube inspection and the next scheduled inspection. Periodic assessments include four
main elements. The first three are: (i) Evaluation of Detected Flaws or Localized Tube
Deformation; (ii) backward-looking Condition Monitoring Assessment of fitness-for-service; (iii)
forward-looking Operational Assessment of fitness-for-service. These assessments are performed
on a regular basis, and are described below in Parts 5.1, 5.2 and 5.3, respectively. The fourth
element is Assessment of Condition Causing Leakage, and is performed when a reactor unit that
had primary to secondary-side leakage is in a shutdown state, and the source of leakage has been
detected. A flowchart of consecutive, periodic assessments is shown in Figure 1. A portion of
the effort in the FFSG assessment, such as determining Maximum Tolerable Flaw Size, can be
performed prior to the availability of inspection results in order to expedite the assessment during
the reactor outage.
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5.1 Evaluation of Detected Flaws or Localized Tube Deformation

This element of the FFSG is used to determine the tube repair criteria. The root cause(s) of
degradation, including flaw formation and flaw growth, are assessed. For blunt flaws or localized
tube deformation, prevention of crack initiation is demonstrated. Otherwise, the blunt flaw or
localized tube deformation is evaluated as a crack. For flaws, either acceptance criteria
prohibiting leakage or acceptance criteria permitting leakage must be satisfied. When acceptance
criteria prohibiting leakage are used, flaw stability against 100% through-wall flaw penetration
must be demonstrated for the end-of-evaluation-period flaw size using safety factors on load. For
example, for an axial flaw

(SF)ah < <*' (1)

where ah is the primary membrane hoop stress at the flaw, ah' is the hoop stress at ligament
instability of the part-through-wall flaw, and (SF) is the required safety factor on load. In
addition, protection against rupture of the related postulated through-wall flaw must be
demonstrated.

When acceptance criteria permitting leakage are used, a Leak-Before-Break assessment is
performed to demonstrate that required safety factors are maintained prior to detection of the
leaking flaw during normal operation and shutdown of the reactor unit. A Consequential Leakage
Assessment is also performed. For the total population of tubes in the reactor unit, the total
leakage due to all degradation mechanisms must not exceed the acceptable total leakage.

mF < ma (2)

where mF is the leakage during the upset or abnormal loading event due to all degradation
mechanisms, and ma is the acceptable total leakage for the upset or abnormal event.

5.2 Condition Monitoring Assessment

When an Operational Assessment of fitness-for-service has been performed for the previous
evaluation period, a backward-looking, Condition Monitoring Assessment of the entire population
of tubes in the reactor unit is performed prior to unit restart. The Condition Monitoring
Assessment evaluates whether the Performance Criteria had been satisfied during the previous
evaluation period. The Condition Monitoring Assessment compares the predictive methods and
input variables of the previous Operational Assessment against actual steam generator tube
degradation. Modifications to the predictive methods and input variables are identified and are
implemented into current and future Operational Assessments. A flowchart of Condition
Monitoring Assessment of flaws, including wall thinning, is shown in Figure 2.
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The projected flaw size distribution from the previous Operational Assessment is compared with
the current flaw size distribution from the current inspection results. The method of predicting
flaw size distribution in the current Operational Assessment is revised to conform with the current
inspection results. For flaws, either the acceptance criteria prohibiting leakage or acceptance
criteria permitting leakage described in Part 5.1 of this paper must be satisfied.

5.3 Operational Assessment

A forward-looking, Operational Assessment of fitness-for-service of the entire population of tubes
in the reactor unit is performed to demonstrate that the Performance Criteria are satisfied during
the next evaluation period. The Operational Assessment considers the projected future condition
of the tubes during the evaluation period based on the inspection results, the predicted flaw growth
rates, and corrective actions implemented at that time. When a Condition Monitoring Assessment
demonstrates compliance with the Performance Criteria for each degradation mechanism, the
Operational Assessment must be performed within 90 days after unit restart. When a Condition
Monitoring Assessment has not demonstrated compliance with the Performance Criteria for a
degradation mechanism, the Operational Assessment must be performed prior to unit restart. The
Operation Assessment is similar to the Condition Monitoring Assessment, except that the
Operational Assessment is based on the projected condition of the population of tubes at the end
of the evaluation period.

6. QUALITATIVE OVERVIEW OF AN EXAMPLE
FFSG ASSESSMENT OF FRETTING FLAWS

The purpose of this qualitative overview of a fictitious example FFSG assessment is to illustrate
how the elements of the FFSG are applied. The assessment is for fretting flaws at tube supports,
which have been characterized with an axial orientation in the tubes. All of the steam generators
were previously subjected to 100% inspection at the tube support locations of concern. The
current inspection results are from 100% inspection of the same tube support locations in the
steam generators with the most severe fretting. The purpose of the inspection is to confirm the
predicted fretting wear rates, and to justify continued operation of all of the steam generators for
the next evaluation period. In the previous inspection outage, an Operational Assessment was
performed. The steps of the assessment are summarized in Table 1.

6.1 Evaluation of Detected Flaws

Since the fretting has already been characterized from the previous inspection, the tube plugging
criterion is determined prior to the unit outage. From the previous Operational Assessment, the
root cause is fretting at the tube supports due to flow-induced vibration. The flaw axial length is
taken to be the width of the tube support. Flaw growth is predicted based on fretting rates from
the previous Operational Assessment. For detected flaws, acceptance criteria prohibiting leakage
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are used to calculate the Maximum Tolerable Flaw Size (MTFS) of the part-through-wall flaw.
The tube plugging criterion is equal to: MTFS minus (flaw sizing error + flaw growth). In
addition, a through-wall flaw of the same length is postulated and evaluated to be stable.

6.2 Condition Monitoring Assessment

At this stage, the inspection results from the current outage are now available. The current
inspection results are from eddy current with a limited amount of UT results to confirm the
characteristic overall flaw dimensions. The nature and locations of fretting confirms that the root
cause analysis from the previous Operational Assessment is valid. Probability distributions of
current flaw depths in the inspected steam generators are compared with corresponding
distributions from the previous Operational Assessment to confirm that the predictions of initial
flaw size and flaw growth are conservative. Acceptance criteria permitting leakage are used for
the assessment of the entire tube population. This includes a Leak-Before-Break assessment, and
a Consequential Leakage Assessment. The assessment results demonstrate that the Performance
Criteria were satisfied during the previous evaluation period.

6.3 Operational Assessment

Since the Condition Monitoring Assessment demonstrated compliance with the Performance
Criteria, the reactor unit is permitted to restart. An Operational Assessment is performed within
90 days of restart. Based on the current flaw size probability distributions for inspected steam
generators and the previous probability distributions for the un-inspected steam generators,
probability distributions of predicted end-of-evaluation period flaw depths are developed. Based
on service experience and previous Operational Assessments , crack initiation is not a concern.
Acceptance criteria permitting leakage are used to demonstrate that the Performance Criteria will
be satisfied during the next evaluation period.

7. CURRENT ISSUES WITH FFSG

The development of the FFSG, and experience gained from actual steam generator tube
assessments, leads to the identification of the following issues:

(a) Improved Probability of Detection (POD) and flaw sizing capability is required, along with
improved quantification of current POD and flaw sizing error.

(b) Additional information on flaw growth rates, including laboratory results and in-service
data, is required.

(c) Additional experimental results on tube burst and leak rates are required.
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(d) An improved understanding of crack initiation at blunt flaws such as pits, and at localized
tube deformation, such as dents, is required. The latter includes the role of residual stress.

8. FUTURE DEVELOPMENTS

Currently, additional work on the flaw evaluation procedures in Section I of the FFSG, as well
as work on Section II, needs to be completed. Future R&D results need to be incorporated to
improve the evaluation procedures. The technical basis document also needs to be developed.
Canadian nuclear industry consensus on the FFSG still needs to be obtained. The FFSG must also
be submitted to the Canadian regulatory authorities for review.

9. CONCLUSIONS

(a) The proposed Fitness-for-Service Guidelines for steam generator tubes in CANDU
reactors are based on safety-related structural integrity and leakage Performance Criteria.
Procedures to evaluate individual detected flaws are provided. Backward-looking
Condition Monitoring Assessments of the tube population to validate and or adjust
predictive methods, and forward-looking, Operational Assessments, are also included.

(b) Improvements to the inspection capability, as well as improved quantification of the
current inspection capability, are required. This includes flaw POD and flaw sizing error.
Additional R&D results in topics related to FFSG assessments, such as tube burst and leak
rates, are also required.

(c) Canadian nuclear industry consensus on the FFSG needs to be obtained. The FFSG must
also be submitted to the regulatory authorities for review.
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TABLE 1 EXAMPLE FFSG ASSESSMENT OF FRETTING FLAWS

TASK
SCHEDULE

Prior to
outage

During
outage

After restart
but

within 90
days

ELEMENT
OF PERIODIC
ASSESSMENT

Evaluation
of Detected

Flaws

Condition
Monitoring

Assessment

Operational
Assessment

TASK DESCRIPTION

Input flaw characterization from previous Operational Assessment,
input applied stresses

Use root cause analysis from previous Operational Assessment
-> fretting at tube supports

Predict flaw growth based on fretting rates from
previous Operational Assessment

Use acceptance criteria prohibiting leakage to calculate MTFS
-> part-thru-wall flaw stability, postulated thru-wall flaw stability

Use MTFS to determine plugging criterion

Input current inspection results, confirm flaw characterization
including flaw length, input applied stresses

Confirm root cause analysis from previous Operational Assessment

Develop probability distribution of current flaw depths, compare with
distribution from previous Operational Assessment

Confirm flaw growth rates from previous Operational Assessment

Use acceptance criteria permitting leakage
-> Leak-Before-Break, Consequential Leakage Assessment

Assess whether the Performance Criteria were satisfied
during the previous evaluation period

Predict flaw growth rates for the next evaluation period

Develop probability distribution of predicted end-of-evaluation-period
flaw depths

Evaluate for crack initiation

Use acceptance criteria permitting leakage
- > Leak-Before-Break, Consequential Leakage Assessment

Assess whether the Performance Criteria will be satisfied
during the next evaluation period
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Inspection Results

• > f

Evaluation of Detected Flaws or
Deformation

f

Initial Operational Assessment

>f

Return to Service for Evaluation Period

Yes .

<

Assessment of
Condition Causing

Leakage

Leakage
During Normal Operation

and Leak Source Detected
During Shutdown?

Next inspection Results

Evaluation of Detected Flaws
or Deformation

Condition Monitoring Assessment

Compliance
with Performance Criteria
During Previous Evaluation

Period?

Revise Methods of
Estimating Operational
Assessment Variables

Return to Service for
Evaluation Period

Operational Assessment
Within 90 Days Operational Assessment

Return to Service for
Evaluation Period

Leakage
During Normal Operation

and Leak Source Detected
During Shutdown?

Condition Causing

FIGURE 1 FLOWCHART OF STEAM
GENERATOR TUBE PERIODIC ASSESSMENTS
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Inspection Results

Assessment of Tube Population:

Compare Current Flaw Size Distribution with
Projected from Previous Operational Assessment

Sharp or Crack-like
Flaw?

Criteria for
Prevention of Crack Initiation

Satisfied for Blunt
Flaw?

Evaluate Blunt Flaw

Crack
Initiation Predicted in
Previous Operational

Assessment?

Revise variables for
Operational Assessment

Acceptance
Criteria Prohibiting Leakage

Used in Previous Operationaj
Assessment?

Evaluate for Flaw Stability

Acceptance
Criteria Satisfied During

Previous Evaluation
Period?

Revise Variables for
Operational Assessment

Acceptance Criteria Permitting Leakage:
Leak Before Break, Consequential

Leakage Assessment

Acceptance
Criteria Permitting

Leakage Satisfied During Previous
Evaluation

Period?

Revise Variables for
Operational Assessment

Condition Monitoring Assessment Complete -4

FIGURE 2 FLOW CHART OF CONDITION
MONITORING ASSESSMENT OF FLAWS
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DISCUSSION

Authors: D. Scarth, M. Kozluk, E. Cartar, M. Mirzai, C. Maruska, J. Nickerson and
D. Graham, Ontario Hydro and AECL

Paper: CANDU Steam Generator Fitness-for-Service Guidelines

Questioner: E.G. Price

Question/Comment:

What data exist to justify the distribution of defect sizes remains similar after a further time
period? In particular for the SCC cracking phenomena?

Response:

The flaw size frequency distribution at the end of an evaluation period is predicted using a
frequency distribution for the current flaw size, and a frequency distribution for flaw growth rate.
When these two distributions are used, the predicted flaw size frequency distribution for the end
of the evaluation period will be different in terms of both the mean of the distribution and the
variance, or shape, of the distribution. It is not assumed that the shape of the flaw size
distribution remains the same over the evaluation period. When the steam generator tubes are
inspected at the end of the evaluation period, a new current flaw size distribution is fitted to the
in-service inspection data. This new current flaw size distribution will have a different mean and
variance, or shape, from the flaw size distribution from the previous inspection. The new current
flaw size distribution is then compared against the previously predicted flaw size distribution to
validate or correct the flaw growth rate distribution.
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ABSTRACT

Requirements for aging nuclear steam generator (SG) tube inspections are becoming increasingly
stringent throughout the world, including Canada. The effort of removing tubes, and the special
handling required of these radioactive samples makes validating an inspection with in-service
tubes an extremely expensive exercise.

A CANDU nuclear reactor was shut down for over one year because steam generator (SG) tubes
had failed with outer diameter stress corrosion cracking (ODSCC) in the U-bend section. Novel,
single-pass eddy current transmit-receive probes, denoted as C3, were successful in detecting all
significant cracks so that the cracked tubes could be plugged and the unit restarted. Significant
numbers of tubes with SCC were removed from a steam generator in order to validate the results
of the new probe. Results from metallurgical examinations were used to obtain probability-of-
detection (POD) and sizing accuracy plots to quantify the performance of this new inspection
technique.

Though effective, the above approach of relying on tubes removed from a reactor is expensive in
terms of both economic and radiation exposure costs. This led to a search for more affordable
methods to validate inspection techniques and procedures. Methods are presented for calculating
POD curves based on signal-to-noise studies using field data. Results of eddy current scans of
tubes with laboratory-induced ODSCC are presented with associated POD curves. These studies
appear promising in predicting the performance of new inspection technologies.
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Nondestructive Testing Development Branch

Chalk River Laboratories
Chalk River, Ontario, Canada, KOJ 1 JO

Paper presented at the 1998 International Steam Generator and Heat Exchanger Conference,
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1. INTRODUCTION

Requirements for aging nuclear steam generator (SG) tube inspections are becoming increasingly
stringent throughout the world, including Canada. The effort of removing tubes, and the special
handling required of these radioactive samples makes validating an inspection with in-service
tubes an extremely expensive exercise.

The Electric Power Research Institute (EPRI) of the USA has produced a document called the
"PWR Steam Generator Tube Examination Guidelines" [1]. According to these guidelines, eddy
current probes/coils are considered qualified if they are proven by a statistically based
performance demonstration that meets the minimum requirements documented in Appendix H of
these guidelines.

The European Network for Inspection Qualification has issued a document entitled "European
methodology for qualification of non-destructive tests" [2]. This document is intended to be
used as a "basis for development" of specifications for NDT qualifications. To qualify a
technique in accordance with the guidelines in this document, a "technical justification" must be
provided. This is composed of experimental evidence and/or theoretical studies .

Canadian designed CANDU reactors have steam generators containing various tube materials.
The dimensions and material composition of the tubes can greatly affect design features in the
probes required to ensure that eddy current inspections will be reliable. For example, steam
generator tubes in the Pickering Nuclear Generating Station (PNGS) are composed of a
ferromagnetic copper-nickel alloy called Monel 400. Because these tubes are ferromagnetic,
powerful permanent magnets need to be integrated into eddy current probe designs to
magnetically saturate the tube material [3,4]. Magnetic saturation is required to ensure adequate
eddy current depth of penetration in order for internal probes to detect defects that initiate from
the outer diameter (OD) surface of the tube. It is also needed to eliminate probe signal
distortions from magnetic permeability variations that can obscure defect signals. The deposits
can also be abrasive, leading to rapid probe wear.

Another important and unique characteristic of CANDU steam generator tubes is that they all
have deposits of magnetite on the internal diameter (ID) surfaces. Variations in the magnetic
permeability and thickness of the deposits can cause distortions in the signal background that
obscure defect signals.

When validating inspection techniques, the appropriate field conditions must be considered. In
the case of CANDU SG tubes, the effects of ED magnetite deposits must be included in validating
eddy current inspections. For some specific CANDU sites the effects of ferromagnetic tube
material and/or electrically conducting deposits must also be included in validation exercises.

164



2. EDDY CURRENT PROBES FOR SG TUBE INSPECTION

Most in-service heat exchanger and steam generator tube inspection is carried out using bobbin
coil eddy current probes. These probes consist of coils of wire that are coaxial with inspected
tubes. Eddy currents that bobbin probes induce in the inspected tubes are circumferentially
oriented. Unfortunately, circumferential cracks do not interact with the circumferential eddy
currents generated by bobbin coils rendering these probes insensitive to these types of cracks.

Because of this shortcoming with bobbin coil probes, mechanically rotating pancake coil (RPC)
probes have been implemented world-wide for inspecting tubes that are suspected to have
circumferential cracks. Eddy currents induced by these probes have circumferential and axial
components that interact with cracks oriented in all directions.

In 1991, steam generator tubes at the Bruce Nuclear Generating Station (BNGS), Unit 2
developed leaks due to circumferential outer diameter (OD) stress corrosion cracks (SCC).
Inspections of these tubes with industry standard crack detection probes failed to detect any of
the cracks except for some that had propagated completely through the tube wall. The reasons
for such poor performance of these probes were that the cracks were located in deformed sections
of the tubes; variations in the ID magnetite deposits also obscured crack signals.

A new transmit-receive eddy current array probe, denoted as C3 (Cecco-3), was developed for
this application [3]. This probe consisted of two circumferential arrays of transmit (active) and
receive (passive) coils as shown in Figure 1. The reason that the transmit-receive configuration
was chosen was that computer modelling showed that transmit-receive probes were several times
more sensitive to cracks in comparison with lift-off (coil to tube wall proximity variations due to
tube deformation) and magnetite deposit variations. Calculated signals from cracks, lift-off and
magnetite deposits are shown in Figure 2 for pancake impedance and transmit-receive eddy
current probes. These results clearly show that the signal (from the crack) to noise (from lift-off
and deposits) ratio is several times better when using a transmit-receive probe than when using a
pancake impedance probe with coils of the same size. While the C3 probe is sensitive to
circumferential cracks and non-directional flaws, it is insensitive to axial cracks. A similar array
probe, denoted as C5, with equal sensitivity to axial and circumferential cracks has been
developed and used at Darlington NGS, Gentilly-2, and several PWR generating stations in the
United States and Japan.

For higher resolution scans of localized regions, much slower mechanically rotating eddy current
probes such as the Zetec "+point" and the AECL "RG3/RG4" probes have been developed. Both
of these types of probes have proven to be much more sensitive to tube cracks than the rotating
pancake coil probes. The +point probe consists of two differential tangent coils oriented at 90°
with respect to one-another. One coil is sensitive to axial cracks and the other coil is sensitive to
circumferential cracks. Because the coils are differential, interference (noise) due to probe lift-
off from tube deformations and rolled joint expansions is significantly reduced. The RG3/RG4
probe is composed of two independent transmit-receive coil combinations. One transmit-receive
pair (RG3) is sensitive to circumferential cracks, and the other pair (RG4) is sensitive to axial
cracks. Both RG3 and RG4 probe units are also sensitive to flaws such as intergranular attack
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(IGA), pitting, wastage and fretting wear. These types of probes have been used mainly for
secondary flaw analysis. The +point probe was used for characterizing tubesheet flaws in
Bruce NGS SG tubes, and the RG3 probe has been used successfully to characterize flaws at
broached support plates.

3. RECOMMENDED CRITERIA

To validate inspection techniques they must be shown to be able to detect flaws at a level which
could grow to the minimum tolerable flaw size before the next inspection. The minimum
tolerable flaw size should be correlated to possible modes of failure that could occur in
subsequent operating cycles. Tolerable flaw sizes should be established through scientific and/or
engineering studies of specimens and/or mock-ups that simulate the processes of defect
formation and growth, and tube failures.

In addition to being qualified for detecting flaws, techniques may also be qualified to size flaws.
The sizing must be accurate enough to show that detected flaws left in service will not grow in a
subsequent operating cycle to be large enough to potentially cause a tube failure.

To qualify an inspection technique, documentation (similar to the "technical justification"
discussed in reference [2]) should be provided that explains the physical principles that enables a
technique to detect that flaws of interest. In addition, documentation must be provided by a
performance demonstration that quantitatively shows a technique is capable of detecting flaws at
a level which could grow to the minimum tolerable flaw size before the next inspection. This
performance demonstration may consist of measurements showing that flaw signals will be
distinguishable from the background noise in the field (signal-to-noise ratio > 2), or from
probability of detection curves.

Performance demonstrations with statistically significant numbers of flaws do not by themselves
acceptably qualify inspection techniques. Physical reasoning (which may include computer
modelling) must be employed showing why the specific techniques detect the flaws. If the types
of flaws used are slightly different than in-service flaws, then flaws used in a performance
demonstration may be detectable when in-service flaws are not. For example, tests with bobbin
coil eddy current probes have shown that these probes can often detect circumferentially oriented
electric discharge machined (EDM) notches. The reason that this probe can detect such notches
is that the notches have finite width. Ideal, infinitesimally thin circumferential cracks are not
detectable with bobbin probes because the circumferential eddy currents do not interact with
these types of cracks. This understood limitation of bobbin probes' ability has been
demonstrated repeatedly in tests with tubes with real (tight) circumferential cracks. However,
because of experience obtained by using these probes in detecting circumferential EDM notches,
many researchers and inspectors still believe that bobbin coil probes are sensitive to
circumferential cracks.
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4. QUALIFICATION USING TUBES REMOVED FROM OPERATING STEAM
GENERATORS

This method requires a random sample of tubes in operating (or retired) steam generators to be
inspected by an eddy current technique, having the tubes removed from the steam generator, and
comparing the eddy current results with independent laboratory measurements. These laboratory
measurements may consist of scans of the flawed tubes with NDE techniques that were
previously qualified for flaw detection and sizing.

C3 probes have been validated by using them to scan several hundred SG tubes at BNGS-2,
removing many U-bend sections of inspected tubes, and destructively analyzing the removed
tubes in a laboratory. Probability-of-detection (POD) histograms based on comparison of
inspection results with laboratory measurements are shown in Figure 3. A depth sizing accuracy
plot is shown in Figure 4.

Though effective, the above approach of relying on tubes removed from a reactor is expensive in
terms of both economic and radiation exposure costs. This led to a search for more affordable
methods to validate inspection techniques and procedures, some of which are described in the
following sections.

5. VALIDATION USING LABORATORY PREPARED SAMPLES

One alternative to technique validation based on tubes removed from in-service steam generators
is to prepare samples in the laboratory with properties that simulate the field conditions
encountered in inspections. For CANDU SG tubes, methods have been developed that produce
ODSCC (circumferential and axial) in Inconel 600, pitting in Monel 400, and fretting wear.
Figure 5 shows a dye penetrant image and a fracture surface of an Inconel 600 tube with
laboratory-induced stress corrosion cracks. The darkened area on the fracture surface outlines
the circumferentially oriented crack. Figure 6 compares of a pit found in a Monel 400 tube
section removed from an in-service steam generator, and a laboratory-simulated pit. The two
through-wall pits have similar diameters and volumes.

A method for depositing magnetite layers on steam generator tubes has been developed. Tube
samples are immersed in an aqueous magnetite suspension. After the appropriate exposed
surfaces of the tube have been coated with the magnetite particles, the tube is heated in a furnace
to dry and sinter the magnetite coating. A comparison of eddy current measurements with these
laboratory-induced layers has shown that they cause as much or more distortion in eddy current
signals as deposits encountered in the field. Copper layers have been deposited on tube surfaces
with an electroplating method. The addition of mockup carbon steel support plates and
deformations with the realistic defects and deposits allows the production of laboratory tube
samples that properly simulate the field conditions encountered in CANDU SG tube inspections.
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6. VALIDATION BASED ON SIGNAL-TO-NOISE COMPARISONS

This method compares eddy current signals from tube flaws with background signals ("noise")
from eddy current scans of in-service tubes. The flaws may be laboratory-induced, but they
should be equivalent to the in-service flaws for which the eddy current technique is being
qualified to detect.

The probability of detecting a particular flaw can then be considered greater or equal to the
probability of the flaw signal being larger than the noise by a factor of at least 2.

The amplitude of the background noise can be quantified from data files of eddy current scans of
several hundred in-service tubes. The noise amplitudes can then be plotted on normalized
population (probability density) plots. The amplitude of the eddy current signal generated by the
probe response to the flaw should then be measured. The probability of detecting this flaw is
then greater or equal to an integral of the normalized noise population plot. The lower limit of
the integral is zero. The upper limit of the integral is the flaw signal amplitude divided by the
signal-to-noise ratio which determines detectability (should be at least 2).

The flaws should be examined by independent laboratory measurements in order to measure flaw
depth, and possibly axial or circumferential extent.

Background noise in BNGS SG tubes at the HU1 support plate locations was quantified in terms
of population (number of tubes) plotted as a function of noise amplitude. These noise population
plots were used to predict probability of detection as a function of signal amplitude (Vertical
component (Vmx)) by defining a minimum signal-to-noise ratio to determine detectability. The
detection probability was calculated from the normalized area under the population plot. This
was calculated by integrating the population function. The lower limit of the integral was
0 Volts. The upper limit was the signal voltage (from the calibration curve) divided by the
minimum signal-to-noise ratio required for detectability. The normalization is performed by
dividing these integrals by the integral from 0 Volts to infinity.

To validate this methodology for calculating probability of detection, the background distortion
of signals from C3 probes was quantified. Figure 7(a) is a plot of the noise distribution. From
this plot, POD curves, shown in Figure 7(b) were plotted for signal-to-noise ratios of 1.4 and 2.
Superimposed is the POD curve that was derived from comparing eddy current predictions with
destructive analysis of tubes removed from BNGS-2 in 1992. This plot shows that this is a
reasonable technique for making conservative estimates of POD curves.

7. VALIDATION BASED ON COMPUTER MODELLING OF EDDY CURRENT
PROBES

Computer modelling of eddy current probe responses may offer an inexpensive tool for
qualifying inspection techniques. However, in using such a tool, the following conditions should
be met:
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The ability of the computer modelling codes to accurately simulate probe responses to
flaws equivalent to those found in in-service tubes should be demonstrated.

If technique qualification is based only on computer modelling then the modelling codes
should be able to accurately simulate the background noise which is generated in signals
acquired from field inspections. The background noise is partly composed of probe
responses to tube support structures, magnetic deposits, conducting deposits, tube
deformations, and magnetic permeability variations. In addition, electrical noise from
probe cable pick-up, cable cross-talk, and grounding contribute to the overall noise.

Although computer modelling has not yet been used to qualify eddy current techniques for steam
generator tube inspection, the practicality of using modelling to estimate Probability of Detection
in NDE applications has been demonstrated [6].

8. SUMMARY/CONCLUSIONS

Technique validation for SG tube inspection that relies strictly on using in-service components is
extremely expensive. However, care must be taken to ensure that validation exercises using
laboratory-prepared tubes accurately simulate the field conditions that are encountered in in-
service inspections. Laboratory induced defects, especially cracks, must closely resemble in-
service defects. Equally important is the need to have the significant field-like .tube
deformations, expansions, deposits, and support plates that can obscure defect signals.

A method based on signal-to-noise studies has been proposed that will make validating
inspections much more economical. A comparison of defect signals with background noise
obtained from real in-service tube scans can help to establish the limits of defect detectability.
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Figure 1: C3 probe showing transmit-receive coil configuration.
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Figure 2: Computer modelling results comparing signal (from a crack)-to-noise (from probe
lift-off or ID magnetite deposit) for a pancake impedance coil probe and a
transmit-receive eddy current probe.
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Probability of detection histogram for C3 probe detecting OD stress corrosion cracks
in Bruce A Nuclear Generating Station steam generator tubes.
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Figure 4: Sizing accuracy curve for C3 probe detecting ODSCC in CANDU SG tubes which were
subsequently removed and analyzed destructively.
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Figure 5: (a) Dye penetrant photograph of a steam generator tube sample with laboratory-
induced outer diameter stress corrosion cracks, (b) Fracture cross section of a
circumferential stress corrosion crack in a steam generator tube.

(a)
(b)

Figure 6: (a) Photograph of a laboratory-induced, 100 % OD pit in a Monel 400 SG tube,
(b) Photograph of a 100% OD pit in a tube removed from PNGS-B. Both pits are
of similar diameter.
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(a) Noise distribution plotted for 4 T/R unit C3 probe (version 1) at the HUl
support plate location in BNGS-2 SG tubes, (b) POD curves for 4 T/R unit C3
probe (version 1) detecting circumferential OD stress corrosion cracks at the HUl
support plate locations in BNGS-2 SG tubes.
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DISCUSSION

Authors: S.P. Sullivan, V.S. Cecco, L.S. Obrutsky, A.H. Park, AECL

Paper: Techniques for Validating Eddy Current Probes for Inspecting CANDU Steam
Generator Tubes

Questioner: R. Garg, AECB

Question/Comment:

C3/4 probes have 4 coils and C3/8 probes have 8 coils which in your view increases the
resolution and hence detection capability. What about sizing capability. Why do you think it has
also improved sizing capability?

Response:

Correction to the question: The C3/4 probe has 4 probe channels (not coils). Also the C3/8
probe has 8 probe channels (not coils). Both probes use 12 coils, but they are wired to the
instrument in different ways.

(1) The C3/8 performed better in sizing the laboratory prepared ODSCC's than the C3/4
probe. In these tests, the C3/4 probe had a Root mean Square Error (RMSE) of 13%.
The C3/8 probe had an RMSE of 11% on the same tubes.

(2) Because the C3/8 has better circumferential resolution (with 8 probe channels around the
circumference as opposed to 4), it senses more localized sections of each circumferential
crack and therefore performs better in depth sizing.
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THE RELATIVE IMPACT OF SIZING ERRORS ON
STEAM GENERATOR TUBE FAILURE PROBABILITY

LCizelj, T.Dvorsek

ABSTRACT
The Outside Diameter Stress Corrosion Cracking (ODSCC) at tube support plates is currently the
major degradation mechanism affecting the steam generator tubes made of Inconel 600. This
caused development and licensing of degradation specific maintenance approaches, which
addressed two main failure modes of the degraded piping:
• Tube rupture and
• Excessive leakage through degraded tubes.

A methodology aiming at assessing the efficiency of a given set of possible maintenance
approaches has already been proposed by the authors. It pointed out better performance of the
degradation specific over generic approaches in (1) lower probability of single and multiple
steam generator tube rupture (SGTR), (2) lower estimated accidental leak rates and (3) less tubes
plugged.

A sensitivity analysis was also performed pointing out the relative contributions of uncertain
input parameters to the tube rupture probabilities. The dominant contribution was assigned to the
uncertainties inherent to the regression models used to correlate the defect size and tube burst
pressure.

The uncertainties, which can be estimated from the in-service inspections, are further analysed in
this paper. The defect growth was found to have significant and to some extent unrealistic impact
on the probability of single tube rupture. Since the defect growth estimates were based on the past
inspection records they strongly depend on the sizing errors. Therefore, an attempt was made to
filter out the sizing errors and to arrive at more realistic estimates of the defect growth.

The impact of different assumptions regarding sizing errors on the tube rupture probability was
studied using a realistic numerical example. The data used is obtained from a series of inspection
results from Krsko NPP with 2 Westinghouse D-4 steam generators. The results obtained are
considered useful in safety assessment and maintenance of affected steam generators.
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THE RELATIVE IMPACT OF SIZING ERRORS ON
STEAM GENERATOR TUBE FAILURE PROBABILITY

L.Cizelj, T.Dvorsek

1 INTRODUCTION

The steam generator (SG) tubes represent the majority of the reactor coolant pressure boundary.
Tubes in SG are exposed to thermal and mechanical loads combined by aggressive environmental
conditions. Rather severe corrosion damage results in tubes made of Inconel 600. Excessive
degradation of tubes might lead to failure of tubes and therefore implies reduced availability and
safety of the entire plant. Two potential failure modes of degraded tubing are of particular
concern [1], [2]:

• single or multiple steam generator tube rupture (SGTR) and
• excessive leaking of the reactor coolant to the secondary side.

The probabilistic methods aimed at estimating the SGTR probabilities are given elsewhere for
axial cracks in expansion transitions (e.g., [3], [4]) and for Outside Diameter Stress Corrosion
Cracking (ODSCC) at Tube Support Plates (TSP; e.g., [5], [6] and [7]). The methods assessing
probability of excessive leakage through ODSCC at tube support plates are addressed in [8], [9]
and [10].

The failure probabilities calculated for both potential failure modes of the ODSCC at TSP have
been found to be very sensitive [5] to the regression models used to describe correlation between
burst pressures (leak rates) at given defect size. Considerable sensitivity to the statistical
interpretation of inspection results (e.g., distribution of defect sizes and defect growth) was also
studied, leading to the conclusion that current models of defect growth tend to significantly
overestimate the field observations [11].

Especially approximation of defect growths was found to be a rather sophisticated problem [11].
Since the defect growth is derived from two consecutive measurements of defect size, the
accumulated sizing error tends to dominate the growth distribution. The main goal of this paper is
to explore and quantify the impact of sizing errors on the estimated probability of single tube
rupture. The sizing errors are removed from both the distributions of defect sizes and defect
growths.

A realistic numerical example illustrates the effects of different assumptions on sizing errors with
the help of data obtained from a series of 100% in-service inspections of steam generator tubes in
the Slovene NPP at Krsko (Westinghouse 2-loop PWR).
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2 MODELING CONSIDERATIONS

2.1 Probability of SGTR

Let us assume an infinite population of steam generator tubes, each containing exactly one defect.
Further, let random variables x\, X2, ..., xn with density functions f\{x\), fi(xi), ..., fn(xn) describe
the statistically independent parameters defining load and resistance of damaged tubes. The
probability of failure Pj in this population is defined - following the traditional methods of
probabilistic fracture mechanics - by:

pf=
g{x |,

The failure of the tube is defined in terms of failure function g(x\, X2, ..-, x^, which is by
definition negative for all failure states.

We are concerned with the rupture of the tube which occurs when the pressure load on the tube
exceeds the limiting pressure the tube can sustain. The failure function is defined by:

S(APACC » APB ^)=APACC ~ APB (a) Eq. 2

APACC denotes the pressure load acting during a postulated limiting accident (e.g., Steam Line
Break ). Aps represents the maximum pressure which the tube containing a defect of a given size
a can sustain. Aps is sometimes also termed burst pressure of the tube.

ODSCC defects are usually seen as rather complex networks of cracks. A simple and measurable
formulation of defect size a (as for example the crack length in fracture mechanics) is therefore
not yet achieved. However, the state-of-the-art applications rely on experimentally determined
correlation between the defect size a and burst pressure Aps [12]:

ApB{a) = A +B -Iog10{a}¥£ Eq. 3

A and B are proprietary coefficients obtained from the regression analysis [12]. At present they
are treated as constants, e represents a zero-mean random error of the regression model. Defect
size a in this regression model is referred to bobbin coil signal amplitude (voltage) and is
explained in some detail elsewhere [5], [11].

The value of P/(eq. (1)) was obtained using the Direct Monte Carlo simulations and represents
the fraction of failed tubes in the population of all defective tubes. The observed steam generator
is then represented as a random sample of N defects. The probability of having i tubes failed p(i)
is assumed to follow the Poisson distribution:

Appropriate choice off enables the calculation of single and multiple tube rupture probabilities.
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2.2 Sizing Errors

2.2.1 Bases

Let us assume that the measured defect size m is a random variable. Further, assume that the
measured defect size m, observed at the particular point in time i is related to the apparent defect
size at through the sizing error e,:

mi = ai + ei Eq. 5

Index / denotes measured defect sizes observed at different points in time (e.g., at regular
inspections).

Eq. 5 can be rewritten in terms of probability density functions as (e.g., Ref. [14]):
CO

/ « (« )= \fM\A{m\a\fA{")-da Eq. 6

fM\A(m\a) being the conditional probability density of measured defect sizes m given the
apparent defect size a.fA(a) represents the probability density of apparent defect sizes.

Solution of Eq. 6 unfortunately requires subjective judgement of types of distributions for:
• fM\A(™\a) (conditional probability density of measured defect sizes m given the apparent

defect size a) and
• fA(o) (the probability density of apparent defect sizes).
The optimal parameters of both chosen distributions can then be determined using standard fitting
procedures such as maximum likelihood method or minimisation of chi-squared. For the purpose
of this analysis, the maximum likelihood method was utilised.

A similar reasoning can be used to describe the measured defect growth Am which is estimated
from two consecutive sizings of measured defect sizes:

Aw,.+] = mM - m, = (aM + eM ) - (a, +<?,)= AaM + AeM Eq. 7

For the purpose of the present analysis, Hc& fM\A(m\a) is assumed to be a normal distribution with
parameters:
• Mean equals to apparent defect size (a and Ad) + bias (where applicable, see Subsection

2.2.2);
• Standard deviation is a constant value (defect growth) or value proportional to the apparent

defect size. The second model is consistent with models used for routine analysis of reliability
of tubes affected by ODSCC in Krsko NPP [13].
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2.2.2 Discussion

Subjective selection of distributions (describing fM\A(m\a) and/^CaJ in eq. 6) is a widely accepted
statistical procedure. Particular selections however deserve some comments and links to the field
of practice, where feasible.

The sizing errors in the traditional sense can not be defined here. We can merely deal with a
process, which would be probably better characterised as a repeatability of sizing. This is caused
by the fact that the amplitude of the signal obtained from bobbin probe is directly used as the
value representing measured defect size. A good example where the sizing errors in the
traditional sense are present would be sizing of crack lengths in SG tubes. In this case, the
measured defect size is obtained by using correlation between the electromagnetic state of the
probe and crack length. Nevertheless, we consistently use the term sizing errors to generalise the
discussion to other existing conventions about defect sizes.

A direct consequence of such definition of measured defect size is that it is very hard to support
the presence of any systematic sizing errors (or bias) in the measurements. Using again the
example of sizing the axial crack lengths; the uncertain correlation between the measured and
reported parameters would be the major source of systematic sizing errors (bias, e.g., consistent
overestimation of the apparent crack length).

On the other hand, the data on the measured defect growth (obtained from the inspection results
using Eq. 7) can easily catch a bias. For example, a slight improvement in the inspection
procedure, which may lead to a slightly (but consistently) different interpretation of signal
amplitudes in consecutive inspections, is an obvious source of bias. For the purpose of the present
analysis, a possible shift in the mean value of the measured growth is assumed. The amount of
shift is then determined by the maximum likelihood procedure when fitting eq. 6 to the field data.

3 NUMERICAL EXAMPLE

The data presented in the following is obtained from 5 consecutive inspections of SG # 2 in
Krsko nuclear power plant. The SG # 2 was chosen because it exhibits more severe development
of ODSCC at tube support plate intersections than SG # 1. The operational parameters of all
operational periods observed are virtually the same, which to some extent simplified the analysis
and presentation of the data.

In the present analysis, the tubes plugged or sleeved during the observed period are
conservatively treated as left in service without any repair. This leads to modelling of larger
number and larger sizes of defects left in operation and therefore also to more conservative
estimates of SGTR probabilities.

All estimates of single tube rupture probabilities are conditional given the occurrence of feed line
break (or steam line break) as the initiating event.
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3.1 Data

3.1.1 Measured defect sizes

Measured defect sizes as obtained from 5 consecutive (100%) bobbin coil inspections of one
steam generator are shown in Figure 1. The distribution remained fairly stable over the years in
most cases analysed in this paper. The tail of the measured sizes obtained during In-Service
Inspection (ISI) 5 is getting fat as compared to the older data. The lognormal distribution was
considered to provide reasonable fit.

We should note here that the number of defect sizes detected has grown from 261 in the first to
over 2000 in the last inspection. Although the change in the number of tubes does not directly
influence the calculation of failure probability (eq. 1), it significantly influences the single SGTR
probability (eq. 4).

Measured Defect Size [V]

Figure 1 Measured Defect Sizes

3.1.2 Measured Defect Growth

Measured defect growths depicted in Figure 2 were obtained directly from each pair of two
consecutive measurements available. The number of available data points grew from 80 in the
first inspection to over 1300 in the last. Reasonably stable distribution of positive growths was
observed over all years, tending to get a more fat distribution tail in ISI 5.
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Only the data points exhibiting positive growth (see Figure 2) were used to directly fit the
distributions of measured defect growth, which is consistent with routine analyses of Krsko
ODSCC [13]. Reasonable fits were provided by either lognormal or gamma distributions.
Lognormal distributions were used in subsequent calculations since they are well known to cause
larger failure probabilities than gamma distribution (e.g., [4]).

350

Measured Defect Growth [V]

Figure 2 Measured Defect Growth

3.2 Results

3.2.1 Apparent defect sizes

The lognormal distribution was assumed to describe the apparent defect sizes. The sizing errors
were assumed to be normally distributed with zero mean (without bias or systematic errors),
while the standard deviation was assumed proportional to the apparent defect size (for example,
20% of a). The parameters of the lognormal distribution and the value of standard deviation were
determined by the maximum likelihood procedure.

The quality of fits (Eq. 6) was monitored using the x2 test. The significance levels obtained varied
from 0,01 to nearly 98%, depending on the particular year under investigation. While interpreting
the meaning of the x2 test results we shall recall that Eq. 6 does not represent a standard fitting
problem: the quality of fit here is significantly affected also by the "arbitrary" selection of the
sizing error model. Thus, all fits were considered reasonable and accepted.
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A sample comparison of cumulative distributions of apparent and measured defect sizes is given
in Figure 3.
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Figure 3 Comparison of distributions of apparent and measured defect sizes (a sample)

3.2.2 Apparent defect growth

A lognormal distribution was again assumed to describe adequately the apparent defect growth.
The sizing errors were assumed to be normally distributed with zero mean (without bias or
systematic errors). The parameters of the logonormal distribution and the value of standard
deviation were determined by the maximum likelihood procedure.

In some cases (e.g., Figure 4) it was not possible to fit satisfactory the model to the field data.
This was caused by the rather dominant frequencies of negative measured defect growths.
Unfortunately, there is no known physical reason causing the decrease of the apparent defect
sizes with time. On the other hand, a systematic decrease of measured defect sizes (and
consequently also negative measured defect growth) could be caused by a systematic change in
the technology of sizing.

Indeed, assumption of systematically different sizing technologies at different inspections was
built in the sizing error model. Consequently, the quality of fitting improved significantly (Figure
5).
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Figure 5 depicts a sample comparison of measured and apparent defect growths as fitted with or
without bias. Using bias generally yielded better fits.

3.2.3 Tube rupture probabilities

The tube rupture probabilities (conditional given occurrence of feed/steam line break) were
evaluated using direct Monte Carlo Simulation for a set of different assumptions on the input data
for the entire period of 5 inspections (years). They are depicted together with the U.S. NRC
acceptable value of 1% [2] in Figure 6. The direct Monte Carlo simulation is usually considered
to give exact results but may also require prohibitively long computing times. For example, the
points in Figure 6 required about 4-5 hours of Sun Microsystems UltraSparc Station to get the
statistical accuracy of about ± 5%.
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Year of Inspection

Figure 6 Impact of sizing errors on failure probabilities

Let us point out again that no credit was taken for tube repair (plugging and/or sleeving) while
generating data for Figure 6. Any repair actions would significantly reduce the SGTR probability
shown in The probabilities of multiple (>=2) tube rupture were at least two orders of magnitude
lower than single tube rupture probabilities shown in Figure 6 for all cases analysed.
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Direct implementation of measured defect sizes and growth to calculate the probability of SGTR
consistently leads to higher probabilities of SGTR than implementation of apparent defect sizes
and growths. This may attribute to up to one order of magnitude difference in the SGTR
probability.

It is also clear from Figure 6 how much the sizing errors dominate the growth data. While the
differences in probability of SGTR between the cases with and without growth are considerable
with measured sizes & growth, they tend to be significantly smaller for apparent sizes and
growths.

The results presented here show significant influence of sizing errors on the probability of SGTR
and strongly support a strict implementation of apparent defect sizes and growth. Such approach
would, in simple terms, eliminate most of the conservative assumptions from the analysis, which
would in turn yield the best possible estimates of probability of SGTR. A consequence of
practical value here would be less tubes plugged: please compare the levels of probability of
SGRT for measured and apparent sizes and growths in 5th Year of Inspection (Figure 6). This
difference is based entirely on the computational assumptions, but nevertheless requires
significant amount of additional repair, if the allowable limits (e.g., max 1% probability of SGTR
[2]) are to be observed.

4 CONCLUSIONS

The effect of sizing errors present in in-service inspections of steam generator tubes was
addressed in this paper with special emphasis on the conditional probability of single steam
generator tube rupture (given steam line break accident) were analysed in some detail. In
particular, the sizing errors were filtered out from the inspection results, followed by the
comparison of single SG tube rupture probabilities obtained using raw and filtered data on defect
sizes and growth.

The numerical example considered inspection results from 5 consecutive inspections of Krsko
steam generator tubes. A consistent overestimate of single tube rupture probability was shown in
all cases using the measured (non-filtered) defect sizes and growth. This overestimate of
probability of SGTR is attributed entirely to the representation of the input data.

Use of apparent (filtered) defect sizes and defect growth is recommended for field use since this
method gives best estimate values of single (and multiple) probability of SGTR by eliminating
most of the conservative assumptions from the analysis. In field use, this method would result in
less tubes repaired without jeopardizing safety of the steam generators.
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DISCUSSION

Authors: L. Cizelj, T. Dvorsek, Jozef Stefan Institute

Paper: The Relative Impact of Sizing Errors on Steam Generator Tube Failure
Probability

Questioner: R.W. Staehle

Question/Comment:

(1) I assume that the SCC you study is on the secondary side?

(2) When the cracks penetrate, would you expect a washing process that removes the chemistry
that initiated and propagated the crack?

Response:

(1) Yes, that particular example dealt with secondary side SCC.
(2) That is possible. However, leak rates observed in operation and in numerical simulation

are rather small. Experience with numerical simulation of leak rates shows that less than
1% of defects would leak under operating conditions. Consequently, it is not very probable
to infer the effect you mentioned from the inspection results, even in case that it really
happens.

Questioner: M. Clark

Question/Comment:

How does your program deal with negative growth in particular tube, is this due to random or
systematic error?

Response:

Due to systematic error, the method is applicable to the populations of defect/tubes and cannot
give explanation about a particular defect/tube.

On the population level, both types of errors are responsible for negative growth, whereas
contributions from random and systematic errors vary significantly between different data sets
(years). A typical case where systematic errors are necessary in order to explain the inspection
results would be a case with more than 50% of negative growth. Such case is included in the
analysis.
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A GLOBAL FOULING FACTOR METHODOLOGY FOR ANALYZING
STEAM GENERATOR THERMAL PERFORMANCE DEGRADATION

M. A. Kreider G. A. White R. D. Varrin, Jr.

ABSTRACT

Over the past few years, steam generator (SG) thermal performance degradation has led to
decreased plant efficiency and power output at numerous PWR nuclear power plants with
recirculating-type SGs. The authors have developed and implemented methodologies for
quantitatively evaluating the various sources of SG performance degradation, both internal and
external to the SG pressure boundary. These methodologies include computation of the global
fouling factor history, evaluation of secondary deposit thermal resistance using deposit
characterization data, and consideration of pressure loss causes unrelated to the tube bundle, such
as hot-leg temperature streaming and SG moisture separator performance.

In order to evaluate the utility of the global fouling factor methodology, the authors performed
case studies for a number of PWR SG designs. Key results from two of these studies are
presented here. Uncertainty analyses were performed to determine whether the calculated
fouling factor for each plant represented significant fouling or whether uncertainty in key
variables (e.g., steam pressure or feedwater flow rate) could be responsible for calculated fouling.
The methodology was validated using two methods: by predicting the SG pressure following
chemical cleaning at San Onofre 2 and also by performing a sensitivity study with the
industry-standard thermal-hydraulics code ATHOS to investigate the effects of spatially varying
tube scale distributions. This study indicated that the average scale thickness has a greater
impact on fouling than the spatial distribution, showing that the assumption of uniform resistance
inherent to the global fouling factor is reasonable.

In tandem with the fouling-factor analyses, a study evaluated for each plant the potential causes
of pressure loss. The combined results of the global fouling factor calculations and the pressure-
loss evaluations demonstrated two key points: 1) that the available thermal margin against
fouling, which can vary substantially from plant to plant, has an important bearing on whether a
given plant exhibits losses in electrical generating capacity, and 2) that a wide variety of causes
can result in SG thermal performance degradation. These include changes in primary control
temperature, tube plugging, and measurement errors, as well as secondary tube scale. The
analyses of San Onofre 2 and Callaway, as well as similar analyses performed at other plants,
suggest a broad categorization of tube scale effects on heat transfer. Specifically, scale thinner
than 100 microns (0.004 inches) was found to have little effect on heat transfer, while scale
thicker than 225 microns (0.009 inches) was found to be highly thermally resistive, consistent
with the presence of a consolidated inner scale layer adjacent to the tube interface.

DOMINION ENGINEERING, INC.
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A GLOBAL FOULING FACTOR METHODOLOGY FOR ANALYZING
STEAM GENERATOR THERMAL PERFORMANCE DEGRADATION

M. A. Kreider G. A. White R. D. Varrin, Jr.

INTRODUCTION

Since the early 1990s, an increasing number of PWR plants have observed decreases in
secondary-side steam generator (SG) steam pressure. In some cases, the pressure decreases have
been sufficient to cause reduced high-pressure turbine inlet pressure and hence reduced electrical
generating capacity. These reductions in capacity have been as large as 4—5% at some plants.
Because a 1% reduction in the electrical generating capacity of a typical PWR is equivalent to
roughly $2 million U.S. per year in terms of the cost of replacement power, this phenomenon can
have a significant impact on utility revenue.

In order to investigate the reasons for such thermal performance decreases, the authors have
performed the following tasks:

• Applied the global fouling factor methodology to several U.S. PWR SGs representing a
variety of designs.

• Evaluated the various possible root causes that can be responsible for steam pressure
decreases for these same SGs, including changes in primary control temperature, tube
plugging, measurement errors, and secondary tube scale.

• Validated the fouling factor and root-cause methodology by: 1) predicting the pressure
increase following chemical cleaning at San Onofre 2, and 2) completing a sensitivity
study using the thermal-hydraulics code ATHOS to determine the dependence of SG
thermal performance on the spatial distribution of secondary scale.

The first task, global fouling factor analysis, facilitates determination of how much the thermal
performance of the SGs has degraded. Because it accounts for changes in thermal power,
primary temperatures, and heat-transfer area (e.g., plugging), it allows more insight into potential
fouling due to secondary deposits than SG steam pressure or other simple thermal performance
assessment techniques. Inputs to this analysis are thermal-hydraulic design data as well as plant
instrument measurements recorded over the operating life of the SGs, including steam pressure,
primary temperatures, feedwater flow rate, and the number of plugged and sleeved tubes for each
outage. Summaries of such analyses completed for the SGs at two U.S. PWRs—San Onofre
Unit 2 and Callaway—are included in this paper. Similar analyses completed for 10 other plants
support the conclusions. Detailed results for several of these other plants are presented in EPRI
Report TR-110018, expected to be issued in 1998.

The second task, evaluating sources of pressure loss, requires going beyond the global fouling
factor. Although valuable, it cannot distinguish among some of the conditions which can
degrade steam pressure, including measurement errors (e.g., those caused by hot-leg temperature
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streaming or feedwater venturi fouling), moisture separator and dryer fouling, and tube support
blockages, as well as secondary tube scale. A key part of this effort comprises independent
evaluations of the impact of tube scale on heat transfer using the physical and chemical property
data collected from each plant.

Two means were used to provide validation of the global fouling factor and root-cause
methodology. The first consisted of predicting the pressure increase upon chemical cleaning of
the SGs at San Onofre Unit 2. Excellent agreement between the predicted and actual pressure
increases represented a successful test on actual SGs. The second test, comprising a sensitivity
study using the thermal-hydraulics code ATHOS to determine the impact of corrosion-product
distribution on steam pressure, confirmed that the average scale thickness has a much greater
impact on steam pressure than the spatial distribution in the SGs. This result is significant
because the global fouling factor methodology inherently assumes a spatially uniform level of
thermal resistance from the primary to secondary fluids.

The remainder of this paper discusses the analyses performed for San Onofre 2 and Callaway and
the subsequent validations of the fouling factor and root-cause methodology.

GLOBAL FOULING FACTOR METHODOLOGY

As discussed in References (I) through (3_), a decline in SG thermal performance generally refers
to a decrease in SG outlet steam pressure and/or thermal power due to one or a combination of
three types of causes: 1) a decrease in the tube bundle heat-transfer coefficient, 2) other sources
within the SG shell (e.g., tube plugging), and 3) external sources (e.g., feedwater venturi fouling).
A single global fouling factor was chosen to characterize SG fouling behavior since it is
calculated using data typically recorded by utilities, allows fair comparisons of different SG
designs, and facilitates comparisons to the experimentally measured or analytically predicted
thermal resistance of tube scale.

The global fouling factor methodology is described in detail in References (!) through (3) and is
not repeated here. However, the basis for the method may be summarized with the equation used
to describe heat exchangers with a phase change in one of the fluids,

(1)

where Q is thermal power, U is the overall heat-transfer coefficient, A is the effective heat-
transfer area, Tf,ot and Tcou are the primary temperatures, and Tsat is the secondary saturation
temperature representing the average temperature within the boiling region. The two key
assumptions necessary for applying the global fouling factor methodology are 1) the heat-transfer
coefficient is spatially uniform (or can be approximated as such), and 2) the subcooling of the
downcomer flow can be neglected.

An important consideration associated with the fouling factor is its uncertainty. Because the
inputs used to calculate it may themselves be subject to random errors or systematic errors (e.g.,
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instrument drift, hot-leg streaming, venturi fouling), any calculated fouling factor should be
reported with an uncertainty band. Fouling factor uncertainties are calculated using the standard
engineering approximation for computing uncertainty,

(2)

where Rj is the fouling factor and the xt are the input variables used to calculate it (temperatures,
flow rates, etc.). Calculated uncertainties for the plants examined by the authors were typically
in the range from ±25 1(T6 to ±50 10"6 h-ft2-°F/BTU (±0.0044 to ±0.0088 m2-K/kW). Key input
uncertainties in each case were steam pressure, primary temperatures, and feedwater mass flow
rate.

EVALUATING STEAM PRESSURE LOSS

While the global fouling factor lends considerable insight into the nature of SG fouling, it cannot
distinguish all of the distinct causes that can degrade steam pressure. Such causes can be divided
into several broad categories:

1. CHANGES IN THE FOULING FACTOR VARIABLES. AS indicated earlier, changes in primary
temperature, heat-transfer area, and thermal power can affect steam pressure although to
first order they do not affect the true global fouling factor. Thus, decreases in steam
pressure that are not coincident with increases in the calculated global fouling factor
suggest changes in one or more of these parameters are responsible for the pressure
decrease. Such changes can be intentional (e.g., tube plugging required by defects or a
planned decrease in primary temperature to lower the rate of tube corrosion mechanisms)
or unintentional (e.g., lower-than-intended primary temperatures due to loop asymmetries
and a high-loop T^e, or maximum auctioneer, control system). If, on the other hand, a
decline in steam pressure is accompanied by an increase in fouling factor, then one or
more of the causes described below is responsible.

2. SECONDARY DEPOSITS. A buildup of corrosion layers on the secondary side of the SG
which is either thermally resistive or blocks the flow through tube supports (reducing the
recirculation ratio*) will lower steam pressure. However, not all secondary deposit layers
are thermally resistive or cause blockages. Thus, increases in the fouling factor may also
be the result of other plant conditions.

3. OTHER CAUSES. A number of other problems can mimic the effects of resistive secondary
tube deposits by increasing the calculated fouling factor. These include uncertainty in the
steam pressure measurement itself, additional pressure drop across the moisture
separators and dryers due to fouling or clogging, and errors in applied primary

* Note that thermal-hydraulic sensitivity analyses performed by the authors showed that the effect of recirculation ratio on
steam pressure is small.
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temperature due to simple measurement error, hot-leg temperature streaming, or divider
plate leakage. References (2) and (3) contain further detail.

hi order to fully evaluate the thermal performance of the SGs at a particular plant, all of these
causes must be considered.

RESULTS FOR TWO U.S. PLANTS

The authors have performed fouling factor and root-cause analyses for the SGs at more than 10
plants over the past several years. These analyses have all supported the conclusions that: a) SG
thermal performance losses can be caused by various factors, and b) secondary deposits can
cause a range of effects on heat transfer from slight enhancement to significant thermal
resistance. Of the plants examined, the two that are most illustrative of these conclusions are San
Onofre Unit 2 and Callaway. While many of the following results have been previously
published (see References (I) and (2)), they are included again here for the convenience of the
reader.

San Onofre 2

A two-loop PWR with Combustion Engineering Model 3410 SGs, San Onofre Unit 2
experienced cumulative decreases in steam pressure of more than 50 psi (0.34 MPa) by the
mid-1990s. These decreases were severe enough to reduce electrical generating capacity
temporarily until and a feedwater heater bypass could be implemented. The historical steam
pressure and fouling factor are shown in Figures 1 and 2. Note the following:

• The steam pressure exhibited an initial increase of 10-20 psi (0.07-0.14 MPa) during the
first operating cycle followed by a gradual drop of about 85 psi (0.59 MPa) during
subsequent operation prior to chemical cleaning, for a net decrease of nearly 70 psi
(0.48 MPa).

• The global fouling factor followed an opposite, complementary trend, decreasing slightly
during Cycle 1 and then increasing up to +190 10"6 (+0.033 m2-K/kW), for a net increase
of about 170 10'6 (0.030 m2-K/kW). This relatively high increase in fouling factor was
not caused by tube plugging or changes in primary temperature, but rather suggested that
secondary tube scale was the primary cause of the steam pressure decrease.

• Between 1989, when consistent primary-temperature measurements became available,
and the chemical cleaning in 1996-97, the fouling factor exhibited an unmistakable rapid
rate of increase.

PRESSURE LOSS EVALUATION. An evaluation of the possible sources of pressure loss at San
Onofre 2 resulted in an estimated loss due to non-deposit causes of about 11 psi (0.08 MPa),
most of which was due to tube plugging since startup. As a result, the remaining 59 psi
(0.41 MPa) of the decrease observed since startup was attributed to secondary deposits. As
discussed later in this paper, the effects of tube scale were confirmed by the pressure recovery
recorded after chemical cleaning.
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Callaway

A four-loop PWR with Westinghouse Model F SGs, Callaway observed during the early 1990s a
gradual decrease in steam pressure of nearly 50 psi (0.34 MPa) from peak pressures recorded
during the second operating cycle, prompting speculation that secondary deposits were
responsible for decreased performance. However, a chemical cleaning of the SGs in 1995 failed
to increase the steam pressure—in fact, it declined slightly after the cleaning. Figures 3 and 4,
which show the steam pressure and global fouling factor histories, respectively, help provide an
explanation.

In particular, note the following in Figures 3 and 4:

• The net change in the global fouling factor between early operation and the time of the
chemical cleaning in 1995 was -28 10"6 (-0.005 m2-K/kW), suggesting that the heat-
transfer capability of the SGs had been enhanced rather than degraded over that time
period.

• Although the average steam pressure decreased by nearly 50 psi (0.34 MPa) between
Cycle 2 and the cleaning after Cycle 7, the net pressure decrease since the start of
operation was a more modest 17 psi. Steam pressure actually increased by about 30 psi
(0.21 MPa) during the interval between initial startup and the middle of Cycle 2.

• The fouling factor increased slightly following the chemical cleaning.

PRESSURE LOSS EVALUATION. A breakdown of the pressure loss at Callaway reveals that the
bulk of the net pressure decrease (15 psi or 0.1 MPa) was caused by a power uprate instituted in
1988. Note on Figures 3 and 4 that, as expected, the steam pressure decreased at the time of the
uprate while the fouling factor remained essentially unchanged. Other non-deposit causes,
including tube plugging, additional separator/dryer pressure drop, and hot-leg temperature
streaming were judged to have decreased steam pressure by a combined 6 psi (0.04 MPa). As a
result, secondary deposits are believed to have increased steam pressure by about 4 psi
(0.03 MPa). This conclusion is consistent with the negative net fouling factor at the time of
cleaning (-28 10'6 h-ft2-°F/BTU or -0.005 m2-K/kW), the 30-psi (0.21 MPa) increase in steam
pressure over the first two cycles, and the slight increase in fouling factor following chemical
cleaning. It is consequently not surprising in retrospect that removal of such scale decreased
steam pressure slightly.
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EFFECTS OF SECONDARY DEPOSITS

San Onofre 2

As demonstrated by these two cases, secondary tube deposits can have a wide range of effects.
At San Onofre 2, samples of the resistive deposits responsible for a steam pressure loss of more
than 50 psi were taken from the SGs in 1995 and tested both physically and chemically. (The
types of tests available for characterizing secondary tube scale are discussed in detail in EPRI
Report TR-106048, Characterization of PWR Steam Generator Deposits (4).) The results
indicated the following properties:

• Average scale thickness of 9-11 mils.

• A three-layer structure consisting of: a) a consolidated magnetite/copper inner layer
(about 40% of the total thickness), b) a void-filled middle layer (10-15% of the total
thickness), and c) a porous magnetite outer layer (45-50% of the total thickness).

• An overall porosity of 20-25%.

Based on these and other characterization data, the thermal resistance of the San Onofre 2 scale
(as of 1995) was estimated to be approximately +185 10"6 h-ft2-°F/BTU (0.032 m2-K/kW). This
value was based on analytical modeling and experience with flow- and pool-boiling heat-transfer
experiments as described in References (1) and (3). Note that this estimate agrees reasonably
well with the observed decrease in calculated fouling factor following the removal of deposits via
chemical cleaning (about 150 10'6 h-ft2-°F/BTU or 0.026 m2-K/kW).

Further evidence that tube scale can be thermally resistive is described in Reference (5), which
documents heat-transfer testing performed on a U-bend tube section removed from one of the
Ginna SGs in 1991. The experiments suggested that the Ginna scale, with an average thickness
of about 9 mils and a very low porosity of about 10%, had a thermal resistance of more than
200 10-6 h-ft2-°F/BTU (0.035 m2-K/kW).

Callaway

On the other hand, the Callaway results presented earlier demonstrate that secondary scale is not
always highly thermally resistive. Tests on Callaway scale prior to chemical cleaning indicated
that, in contrast to the San Onofre 2 scale, Callaway samples exhibited:

• An average thickness of about 4 mils.

• A predominantly porous structure of nearly 100% magnetite.

These tube scale properties correlated with a slight enhancement of heat transfer at Callaway
according to the global fouling factor calculations presented earlier. Heat-transfer enhancement
can occur in deposits with a structure marked by numerous interconnected pores and capillaries.
Such a structure provides an increased number of boiling nucleation sites and increases boiling
efficiency through wick boiling (capillary force enhancement) and changes in bubble nucleation
and growth dynamics.
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Based on analyses of more than 10 plants performed by the authors (including San Onofre 2 and
Callaway), a rough categorization of secondary deposits emerges:

1. Thin deposits between zero and 4 mils (100 |J.m) tend to have little thermal resistance and
may enhance heat transfer, as at Callaway.

2. Deposits of intermediate thickness—between 4 and 9 mils (100 to 225 \xm)—exhibit a
range of behavior from little effect on heat transfer to moderate thermal resistance.

3. Deposits thicker than about 9 mils (225 pm) tend to have a large thermal resistance.

It should be noted that the boundaries between these categories are based on a sample of plants
and should not be considered sharp demarcations. It is possible that exceptions exist in the SGs
at other plants.

VALIDATION OF GLOBAL FOULING FACTOR
AND ROOT-CAUSE METHODOLOGY

In addition to the independent evaluation of deposit properties, two additional means were used
to validate the global fouling factor and root-cause pressure-loss methodology. The first involves
the pressure recovery at San Onofre 2 after the recent chemical cleaning, while the second
consists of a sensitivity study performed to determine the impact of the spatial distribution of
tube scale thickness on SG thermal performance.

San Onofre 2 Pressure Recovery

As described in Reference (6), the authors used the results of a global fouling factor analysis and
root-cause pressure loss evaluation to generate best-estimate and statistical lower-bound
predictions of the steam pressure expected at San Onofre 2 after the 1996-97 chemical cleaning.
The key steps in making these predictions included:

• Determining accurately the clean thermal resistance characteristic of the SGs. Because
the initial data set analyzed did not include primary temperature measurements prior to
1989, the calculated fouling factor during early Cycle 1 operation was based on values
typical of operation in 1989. Consequently, a search for additional Cycle 1 data
(including primary temperatures) was performed, resulting in 25 data points reflecting
operation between December 1983 and March 1984. The startup thermal resistance
computed using these additional data was slightly higher (by 19 10"6 h-ft2-°F/BTU or
0.003 m2-K/kW) than would have been expected from the design thermal-hydraulic
values and design fouling factor (i.e., the design clean thermal resistance).

• Adjusting the steam pressure calculated from the global heat-transfer equation (Eq. (1)) to
account for other sources of pressure loss applicable to San Onofre 2. These included
estimates for losses due to tube plugging (12 psi or 0.08 MPa), added separator/dryer
pressure drop (3 psi or 0.02 MPa), primary-side fouling (1 psi or 0.01 MPa), and an
increase in primary temperature (a 5-psi or 0.03 MPa gain).
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• Calculating statistical lower-bound estimates of the pressure increase by considering the
uncertainty associated with the inputs in Eq. (1) used to calculate steam pressure (e.g.,
cold-leg temperature, thermal power, overall bundle thermal resistance, OD tube surface
area). The 95% and 99% statistical lower bounds on pressure, computed with Eq. (2),
were found to be 22 psi (0.15 MPa) and 31 psi (0.21 MPa) lower, respectively, than the
best estimate.

• Considering the effect of newly plugged tubes on steam pressure. Because a significant
number of tubes was expected to be plugged during the same outage as the chemical
cleaning, a parametric study evaluating the effect of the number of newly plugged tubes,
up to an estimated upper bound of 300 per SG, was completed.

The parametric steam pressure predictions and the actual observed steam pressure are shown in
Figure 7. The predicted and actual pressure differ by about 1 psi (0.01 MPa), quite good
agreement considering the total increase of 51 psi (0.35 MPa). This test provides confirmation
for the global fouling factor and root-cause methodology for evaluating thermal performance of
actual SGs.
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Sensitivity of SG Thermal Performance to Tube Scale Spatial Distribution

As we have seen, the global fouling factor, coupled with the root-cause evaluation of steam
pressure loss, led to the correct conclusion that secondary deposits were the chief cause of
pressure decreases at San Onofre 2 prior to chemical cleaning. However, it is not clear to what
extent the observed steam pressure decrease depended on the spatial distribution of tube scale
thermal resistance within the bundle, an effect not considered by the global fouling factor.

To address this issue, the authors performed a limited sensitivity study by 1) modifying the
ATHOS code to allow input of a spatially varying thermal resistance, 2) calculating the resultant
steam pressures for different thermal resistance distributions applied to the San Onofre geometry
(with thermal-hydraulic inputs typical of recent operation), and 3) comparing these steam
pressures with those calculated by ATHOS assuming no secondary fouling. In particular, scale
thickness distributions for which the thermal resistance (i.e., the local fouling factor) varies
linearly from the tube sheet to the U-bend area—while the area-averaged fouling factor in each
case remains constant—were investigated. Separate sensitivity studies were performed for
average fouling factors of 60 10"6 and 200 10"6 h-ft2-°F/BTU (0.011 and 0.035 m2-K/kW). As is
clear from Figure 8, the test cases included distributions with significant nonuniformities.

To investigate each case, the ATHOS geometry was divided into 10 regions: five axial slices
with roughly equal heat-transfer areas (four plus the U-bend area) and two halves (hot leg and
cold leg). Within each region, the applied thermal resistance remained constant. Each
distribution is thus piecewise constant, approximating a linear variation, as shown in Figure 8 for
one of the nine cases with an average fouling factor of 60 10"6 h-ft2-°F/BTU (0.011 m2-K/kW).

The results of the sensitivity study are summarized in Figure 9. The key conclusions are:

• Over the range of distributions examined, the average thermal resistance is predicted by
ATHOS to have a significantly greater impact on steam pressure than thermal resistance
distribution. This is reflected by the fact that the two curves are 45-55 psi (0.31-0.38
MPa) apart while variations from one end of each curve to the other are 10 psi (0.07
MPa) or less.

• For each curve, the uniform distribution results in the highest pressure loss. This occurs
because the various regions of the SG transfer heat roughly in parallel. As a consequence,
more heat is transferred through regions with smaller thermal resistances when the spatial
distribution is nonuniform. (A second-order effect can also be discerned in Figure 9. The
pressure loss for a high positive fouling factor slope is less severe than for a negative
fouling factor slope of the same magnitude. This effect is due to the relatively high heat
fluxes at the bottom of the hot leg.)
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SUMMARY AND CONCLUSIONS

The primary conclusions from the efforts documented here (and also from similar analyses for
other plants) include:

1. The principal causes of SG thermal performance degradation can vary greatly from plant
to plant. For example, at San Onofre 2, resistive secondary deposits were chiefly
responsible for an observed steam pressure decrease of more than 50 psi (0.34 MPa). On
the other hand, tube deposits at Callaway were found to be slightly heat-transfer
enhancing while a thermal power uprating was the primary source of a 17 psi (0.12 MPa)
loss.

2. Small or moderate steam pressure losses (i.e., <30 psi) are often the product of several
factors, such as tube plugging, primary temperature fluctuations or measurement error
(e.g., hot-leg streaming), and power uprates. Such losses are of greatest concern to plants
with small design margins. Larger pressure losses (i.e., 50 psi or more) may be due to
thermally resistive secondary deposits, primary temperature decreases (usually 6-8 psi/°F
or 0.07-0.1 MPa/°C), or high levels of tube plugging.

3. Field experience at Callaway and San Onofre 2 indicates that full-bundle chemical
cleaning is effective at returning SG thermal performance approximately to start-up
levels.

4. Agreement between the predicted and actual pressure recovery following chemical
cleaning at San Onofre 2 provides some confirmation of the effectiveness of the fouling
factor and root-cause methodology for evaluating SG thermal performance.

5. The ATHOS sensitivity study showed that the average thermal resistance of a deposit
layer is much more significant than the spatial distribution of that thermal resistance
within the SG. This result shows that the uniform thermal resistance assumption implicit
to the global fouling factor methodology is reasonable.
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DISCUSSION

Authors: M.A. Kreider, G. A. White, R.D. Varrin, Jr., Dominion Engineering, Inc.

Paper: A Global Fouling Factor Methodology for Analyzing Steam Generator Thermal
Performance Degradation

Questioner: J. Nickerson, AECL

Question/Comment:

For those plants who have reduced Thot but just at 100% power, what is their strategy over the
next 5 years; e.g., would they increase Thot again to start at 100% power as fouling continues or
maintain ThOt constant and take power reduction?

Response:

The answer depends on several factors, including the current state and expected progress of tube
corrosion, the cost of replacement power for the individual utility, and whether or not the utility
might replace the steam generators. For example SCE, which reduced temperature about 4°F and
plans to reduce it a further 8°F at San Onofre 2 and 3, is unlikely to subsequently raise the
primary temperature due to advancing tube corrosion. SCE would accept power reductions in the
event of increased plugging and fouling in order to prolong the life of the current steam
generators, which they likely will not replace. On the other hand, a utility that has already
planned to replace the current steam generators in 3 cycles, for example, might decide to raise
primary temperatures to maintain generating capacity.

Questioner: J. Nickerson, AECL

Question/Comment:

For the plants you have analyzed, was the initial period of enhanced heat-transfer performance
seen at all of the plants on AVT?

Response:

Heat-transfer enhancement during early-life operation (i.e., Cycle 1 or immediately following
chemical cleaning) was most pronounced at Callaway and San Onofre 2 and 3 among the plants
we have examined. (All three plants started operating with AVT chemistry.) A few additional
AVT units have exhibited fouling trends suggestive of slight enhancement while a number of
other plants do not seem to have exhibited enhancing behavior. However, it should be
emphasized that due to scatter, measurement uncertainty, and the difficulty of collecting
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substantial instrument data for Cycle 1 operation at most plants, it is hard to evaluate early-life
trends conclusively in many cases.

Questioner: R. Staehle, University of Minnesota

Question/Comment:

Could you characterize the distribution of copper deposits with respect to location in the bundle,
distribution through the thickness, variation among plants, and concentrations? Also, how does
the presence of copper relate to the distribution of SCC? Also, when the steam generators are
cleaned, does copper build up during the cycle?

Response:

Some evidence from tube pulls has suggested that copper concentrations in tube scale is often
higher at higher elevations in the bundle, especially on the hot-leg side (e.g., higher copper at the
7th HL tube support than at the 1st). (Also note that scale copper concentrations tend to be
higher than the copper concentrations in the corresponding tube sheet sludge powder.) However,
the data on which this trend is based are fairly limited. Scale samples from numerous plants also
indicate that it is common for copper concentrations to be higher close to the tube-to-tube-scale
interface although a number of plants have scale which exhibits relatively uniform copper
concentrations through the thickness. Variation of scale copper concentrations among plants is
substantial, ranging from a few percent or less up to as high as about 30%. It should also be
noted that ostensibly "copper-tree" plants may still exhibit measurable amounts of copper in their
tube scale due to the presence of tramp elements in carbon steel or due to the presence of copper-
bearing steels such as Cor-Ten in secondary components.

We are not aware of any reported correlations between free-span SCC and the presence of
metallic copper in tube scale. There have been some occurrences of freespan IGA/SCC in low-
copper plant such as Palo Verde (which exhibited several percent copper in scale samples
analyzed). On the other hand, some plants with substantial amounts of copper in their secondary
systems and in their tube deposits have not experienced significant freespan attack (e.g.,
Sequoyah 1, with 20% to 30% copper in the scale). Note, however, that there have been some
reported correlations between IGA/SCC in TSP crevices and the presence of copper oxide, e.g.,
in Japanese units as reported in a 1985 IGA/SCC workshop.

Copper accumulation in tube scale can still take place following chemical cleaning. In fact, if
changes in water chemistry are made concurrent with the cleaning (e.g., to a high pH), high
concentrations of copper in the incipient tube scale can be observed due to copper release from
corrosion products that have accumulated on carbon steel components in the balance of plant.
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Questioner: E.G. Price, AECL

Question/Comment:

For the 2-layer and 3-layer deposits at a thickness of 10-11 mils as described, how adherent is the
deposit? Is chemical cleaning necessary for removal of these deposits?

Response:

The adherence of thick scale layers can vary significantly from fairly friable to very tenacious
depending on composition and morphology. Mechanical cleaning using water jets may be
effective at removing friable layers or even somewhat tenacious layers although two cautions
should be noted:

(1) It is difficult to remove deposit layers from a large percentage of the bundle surface area
using available mechanical cleaning technology due to the tortuous nature of the bundle
geometry. That is, the water jets cannot access significant portions of the deposit
surfaces. Consequently, even after extensive cleaning, more than half of the deposit mass
may remain. In contrast, currently used chemical cleaning techniques usually remove 95%
or more of the deposit mass.

(2) Mechanical cleaning typically employs oxygenated water jets which may facilitate
conversion of metallic copper to copper oxide and magnetite to hematite within the
remaining tube scale material. These changes are thought to be detrimental to tube
corrosion rates. Consequently, use of mechanical cleaning should be accompanied by
subsequent efforts to restore reducing conditions (e.g., high levels of hydrazine at
elevated temperature).
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TUBE MICRO-FOULING, BOILING AND STEAM PRESSURE
AFTER CHEMICAL CLEANING

M. H. Hu

ABSTRACT

This paper presents steam pressure trends after chemical cleaning of steam generator tubes at four plants.
The paper also presents tube fouling factor that serves as an objective parameter to assess tubing boiling
conditions for understanding the steam pressure trend. Available water chemistry data helps substantiate
the concept of tube micro-fouling, its effect on tubing boiling, and its impact on steam pressure. Ail four
plants experienced a first mode of decreasing steam pressure in the post-cleaning operation. After 3 to 4
months of operation, the decreasing trend stopped for three plants and then restored to a pre-cleaning
value or better. The fourth plant is still in decreasing trend after 12 months of operation.

Dissolved chemicals, such as silica, titanium can precipitate on tube surface. The precipitate micro-fouling
can deactivate or eliminate boiling nucleation sites. Therefore, the first phase of the post-cleaning
operation suffered a decrease in steam pressure or an increase in fouling factor. It appears that micro-
fouling by magnetite deposit can activate or create more bubble nucleation sites. Therefore, the magnetite
deposit micro-fouling results in a decrease in fouling factor, and a recovery in steam pressure.

Fully understanding the boiling characteristics of the tubing at brand new, fouled and cleaned conditions
requires further study of tubing surface conditions. Such study should include boiling heat transfer tests
and scanning electronic microscope examination.

CBS
Westinghouse Electric Company

Nuclear Services Division
P.O. Box 158

Madison, PA 15663
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TUBE MICRO-FOULING, BOILING AND STEAM PRESSURE
AFTER CHEMICAL CLEANING

M. H. Hu

1. INTRODUCTION
The steam generator industry has been implementing chemical cleaning for steam generators. The
purpose of cleaning is to maintain normal plant operation, recovering steam pressure or increasing tube
corrosion resistance. After many years of operation, tubes become fouled with significant deposit of
particulate and dissolved chemical. Chemical cleaning did remove several thousand kilograms of scale
from each steam generator. Visual and eddy current inspection showed that the cleaned tubing is free of
scale. One plant implemented chemical cleaning for removing scale from tube support plate broached
holes to restore stable plant operation. Some plants entered the chemical cleaning for dual goal;
increasing tubing corrosion margin and restoring steam pressure. Some performed the chemical cleaning
with the main purpose being enhancing tube corrosion resistance. Apparently, removal of the tube scale
increases the corrosion resistance margin since the cleaned tube is free of chemical concentration sites,
such as open span tube deposit pores.

Regardless of the main purpose of implementing chemical cleaning, it has become apparent that cleaning
can change the conditions of the tube micro-surface. The micro-surface conditions of the tube can alter the
effectiveness of boiling nucleation. The micro-surface conditions of the cleaned tube is not necessarily
identical to those of the brand new tube. This paper presents tube fouling factors from four plants having
implemented chemical cleaning. The purpose is to attempt to understand the post-cleaning boiling
effectiveness and its steam pressure characteristics. The ultimate goal is to help develop a procedure to
mitigate potential detrimental impact of changes in micro-surface on boiling effectiveness.

2. PLANTS WITH CHEMICAL CLEANING
This paper covers four plants with chemical cleaning. Plant A experienced water level oscillations at full
power setting. Subsequently, it was necessary to reduce power level for maintaining stable plant
operation. Plant A has Westinghouse Model 51F steam generators. The cause to the water level
oscillations was due to excessive pressure drop in the upper bundle that triggered a hydrodynamic density
wave instability. Thus, the broached hole blockage led to excessive pressure drop through the upper tube
support plates. The blockage is due to formation of scale at the inlet to the holes (Ref. 1). After 14 years of
operation, chemical cleaning implemented in April 1994, and the broached holes were free of scale. The
post-cleaning has enjoyed a stable plant operation without any water level oscillation at the designed full
power and even at an up-rated power level. Cleaning removed about 2450 kilograms (kg) of scale from
each steam generator. Tubes were free of scale according to visual inspection. The cleanliness of the
cleaned tube was confirmed by eddy current tests. The eddy current signals are capable of providing
deposit profiles of magnetite along tube. The post-cleaning deposit profile showed no scale deposit.
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Plant B installed Westinghouse Model F steam generators. After 10 years of operation, it received
chemical cleaning implemented in May 1995; the purpose was to increase tube corrosion resistance and to
restore steam pressure. Each generator removed about 1950 kilograms of scale that is about 0.0076
centimeters (cm) thick without porosity (Ref. 2). After 6 years of operation, Plant C implemented chemical
cleaning in Fall 1996. Plant C uses Westinghouse Model D4 steam generators. The purpose was to
increase tube corrosion resistance. It removed about 500 kilograms per generator. After 12 years of
operation, Plant D conducted chemical cleaning for widening margin to tubing corrosion. Plant D installed
West'nghouse Series 51 steam generators. It took out 2180 kilograms of sludge from each generator.

3. REVIEW OF EFFECT OF PRECIPITATE AND DEPOSIT ON BOILING
Boiling tests (Ref. 3 & 4) have shown that dissolved chemicals (calcium sulfate) can precipitate due to
micro-layer dryout under boiling bubble from a nucleation site. Precipitation of dissolved calcium sulfate
reduces boiling heat transfer (Ref. 4). The precipitate of calcium sulfate grew and merged with other
nucleation sites until surface was completely covered by precipitate. Jamialamadi and Muller-Steinhagen
(Ref. 5) examined the conditions of precipitate of calcium sulfate.

Reference 5 observed two types of scale: ring-shaped, dense precipitate beneath the bubbles, and porous
deposit outside the bubble nucleation sites. The different kinds of scale grow and merge with one another
until the surface was completely covered. The porous deposit outside the bubbling area created additional
nucleation sites and therefore, developed higher boiling heat transfer coefficient Turbulence is a
mechanism for scale format"on without boiling. If the solution of calcium sulfate is not saturated, the porous
type of scale by dissolved calcium sulfate did not always form. Then the dense type of calcium sulfate
dominated and boiling heat transfer coefficient decreased (Ref. 5), or the tube fouling factor increased.

From these tests (Ref. 3, 4 & 5), we can conclude that number of boiling nucleation sites can be reduced
by the dense precipitate of the dissolved chemicals. A concept of micro-fouling by precipitate of dissolved
chemicals (Ref. 2) contends that the dissolved chemical precipitate decreases bubble nucleation site
density. This concept is supported by the conclusion drawn from the above mentioned tests (Ref. 3,4 & 5).

The particulate deposit of the magnetite improves boiling heat transfer of steam generator tubes (Ref. 6).
Particulate such as magnetite can deposit on heating surface by turbulence (e.g., Ref. 7) and boiling (Ref.
8). Similar to precipitation of dissolved chemicals by boiling, particulate can deposit underneath the boiling
micro-layer (Ref. 3 & 8). Unlike the dissolved chemical precipitate being smooth and dense, the particulate
deposit by turbulent convection or boiling is rough and porous. As discussed above, porous deposit can
be formed from dissolved chemicals by turbulence deposit outside the bubbling micro-layer (Ref. 5). This
porous deposit of dissolved calcium sulfate created more bubble nucleation sites (Ref. 5). Thus, the
particulate deposit can activate or create more boiling nucleation sites, as postulated by Hu (Ref. 2).

After many months operation, tubes would have received deposit of magnetite, which can improve boiling
heat transfer (e.g., Ref. 6). In 1960s, steam generator designers did not know this phenomenon, and they
treated the newly "fouled" tube as new and assigned a zero tube fouling factor for the fouled tube. With this
assumption, it was argued that the wall superheat calculated by the boiling correlations was too high. The
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correlation developed from brand new tubes, such as that by Jen and Lottes (Ref. 9), was modified by
reducing its coefficient to half. The modified correlation unfortunately underpredicts the wall superheat and
thus results in an apparent tube fouling factor with positive value for the brand new tubing. Such a practice
sticks with the existing design code for steam generator sizing and performance evaluation.
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Figure 1 Rapid reduction in tube fouling factor and rapid increase in steam pressure
right after commercial operation (From brand new tube to fouled tube of Plant B)

Figure 1 depicts the trend of apparent fouling factor and steam pressure of Plant B after commercial
operation. Concentration of magnetite in the feedwater was usually very high after commercial operation,
and had an average value of 20 ppb during first fuel cycle. After about one year operation, steam pressure
increased from 6.75 million pascals (MPa) to 7.05 MPa, and the tube fouling factor decreased from
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0.0000280 K-m2/W to zero value, and designers happened to take this zero value as the boiling conditions
of the brand new tube. Therefore, the brand new tube without any fouling shows a positive fouling factor.
The design fouling factor was established against this zero fouling factor.

4. RESULTS AND DISCUSSION

4.1 Discussion on Plant A
Figure 2 depicts trends of steam pressure and fouling factor before and after chemical cleaning. Based on
the Westinghouse thermal-hydraulic code (a one-dimensional code for calculating steam generator
performance), fouling factor was calculated using plant operating parameters including simulation of tube
plugging and sleeving. The post-cleaning began with a fouling factor, which was about equal to that before
the cleaning. Note that pre-cleaning tube had a scale about 0.0102 centimeters (Ref. 2) over the entire
bundle, and the post-cleaning tube was essentially no scale. The tube fouling factor then began to
increase for about three months before it turned around to decrease toward the pre-cleaning value.

Table 1 lists silica concentration in steam generator bulk water. As seen, during the first three months, it
had a high silica concentration and then decreased. The decreasing mode in steam pressure during the
first three months was hypothesized to be a result of precipitate of dissolved chemicals, such as silica. The
precipitate micro-fouling of silica and/or other dissolved chemicals could cover some nucleation sites.

Table 1 Steam Generator Silica and Feedwater Iron and Copper Concentration (Plant A)

Months
Post Cleaning

1
2
3
4
5
6

Iron
Concentration, ppb

7.4
3.8
2.9
3.4
3.3
2.7

Copper
Concentration, ppb

1.1
0.4
0.4
0.7
0.8
0.7

Silica
Concentration, ppb

350
150
130
100
70
50

After three months of the post-cleaning operation, Plant A started to decrease in the tube fouling factor.
After the first three months, concentration of silica also reduced (see Table 1). It is considered that, after
three months, there was an increase in bubble nucleation site density. Such an increase was due to the
magnetite deposit micro-fouling. The magnetite micro-fouling created bubble nucleation sites more than
the precipitate micro-fouling destroyed. Note that feedwater iron concentration is about 3 ppb or higher
(see Table 1) which activates or creates more bubble nucleation sites. In other words, micro-fouling by
magnetite is positive in enhancing boiling.

Micro-conditions of the cleaned tube is better in activating bubble nucleation sites than those of the brand
new tube. This can be inferred from tube fouling factor. The brand new tube of Plant A had an apparent
fouling factor of 0.0000282 K-m2/W, and the cleaned tube had an initial value of 0.0000035 K-m2/W. The
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cleaned tube was initially 8 times better than the brand new tube. This is important to know. In addition,
the design tube fouling factor was 0.0000352 K-m2/W. Note that design fouling factor is provided to
accommodate the heavy tube fouling that can take place after many years of plant operation. It was a
measure against to the best boiling conditions after light deposit of magnetite, not a measure against to the
brand new tubing. So the cleaned tube was initially 10 times better than the design value. Even at the
peak fouling factor of 0.0000123 K-m2/W, the cleaned tube is still better than both the brand new tube and
design fouling factor. Of course, the cleaned tube apparently had a fouling factor higher than the lowest
possible value under porous deposit, as to be discussed in Plant B.
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Figure 2 Steam Pressure and Fouling Factor before and after Chemical Cleaning (Plant A)
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4.2 Discussion on Plant B Results
Figure 3 shows steam pressure and tube fouling factor. After the cleaning, steam pressure dropped about
69 kilo-pascals (or 10 pounds per square inch); tube fouling factor jumped to 0.0000106 K-m2/W from
0.0000053 K-m2/W. Tube scale was obtained at one and half years before the chemical cleaning.
Thickness of the scale ranged from 0.0061 to 0.0102 centimeters with double layer. The inner layer and
outer layer had a porosity of 11% and 32%, respectively.

As discussed for Plant A, the porous deposit of magnetite can enhance boiling heat transfer coefficient
However, amount of the enhancement depends on porosity of the deposit. According to Uhle (Ref. 6), an
effective range of porosity appears to be from 30% to 80% with optimum being from 40% to 60%. The
porosity of 11% to 32% for the Plant B at the time of chemical cleaning was outside the optimal porosity
range. But it could still increase some bubble nucleation sites.

Table 2. Steam Generator Silica and Feedwater Iron and Copper Concentration (Plant B)

Months
Post-Cleaning

1
2
3
4
5
6

Iron
Concentration, ppb

25
5.0
6.2

4.6
4.2

Copper
Concentration, ppb

—
0.04
0.05

0.02
0.02

Silica
Concentration, ppb

450
315
245
245
162
180

The post-cleaning fouling factor jumped to 0.0000106 K-m2/W from 0.0000053 K-m2/W. It then continued
increasing for about four months to a value of 0.0000132 K-m2/W. After the cleaning, each steam
generator received 1.4 to 1.8 kilograms of titanium during wet layup, and another 1.4 to 1.8 kilograms
before startup. It continues receiving 4 grams per day.

Table 2 lists the post-cleaning feedwater iron, copper and steam generator bulk water silica concentration.
Silica concentration started at 450 part per billion (ppb) and decreased toward 180 ppb at the end of six
months. Precipitate of dissolved chemicals, such as silica, titanium probably dominated during the first 4
months. As discussed above for Plant A, the boiling induced chemical precipitate can reduce bubble
nucleation sites, and thus an increase in fouling factor appeared. This could explain the fouling factor jump
and increase during the first 4 months of the post-cleaning operation.

As shown in Table 2, the feedwater iron concentration was about 4 to 6 ppb. The accumulated effect of the
magnetite micro-fouling began to dominate, after the first 4 month operation. Therefore, the fouling factor
began to decrease. After two years of the post-cleaning operation, tube fouling factor dropped from
0.0000132 K-m2/Wto 0.0000040 K-m2/W.
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Figure 3 Steam Pressure and Fouling Factor before and after Chemical Cleaning (Plant B)

Fouling factor just before the cleaning was about 0.0000056 K-m2/W. Plant B has a design fouling factor of
0.0000088 K-m2/W. Figure 1 depicts the rapid decrease in the tube fouling factor once it began commercial
operation; it decreased from 0.0000264 K-m2/W (for the brand new tubing) to about zero (for a fouled
conditions) within one year. The initial value of 0.0000106 K-m2/W for the post-cleaning tube is slightly
higher than the design value, but much lower than the brand new tube. It arrived at 0.0000040 K-m2/W two
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years later, which is better than the new tube, design value and the pre-cleaning value. However, this
0.0000035 K-m2/W is still higher than the optimal value of-0.0000050 K-m2/W (Ref. 2).

A correlation of fouling factor with feedwater iron concentration was developed (Ref. 2) using the micro-
fouling of magnetite and dissolved chemicals. Application of the correlation for Plant B with 20 ppb iron in
the feedwater indicated a time period of 2 EFPY to reach the optimal value of -0.0000049 K-m2/W.
According to Ref. 2, we have the following expression:

D D
_ „ -Art /\co

\c(Ro-.

where we have used R is the fouling factor, Ro the initial fouling factor, and /?«, an asymptote fouling factor,
Cthe correlation coefficient, £the fraction of iron or chemical deposit on tube wall, W^ the feedwater flow
rate, C^ the feedwater iron concentration, C^ the feedwater dissolved chemical concentration, and /the
time. Figure 4 depicts the prediction of fouling by the correlation for the field fouling data starting 4 months
after the chemical cleaning. The post-cleaning has an iron concentration of about 4 ppb in the feedwater,
we consider that titaninum is about 0.1 ppb in the feedwater, and the initial fouling factor is that at 4 months
after the cleaning (i.e., 0.0000132 K-m2/W). The asymptote of-0.0000050 K-m2/W is taken from Ref. 2.

14 -

12 -

10 •

8 -

6 -

4 -

2 -

0 -

-2 -

-4 -

- • • • F o u l i n g F a c t o r - D a t a

F o u l i n g F a c t o r - M a t h M o d e l

1 1 1 1 1

E f f e c t i v e F u l l P o w e r Y e a r

Figure 4 Fouling Factor Data and Mathematical Prediction for Plant B
(Effective Full Power Year beginning 4 Months after Chemical Cleaning)

During the early life of the plant operation, Plant B reached the asymptote of -0.0000050 K-m2/W under a
higher feedwater iron concentration (-20 ppb) in 2 EFPY. Figure 4 suggests that the cleaned tube with a
feedwater iron concentration of 4 ppb could approach the asymptote of-0.0000050 K-m2/W within about 5
EFPY, if water chemistry maintains the same as current conditions.
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4.3 Discussion on Plant C Results
Figure 5 depicts steam pressure and fouling factor before and after chemical cleaning. Restart from the
cleaning outage began at a pressure higher than before the cleaning. Tube fouling factor reflects these
characteristics beginning at a lower fouling factor than the pre-cleaning value. This plant used EDTA, like
Plants A and B. In addition, it implemented soaking with DMA.
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Figure 5 Steam Pressure and Fouling Factor before and after Chemical Cleaning (Plant C)

Similar to Plants A and B, fouling factor continues increase from the post-cleaning, initial value. Time
duration with increasing mode varied among these three plants. Plants A and B took 3 and 6 months,
respectively. Plant C is still increasing after 12 months; the increasing rate in fouling factor was high during
the first 5 months, and it appeared to approach an asymptote after 12 months. However, a reactor trip in
Fall 1997, led to a loss of steam pressure about 69 KPa (or 10 psi), and an increase in fouling factor. Plant
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C was not yet shown a decreasing trend in fouling factor as Plants A and B. This may be due to an
excellent control in limiting magnetite ingress. Plant C achieved a record low value of feedwater iron
concentration being less than 0.5 ppb. This is extremely low when compared to a range of value from 3 to
8 ppb for Plants A and B (see Tables 1 and 2). It then appears that Plant C does not enjoy the positive
impact of the micro-fouling by magnetite deposit in promoting more bubble nucleation sites.

For Plant C, the brand new tubing had a fouling factor of 0.0000150 K-m2/W, and a designed fouling of
0.0000088 K-m2/W. Note that Plant C has a lower value of the apparent fouling factor when compared to
Plants A and B. Plants A and B are of design without preheater, and Plant C is of preheating design.
Preheating yields a better heat transfer and thus a lower value of apparent fouling factor on the basis of
one-dimensional modeling. The initial value of 0.0000056 K-m2/W for the cleaned tubing is lower than
those of both brand new and pre-cleaning fouled tubing. The current fouling factor asymptote at 0.0000106
K-m2/W is slightly higher than the designed value and less the brand new tubing.

4.4 Discussion on Plant D Results
Figure 6 presents steam pressure and fouling factor. The post cleaning operation seemed to begin at a
higher steam pressure or a lower fouling factor. It began to increase in the fouling factor for a duration of 3
months, and then turned around to a decreasing mode at a fast pace. This plant had a feedwater iron
concentration about 2 to 3 ppb, which is about the same as Plants A and B. The micro-fouling by the
magnetite deposit is again demonstrated in decreasing fouling factor and recovering steam pressure.

The pre- and post-cleaning fouling factor was about 0.0000062 K-m2/W and 0.0000035 K-m2/W,
respectively. The brand new tubing had a fouling factor of 0.0000264 K-m2/W. The designed fouling factor
for Plant D is 0.0000352 K-m2/W. The cleaned tubing peaked at about 0.0000088 K-m2/W, and dropped
down to 0.0000035 K-m2/W after one year of post-cleaning operation. It is not known definitely why the
cleaned tubing went through an early mode of high fouling factor. However, tube fouling factor of the
cleaned tubing was always lower than the brand new tubing or the design fouling factor. Above all, the
cleaned tube eventually arrived at a fouling factor being lower than the value before the cleaning.

As a comparison, Table 3 lists relevant parameters for all of four plants. All plants went through an
increasing mode in tube fouling factor and a decreasing mode in steam pressure. After about one year,
Plants A, B, and D recovered to a condition prior to the cleaning. And Plant B shows a continued decrease
in tube fouling factor to a value lower than the pre-cleaning value.

Table 3 Summary of Tube Fouling Factors (FF: K-m2/W x 10-6) and Time to Recovery for All Four Plants

Plant
A
B
C
D

FFfor
New
Tube

28.2
26.4
15.0
26.4

Minimum
FF

-5

Design
FF
35.2
8.80
8.80
35.2

Pre-
Cleaning
FF

3.5
5.3
7.0
6.2

Post-
Cleaning
FF

3.5
10.6

5.6
3.5

Post
Peak
FF

12.0
13.2
10.6
9.0

Time to
Post Peak,
month

3-4
3-4
>12
3-4

Recovery Time
to Pre-Cleaning,
year

~ 1

-1 .5

~ 1
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Figure 6 Steam Pressure and Fouling Factor before and after Chemical Cleaning (Plant D)

5. SUMMARY
We can draw the following conclusions:

1. Initial fouling factors of the cleaned tube vary among four plants. Plant A had an initial value equal to
the pre-cleaning value. Plant B had an initial value higher than the pre-cleaning value. Plants C and D had
their initial fouling factor lower than the pre-cleaning value.
2. All four plants immediately experienced a period of increasing trend in fouling factor or a decreasing
trend in steam pressure.
3. The micro-fouling of boiling induced precipitate of dissolved chemicals seems to be responsible for the
post-cleaning increase in tube fouling factor. As test demonstrated, boiling induced precipitate of dissolved
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calcium sulfate was dense and reduced bubble nucleation sites. Both Plants A and B showed high silica,
and Plant B had had titanium injection in the post-cleaning operation.
4. The micro-fouling of magnetite deposit seems to be responsible for the eventual decrease in the tube
fouling factor. As test demonstrated, the porous deposit increased bubble nucleation sites. Plants A, B
and D had had feedwater iron concentration in the range of 3 to 8 ppb in the post-cleaning operation. After
one to two years, they all showed a decrease in the fouling factor to a value equal or lower than the value
just before the cleaning. Plant C did not show a decrease in the fouling factor after one year operation.
This may be due to the extremely low iron concentration (<0.5 ppb) in feedwater.

Continued study of the cleaned tube behavior is required to fully understand the tubing surface conditions
in terms of boiling characteristics. This can be done by boiling heat transfer tests for brand new tube,
fouled tube and cleaned tube. In addition, scanning electronic microscope can examine the micro-surface
of the brand new, fouled and cleaned tube in terms of nucleation sites. Such an understanding would help
develop a cleaning process for maintaining or creating bubble nucleation site density.
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DISCUSSION

Authors: M.H. Hu, CBS, Westinghouse Nuclear Services Division

Paper: Tube Micro-Fouling, Boiling and Steam Pressure after Chemical Cleaning

Questioner: J. Gorman, Dominion Engineering

Question/Comment:

Has the idea of microfouling by silica causing increases in fouling factor been quantified or
checked by examination of pulled tubes or modelling considering thickness and conductivity of
the silicon layer?

Response:

The idea of micro-fouling by silica is developed from a hypotheses that precipitates of dissolved
chemical could reduce the density of bubble nucleation sites. Dissolved calcium sulfate can
precipitate due to microlayer dryout under boiling from a nucleation site. Microlayer deposition
mechanism has been reported in open literature, for examples, Ref. 4 cited in this paper, a poster
paper in this conference entitled "Deposition of magnetite Particles Onto Alloy-800Steam
Generator Tubes," by Basset, M., et. al. Precipitation of dissolved calcium sulfate reduces
boiling heat transfer. A reduction in boiling heat transfer is considered to be a result of reduction
of nucleation site density due to chemical precipitation, not due to thickness and additional
conductive resistance of the silica layer. This idea of microfouling by dissolved chemical
precipitation has yet to be verified by examination of pulled tubes.

Questioner: K. Bagli, Ontario Hydro

Question/Comment:

In your summary, you have indicated that the precipitates of dissolved chemicals result in an
increase of fouling factor after chemical cleaning. Can you please elaborate on this hypothesis?

Response:

Boiling takes place at bubble nucleation sites. The bubble nucleation sites have been observed.
For example, the bubble nucleation sites are clearly shown in a poster paper in this conference
entitled "Deposition of Magnetite particles Onto Alloy-800 Steam Generator Tubes," by Basset,
M., et. al. After chemical cleaning, dissolved chemicals, such as silica or titanium, were
observed to be high in concentration. Dissolved chemical can precipitate due to microlayer
dryout under boiling from a nucleation site. This precipitation can eventually cover the whole
heating surface and reduce the number of bubble nucleation sites. A reduction in number of
nucleation sites decreases boiling heat transfer and thus increases tube fouling factor. As
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discussed in the paper, dissolved chemical, such as silica, was high during the first few months
after the chemical cleaning, and the fouling factor increased during this period. After the first
few months, silica concentration decreased, while magnetite continued entering the steam
generator. Porous deposits of magnetite can create additional nucleation sites and increase
boiling heat transfer. Therefore, the fouling factor began to decrease after the first few months.
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THE EFFECT OF THE REMOVAL OF STEAM GENERATOR TUBE ID DEPOSITS

ON HEAT TRANSFER

S. J. Klimas, D. G. Miller, J. Semmler, and C.W. Turner

ABSTRACT
The thermal resistance of boiler primary-side tube deposits from the Gentilly-2 NGS
(Hydro-Quebec) was evaluated by an experimental comparison of the heat transfer rates between
fouled samples and identical, factory-new, "clean" tubing. The deposits were subsequently
removed using either a chemical decontamination process (CAN-DEREM™ Plus) or a
mechanical cleaning process (Siemens SFVABLAST™) in two stages. After each removal, the
thermal resistance of the remaining deposit was re-measured.

The 90- to 150-[im-thick deposits on the inside diameter of steam generator cold-leg tubes were
found to pose significant resistance to heat transfer (0.05 to 0.06 m2-K/kW at 210°C). However,
the 10- to 30-um-thick dense layers remaining on the tubes after the decontamination were found
to have no measurable effect on the heat transfer. The thin, 2-|im, tube deposit on the steam
generator hot leg slightly enhanced heat transfer.

The measured thermal resistance results in a calculated thermal conductivity of 1.5 W/m-K for
the 9O-(om-thick deposit. The 150-|um-thick deposits were found to consist of two layers: an
outer surface layer having an average porosity of 50% and a conductivity of 2.3 W/m-K, and an
inner layer with an average porosity of 5% and a conductivity of more than 3.0 W/m-K.

The previous best estimate of the thermal conductivity was 1.4 W/m-K for the porous magnetite
deposits that had formed on the primary side of nuclear steam generators with thickness <90 |im.
This work confirms this number but also demonstrates that it is applicable only for porous,
unconsolidated deposits. The conductivity increases for thicker deposits because of increasing
deposit consolidation, particularly at the most inner layer adjacent to the tube metal.

Atomic Energy of Canada Ltd.
Chalk River Laboratories

Chalk River, Ontario KOJ 1 JO Canada
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THE EFFECT OF THE REMOVAL OF STEAM GENERATOR TUBE ID DEPOSITS
ON HEAT TRANSFER

S. J. Klimas, D. G. Miller, J. Semmler, and C.W. Turner

INTRODUCTION AND OBJECTIVE

This work was initiated for purely practical reasons—the utility (Hydro-Quebec) wished to
predict the degree of recovery of the steam generator thermal performance if a cleaning of the
primary heat transport side of their boilers was undertaken. The cleaning of the boiler primary
side is conducted mostly to reduce the radiation fields, but the recovery of thermal performance
is also a major consideration.

The degradation of thermal performance is a sum of several components, major of which are the
primary-side fouling, the secondary-side fouling, and the divider plate leakage. These
measurements isolate the effect of the primary-side fouling.

DESCRIPTION OF THE EXPERIMENTAL METHOD

Workscope

The workscope consisted of several steps to characterize the tube deposit and to measure its
thermal resistance. Details are presented in Table 1.

Table 1: The outline of the Experimental Workscope

Step
1
2

3

4

5

6

7

Samples 1 and 2
Measure the Deposit Thermal Resistance
Determine the Surface Roughness and the
Deposit Thickness
Apply the Chemical Cleaning Process

Determine the Amount of the Deposit
Removed in Step 3
Measure the Thermal Resistance of the
Remaining Deposit

Samples 3 and 4
Measure the Deposit Thermal Resistance
Determine the Surface Roughness and the Deposit Thickness
and Loading
Apply the Mechanical Cleaning Process for a Very Short
Time
Measure the Thermal Resistance of the Remaining Deposit

Determine the Surface Roughness and the Thickness and
Loading of the Remaining Deposit
Apply the Complete Mechanical Cleaning Process
Measure the Thermal Resistance of the Remaining Deposit
Determine the Surface Roughness and the Thickness and
Loading of the Remaining Deposit.

Four samples were submitted for the investigation. One sample (Sample 1) was obtained from the
hot leg, three other samples (Samples 2, 3 and 4) originated at the cold leg. Details are given in
Table 2. Samples 1 and 2 were processed together. Their thermal resistance was measured twice;
before and after the chemical decontamination. In a separate program, Samples 3 and 4 were
processed (also simultaneously). This time, the thermal resistance was measured three times, the
samples being cleaned in between measurements using a mechanical process.

226



Table 2: List of the Samples

Sample Name
Sample 1

Sample 2

Sample 3

Sample 4

Reference Tubing

Sample Description
Deposits on the Tube Internal Diameter, Sample from Gentilly-2 NGS, Steam Generator 2,
Hot Leg Below the Second Support Plate
Deposits on the Tube Internal Diameter, Sample from Gentilly-2 NGS, Steam Generator 2,
Cold Leg, Below the Third Baffle Plate in the Preheater
Deposits on the Tube Internal Diameter, Sample from Gentilly-2 NGS, Steam Generator 2,
Cold Leg, Below the Third Baffle Plate in the Preheater, Immediately Above Sample 2
Deposits on the Tube Internal Diameter, Sample from Gentilly-2 NGS, Steam Generator 2,
Cold Leg, Below the Third Baffle Plate in the Preheater, Immediately Above Sample 3
Factory-New 5/8" (15.875 mm) OD x 0.0445" (1.13 mm) Wall Incoloy Alloy 800 Tubing

Determination of the Thermal Resistance of Deposits

The deposit was located on the internal surface of a 5/8" OD tubing. Therefore, the tubing
sample was mounted in an experimental loop so that high-temperature high-pressure water could
be recirculated inside the tube. The tube was directly electrically heated using a low-voltage,
high-current power supply. The schematic of the test section is presented in Figure 1.

®

hT/C Outlet

» Clean Tube

55kVA

—— Sample Tube

—-•• Sample Tube

—— Wall-Mounted Thermocouples

—— Clean Tube

T/C Inlet

Figure 1: The experimental test section.

The water flow rate and the tube heating rate were matched so that single-phase forced-
convective heat transfer conditions were maintained, i.e., no boiling was occurring. A detailed
description of the experimental method is provided by Turner et al. (1998). The relevant
experimental conditions are listed in Table 3, and the stability of the experimental conditions is
illustrated in Figure 2.
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Table 3: The Experimental Conditions

Flow Conditions
Heat Transfer Mode
Method of Heating
Pressure
Film Temperature Range
Heat Flux
Mass Flux
Reynolds Number

Vertical Up-flow of Water Inside a Tube
Forced-Convection to Single-Phase Water
60 Hz Low-Voltage Direct Electrical Heating
6.1 MPa
130to210°C
70tol70kW/m2

400 kg/m2-s
26 00042 000

14

12 -

10-

<2

4 •

2 •
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Figure 2: Stability of the experimental conditions during the tests.

The measured parameters are the heat input (electrical), the water flow rate, the bulk temperature
at the inlet to the test section, the temperature on the outlet from the test section, and several
temperatures of the tube wall.

The temperature difference that drives the flow of heat from the tube wall into the flowing water
is evaluated from these experimental data. The measurements were performed under similar
conditions for the fouled sample and for a length of identical "clean" reference tubing.

The thermal resistance of deposits is evaluated from

T -T
•* Kail l b

q" foultd q"
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The deposit thermal conductivity is calculated from

?C . —

Oxide Removal and Characterization

The deposit is almost pure magnetite. It precipitates from solution as it traverses the steam
generator as a consequence of the normal solubility curve of magnetite. The contribution of
paniculate fouling is thought to be significant in some instances.

Two proprietary methods for cleaning of nuclear steam generators were used for this laboratory-
scale trial. CAN-DEREM™ Plus process (Miller et al., 1997) was used for decontamination of
Samples 1 and 2. CAN-DEREM™ Plus is a chemical decontamination process employing
EDTA/citric acid under reducing conditions. Siemens SIVABLAST™ was used for mechanical
cleaning of Samples 3 and 4 in two stages to differentiate between the outer and inner layer of the
deposit. SIVABLAST™ is a mechanical process that involves blasting the tube wall with
stainless steel shot. The description of these methods is outside of the scope of this paper.

The deposit loading [kg of Fe3O4 per m2 of tube surface] was determined by descaling of the
surface with alkaline permanganate solution (3% KMnC>4 and 7% KOH) and an analysis of the
solution for iron. The deposit thickness was determined from scanning electron microscopy
(SEM) micrographs of metallographic cross sections. SEM was also used to determine the
morphology of the deposits to help distinguish between the possible fouling mechanisms that
created the deposits. The deposit porosity was calculated from deposit loading, its thickness, and
the known literature density of magnetite.

RESULTS

Figures 3 (a) and (b) show the changes in film resistance with film temperature for fouled and
clean tubes before and after chemical cleaning. The distance between the lines obtained for
"clean" and "fouled" tubes is interpreted as the thermal resistance of the deposit. Figure 3 (a)
shows that the film resistance of the cold leg sample is higher than the film resistance for the
reference clean tube. On the other hand, the hot leg sample has a slightly lower film resistance
than the clean tube does. After the chemical cleaning, Figure 3 (b), all the lines overlap showing
that the film resistance is virtually identical.
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Figure 3: Examples of experimental curves: (a) before chemical decontamination and (b) after
the chemical decontamination.
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The summary of the results is presented in Table 4.

Table 4: Summary of the Experimental Results

Sample

Sample 1

Sample 2

Sample 3

Sample 4

"As-Received"
After Chemical Cleaning
"As-Received"
After Chemical Cleaning

"As-Received"
After the First SIVABLAST™
Cleaning Step
After the Second SIVABLAST™
Cleaning Step
"As-Received"
After the First SIVABLAST™
Cleaning Step
After the Second SIVABLAST™
Cleaning Step

Reference Tubing

Deposit
Thickness,

urn
1.8
0.7
90
30
2.0
155
24

8.0

150
33

9.7

0.0

Deposit
Porosity,

%
-
-

53
-

38
4

6

43
8

3

-

Surface
Roughness

, Ra, urn
1.0
0.7
4.6
2.5
0.5
3.3
1.8

1.2

3.3
2.0

1.3

0.9

Deposit thermal
Resistance Measured
at 210°C, m -̂K/kW

-0.012
0.005
0.059
0.011

0.05
-0.01

0.00

0.06
0.00

-0.01

0.00

The thin deposits on hot leg, Sample 1, slightly enhanced the heat transfer (Rj = -0.01 m2-K/kW).
After chemical cleaning, the measured resistance was zero within the experimental uncertainty.

The 90- to 150-um-thick tube deposits on all cold leg samples (Samples 2, 3 and 4) posed
significant resistance to heat transfer (0.05 to 0.06 m2-K/kW at 210°C). At the same time, the 10-
to 30-um-thick dense layers remaining on the tubes after the cleaning were found to have no
measurable effect on the heat transfer.

The experimental uncertainty is estimated to be 0.01 m2-K/kW for Samples 1 and 2, and
0.015 m2-K/kW for Samples 3 and 4.

DISCUSSION

Comparison of the deposit porosity data in Table 3 leads to the conclusion that the deposits on
Samples 3 and 4 have a two-layer structure: a dense inner layer and a more porous outer layer.
(This is analogous to the secondary-side deposits, which are also found to have a layered
structure [Turner et al., 1998].) For these samples, using the data from Table 4 and assuming the
two-layer model, the calculated porosity of the deposit outer layer is 46 and 53% respectively
(average 50%), whereas the average porosity of the inner layer was 5%. The two layers have
distinctively different mechanical and thermal properties: the outer layer is much softer and
relatively non-conductive, whereas the inner layer is hard (more difficult to remove) and more
thermally conductive.
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Sample 2 appears to have consisted largely of a single layer of deposit material with a low
thermal conductivity, although there is evidence of "islands" of hard-to-dissolve deposit.

Table 5 presents thermal conductivity of the deposits calculated on the basis of the measured
deposit thermal resistance, thickness, and the interpretation of the data.

Table 5: Thermal Conductivity of Tube Deposits,
Ka, Calculated on the Basis of the Experimental Results and their Interpretation

Deposit
Deposit on Sample 1

Entire Deposit on Sample 2
Deposit on Samples 3 and 4 which was
Removed in the First Cleaning Step

Deposit on Samples 3 and 4 Remaining
after the First Cleaning Step

5, Mm
2

90
120

30

Interpretation
Increased Surface Roughness

Porous Deposit, Porosity of 53%
Porous Outer Layer of the
Deposit, Average Porosity of
50%
Deposit Inner Dense Layer,
Porosity of 5%

Kd at210°C,W/nvK*
Equivalent Thermal
Resistance of -0.01
m2-K/kW

1.5
2.3

>3

* The thermal conductivity of pure substances at 210°C is 0.67 W/m-K for water (ASME Steam Tables)
and 3.6 W/m-K for magnetite (M0lgard and Smeltzer, 1971).

The experimental results are reported at a film temperature of 210°C. Extrapolation to 270°C, a
temperature more relevant to the steam generator conditions, was also conducted and the thermal
conductivity of the deposits at 270°C was predicted to be lower by approximately 15%. (This
decrease exceeds the drop in the thermal conductivity of pure magnetite and water in this
temperature range.)

Deposits increase the surface roughness, which may result in an equivalent thermal resistance of
up to -0.01 m2-K/kW (the negative sign indicates that the heat transfer is enhanced). A
relationship that is often observed is that the thicker the deposit, the higher the surface roughness.
This proved to hold in this investigation.

Figures 4 (a), (b) and (c) show typical SEM micrographs of the metallographic cross sections.
They are consistent with the presented interpretations. Figure 4 (a) shows a thick deposit before
mechanical removal (typical view of Samples 3 and 4). The deposit thickness is relatively
uniform and visibly porous.

Our experience indicates that deposits of irregular thickness tend to be produced when the
growth rate is high, or when existing deposits are subjected to aggressive dissolution. Figure 4
(b) demonstrates that this was the case for chemically cleaned sample (Sample 2). The
irregularity of the deposit thickness reduces the "effective thickness" of the deposit, and is
therefore beneficial from the point of view of thermal performance. (The "effective thickness",
for heat transfer purposes, is the harmonic mean thickness of the deposit, which is always smaller
than the arithmetic mean.) This effect might be at least partly responsible for the low resistance
of the deposit remaining after the chemical cleaning. The deposit has the appearance of being
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even more porous than the deposit on the samples that were subject to mechanical cleaning
(Samples 3 and 4). This is consistent with its lower conductivity.

Figures 4 (c) and (d) show typical views of the deposit after the first and second mechanical
cleaning steps (Sample 3 and 4). The deposit thickness is uniform, and it appears to be well
consolidated. The darker thin layer adjacent to the metal surface can be interpreted as the
intrinsic corrosion layer on the metal. The balance of the deposit can be interpreted as the layer
produced during the hot conditioning performed during the station commissioning. There are
also fouling mechanisms that predict increased deposit consolidation towards the tube wall.
Therefore, it is likely that the deposit was more consolidated near the wall before the mechanical
removal was applied. However, the possibility that the mechanical cleaning process itself
compacted the deposit at the wall cannot be totally excluded.

(a)

^ * 3 >

Figure 4: Examples of SEM micrograph of metallographic cross sections showing the thickness
profile of the tube deposits (a) before removal, (b) after chemical removal, (c) after mechanical
removal (first step), and (d) after the mechanical removal (second step).

The thermal conductivity of primary-side tube deposits from CANDU® stations were measured
previously using a similar experimental technique (Turner and Klimas, 1994; Turner et ah,
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1998). The best estimate to date of the thermal conductivity of CANDU deposits is 1.4 W/m-K
and the current investigation confirms this number but it also indicates that it is only applicable
for porous, unconsolidated deposits. The thermal conductivity of thicker (over 100 um) and less
porous deposits can be much higher. A short interpretation of this difference is given below, and
a wider review is presented in Turner et al., 1998.

Euler (1957), identifies a class of the physical properties of composite materials whose value
depends on the arrangement of the constituting phases in the sense defined by the Maxwell
equation for the over-all conductivity, i.e., which depend on flux or force transmission through
the phases. Thermal conductivity belongs to this class. There are two limiting cases: isolated
pores in a continuous solid matrix, and solid grains mixed with continuous voids. (For steam
generator primary-side deposits, the solid is magnetite, the void is water.) The Maxwell equation
(or any other of the numerous existing models) can be used for either limiting case. However,
these two cases do not converge for intermediate porosity.

According to Rice (1995), there is a discontinuity in the properties of ceramic materials at the
"percolation limit". (The percolation limit is a critical porosity at which the structure of the solid
becomes fragmented.) This discontinuity occurs because the effective thermal conductivity is
determined by the minimum solid area (MSA), and not directly by the porosity.

Consequently, the thermal conductivity of magnetite-water composite has to be described by at
least two different formulas: one for "unconsolidated" and the other for "consolidated" deposit.
A schematic of such a model is presented in Figure 5. Assuming a deposit of 50% porosity, the
thermal conductivity of an unconsolidated deposit is expected to be approximately 1.5 W/m-K at
210°C, whereas the conductivity of consolidated deposits is expected to be between 2.0 to
3.6 W/m-K, depending on their porosity. At 270°C, the model predicts the conductivity of
unconsolidated deposit to be 1.4 W/m-K.

i£

Deposit Porosity [-]
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Figure 5: Schematic representation of the dependence of the thermal conductivity of a
magnetite-water composite on porosity (volume fraction of water). <1>C is the percolation porosity
of the structure at which the particles of magnetite become effectively separated from each other.

IMPLICATIONS AND CONCLUSIONS

The deterioration of the thermal performance in CANDU (CANada Deuterium Uranium) stations
is manifested by an increase in the reactor inlet header temperature (RIHT). The THIRST
thermal-hydraulic code predicts that the measured primary-side deposit thermal resistance would
increase the reactor inlet header temperature by up to 3.8°C. The removal of 70% of this deposit
would recover up to 2.5 °C of the RIHT.

In conclusions:

• Primary-side fouling may constitute a significant fraction of the thermal performance loss
observed in CANDU® stations.

• The thermal conductivity of CANDU steam generator primary-side deposits is 1.4 W/m-K for
unconsolidated deposits, and more than 3.0 W/m-K for consolidated deposits.

• Chemical or mechanical cleaning is effective in restoring the thermal performance lost due to
fouling of the primary side of the steam generator.
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NOMENCLATURE

Greek:

Subscripts:

Symbol

Rd
T
q"

8

K

b
clean
d
fouled
wall

Definition

deposit thermal resistance
temperature
heat flux

deposit thickness
critical porosity
thermal conductivity

of the bulk water
without the deposit
of the deposit
with the deposit
of the tube inner wall

Unit

m2-K/W
K
W/m2

m

W/m-K
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DISCUSSION

Authors: S.J. Klimas, D. Miller, J. Semmler,C.W. Turner, AECL

Paper: The Effect of the Removal of Steam Generator Tube Deposits on Heat Transfer

Questioner: D.H. Lister, University of New Brunswick

Question/Comment:

How was the porosity of the deposits determined? And did you consider characterizing the pore
geometry? The latter point has an obvious application to thermal resistance, as we would expect
from the two-layer deposit, for example, that you mention.

Response:

The porosity was determined from the deposit loading and its thickness. The pore geometry was
not characterized in any way other than inspection of the SEM micrographs.

Questioner: C. Taylor, AECL

Question/Comment:

You stated the benefit of removing 70% of the primary-side fouling from Gentilly2. What would
happen if you removed 100%. Is it always better to remove 100% of the primary-side fouling?

Response:

Our investigation showed it is restored almost fully by removing the porous outer layer of the
deposit. The dense inner layer does not have much effect on thermal resistance even if it has a
thickness of 30 p.m. As a matter of fact, removal of the final few |im of the deposit could slightly
hinder the heat transfer if it reduces the surface roughness.

However, the thermal performance is only one of many issues that drive the cleaning of the steam
generator primary side. Other important issues are the radiation fields, pressure drop, and the
prospect of recontamination/re-deterioration of thermal performance after the cleaning. The
utility must consider them all in their analysis before the cleaning is undertaken.
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Questioner: G. White, Dominion Engineering

Question/Comment:

Did you attempt to duplicate the thermal conductivity results analytically using a model of
conduction through a matrix of magnetite and liquid water?

Response:

There is an abundance of models published in the literature to predict the thermal conductivity of
porous matrices. All of them have the form:

i.e., the effective thermal conductivity of the matrix is a function of the thermal conductivity of
pure components A and B, and their volumetric fractions in the matrix. In our opinion, models in
this form are not generally applicable because they do not take into account the important
structural effects.

We find that there is a considerable scatter of the conductivity predicted by the various models.
The model that comes closest to predicting our experimental results for unconsolidated porous
deposit is a simple in-series arrangement of magnetite and water. The difficulty at this point is to
find a justification for using a particular model for a given station deposit.

Questioner: R.F. Voelker, Lockheed-Martin

Question/Comment:

How did you determine the fouling factor from your test measurements?

Response:

The heat flux was determined from the change in water enthalpy across the test section and the
flow rate. The local temperature of the wall was determined by a direct measurement. The
temperature of the bulk water was calculated from the inlet temperature and the rate of heat
addition to the water. Finally the deposit thermal resistance was calculated from the equation:

T -T
1 will 11

q fouled

T T
Malix f

. q .
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CA0000212
SIMULATION OF SLUDGE DEPOSIT

ONTO A 900 MW STEAM GENERATOR TUBESHEET

WITH THE 3D CODE GENEPI

S. Pascal-Ribot+, E. Debec-Mathet*, D. Soussan+, M. Grandotto*

ABSTRACT

Heat transfer processes use fluids which are generally not pure and can react with transfer
surfaces. These surfaces are subject to deposits which can be sediments harmful to heat
transfer and to integrity of materials. For nuclear plant steam generators, sludge build-up
accelerates secondary side corrosion by concentrating chemical species. A major safety
problem involved with such a corrosion is the growing of circumferential cracks which are
very difficult to detect and size with eddy current probes.

With a view to understand and control this problem, it is necessary to develop a
mathematical model for the prediction of sludge behavior in PWR steam generators. Based on
fundamental principles, this work intends to use different models available in literature for the
prediction of the phenomenon leading to the accumulation of sludge particles at the bottom
(the tubesheet) of a PWR. For that, a three-dimensional simulation of magnetite participate
fouling with the finite elements code GENEPI is performed on a 900 MWe steam generator.
The use of GENEPI code, originally designed and qualified for the analysis of steam
generators thermalhydraulics is done in two steps. First, the local thermalhydraulic conditions
of the carrier phase are calculated with the classical conservation equations of mass,
momentum and enthalpy for the steam/water mixture (homogeneous model). Then, they are
used for the solving of a particle transport equation. The mass transfer processes, which have
been taken into account, are gravitational settling, sticking probability and reentrainment
describing respectively the transport of sludge particles to the tubesheet, the particle
attachement to this surface and the re-suspension of deposited particles from the tubesheet. A
sink term characterizing the blowdown effect is also considered in the calculations. Deposition
on the tubebundle surface area is not modelled.

For this first approach, the simulation is made with a single particle size and density
(dp = 10 urn, pp = 6000 kg/m3) and as for the suspension, a 5 ppm mass concentration at the
bottom of the downcomer is initially imposed. The magnetite particle concentration in a 900
MWe steam generator and the extent of deposit build-up onto the tubesheet are obtained. To
some extent, the code predictions are qualitatively correct; however, quantitative evaluation
and validation depend on future developments of models and await appropriate experimental
data.

+Atomic Energy Agency /Nuclear Reactor Division / Laboratory of heat exchangers and
assemblies thermalhydraulics (CEA Cadarache - DRN/DEC/SECA/LTEA)(d. soussan@cea.fr)

* Atomic Energy Agency /Nuclear Safety and Protection Institute /Safety Evaluation Dept.
(IPSN/DES) (edebec@cea.fr)
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SIMULATION OF SLUDGE DEPOSIT

ONTO A 900 MW STEAM GENERATOR TUBESHEET

WITH THE 3D CODE GENEPI

S. Pascal-Ribot+, E. Debec-Mathet*, D. Soussan*, M. Grandotto+

NOMENCLATURE
a constant (= 0.00046)
C particle concentration (kg m"3)
Cv constant (= 0.09)
d particle diameter (m)
D diffusion coefficient (m2 s"1)
D H hydraulic diameter (m)
E reentrainment coefficient (s"1)
F flux (kg m'2 s"1)
g gravitational acceleration (m s"2)
hoit critical deposit height (m)
H enthalpy per unit mass (J kg"1)
I unity tensor or number of iteration
J superficial velocity (m s"1)
k turbulent kinetic energy (m2 s"2)
L latent heat of vaporization (J kg"1)
n unit normal vector
N turbulence level
p volume fraction of drained fluid
P pressure (Pa) or sticking probability
Q flow rate (m3 s"1)
r particle radius (m)
r* dimensionless particle radius
Re Reynolds number
S source / sink term (kg m"3 s"1)
S stopping distance (m)
S+ dimensionless stopping distance
Sc Schmidt number
t time (s)
tp particle relaxation time (s)

1 INTRODUCTION

Sludge build-up accelerates secondary side corrosion of Pressurized Water Reactors
(PWR) steam generators (SG) tubes by concentrating chemical species. A major safety
problem involved by such a corrosion is the growing of circumferential cracks [1] which are
very difficult to detect and size with eddy current probes.

tt turbulence macroscale time (s)
u* wall friction velocity (m s'1)
V velocity (m s"1)
Greek letters
dp particle volume fraction

_ . VOIIHE occupied by steam and wrter
p porosity = —

total volume

e dissipation rate of turbulent kinetic
energy (mY3)

u dynamic viscosity (kg m"1 s"1)
v kinematic viscosity (m2 s"1)
p density (kg m"3)
Q. control volume (m3)
co deposited mass per unit area (kg m"2)
Superscript
in inlet flow
out outlet flow
sat saturation
Subscript
b
c
L
P
R
t
GS

blowdown
continuous (carrier) phase
liquid
particulate phase
relative
turbulent
Gravitational settling
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In the framework of its safety assessment, EPSN is interested in better understanding both
thermalhydraulics and chemicals phenomena leading to such damages. The objective is to
improve in-service inspections of the tube bundle so as to insure a satisfactory safety level.

To fulfill this goal, IPSN has been committed recently into a step of modeling. The first
stage of the work presented hereafter is the knowledge of the behavior of sludge on the
tubesheet (e.g. deposition, localization and reentrainment). Next stages will be the
representations of fouling and sludges in different locations of the steam generators tube
bundle.

Based on fundamental principles, this study intends to predict the phenomenon leading to
the accumulation of sludge particles on the tubesheet of a PWR steam generator. For that, we
use the finite-elements 3D code GENEPI [2], first devoted and qualified for the analysis of the
two-phase flow thermalhydraulics in steam generators. First, the local thermalhydraulic
conditions of the carrier phase are calculated using the classical conservation equations of
mass, momentum and enthalpy for the steam/water mixture. Then, thermalhydraulic data from
GENEPI are used for the mass conservation equation solving on the dispersed phase.
Gravitational settling, sticking probability and reentrainment models describing respectively
transport of sludge particles to the tubesheet, particle attachment to this surface and re-
suspension of particles from tubesheet have been used. This gives sludge concentration in the
steam generator and the magnitude of the deposit build-ups on the tubesheet.

A three dimensional simulation onto a 900 MWe steam generator of magnetite paniculate
fouling is presented. The effect of blowdowns, located in the tubelane of such steam
generators has been studied in the particle mass equation.

2 MATHEMATICAL MODEL

Basically, there are two approaches commonly used to predict particulate two-phase flows.
One, called the Lagrangian or "tracking" approach [3], treats the particles as discrete entities.
The other, used in this development, is the Eulerian approach. The cloud particles is regarded
as a continuum, that is as a second fluid. Hence, the model is formulated in terms of two sets
of conservation equations governing the balance of mass, momentum and energy of each
phase. However, the difficulties associated with the resolution of two momentum equations
involving the specification of interfacial interactions terms between two phases, can be
significantly reduced by formulating two-phase problems in terms of the drift-flux model [4].
In this model, the motion of the whole mixture is expressed by the mixture-momentum
equation with the kinematic constitutive equation specifying the relative motion between
phases. In addition, assuming a dilute suspension (0Cp « 1), particles have no influence on the
flow ("one-way coupling" [5]), the problem can be uncoupled and resolved in two separated
stages.

2.1 The carrier phase

The first step concerns the solving of the secondary fluid conservation equations. In the
S.G. case, the secondary fluid is a mixture of two phases (steam/water). The liquid and gas are
here assumed to belong to a homogeneous emulsion called the carrier phase and suffixed in
equations "c" where the components are not identified.

As mentioned earlier, the GENEPI computer code is a finite-element 3D steady-state code
developed and qualified at C.E.A Laboratory (LTEA) for the analysis of steam generator
thermalhydraulics. The Navier-Stokes equations are time and volume averaged and it leads to
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3D governing equations (mass, momentum in each direction and enthalpy balances for a
steam/water mixture) which are solved, since for secondary side the mixture flows through
complex geometry (tube bundle, flow distribution baffle, tube support plates, anti-vibrating
bars, moisture separators), for an equivalent solid-fluid medium [2].

The thermodynamic and kinematic features of the carrier flow (Pc, He, Vc, pc, He) are then
used to solve the particle transport equation.

2.2 Sludge deposition

The second step, on the basis of the previous results consists in solving the dispersed phase
mass conservation equation. The dispersed phase is assumed to be composed of set of neutral
particles spherical in shape and uniform in size. Sludge concentration in the S.G. and
magnitude of the deposit build-ups on the tubesheet are determined by solving the paniculate
transport equation. In this first study, the processes which govern the behavior of sludge are
gravitational settling [4], surface attachment [6] and reentrainment mechanisms [7].

Without any chemical reactions, the local particle mass conservation equation is :

^ 0 (1)

that is expressed, following a time averaging and homogenization process as :

+ div(apPpVp) = pSp - div(- D t p ^ ( a p p p ) ) (2)

In equation (2), the first term of right member is the source/sink term characterizing the
deposit and removal of particles. The second term of right member characterizes a particle
turbulent dispersion phenomenon which has been modeled as a Fick's law difiusion process
[9 ] :

(3)

Equations (5) becomes under its stationary form :

Cp + Cp div (p Vp) -div (p Dtp g^d Cp) = p Sp (4)P Vp

It is discretised by a finite element method for which a Galerkin variational formulation has
been adopted. The resulting algebraic system is solved by a conjugate gradient square (CGS)
method.

2.2.1 Model for particulate turbulent diffusion
The effect of the carrier phase turbulence on the particle transport rate is taken into

account in equation 4 through the dispersion term Dt . By analogy with the single-phase

turbulence flows where:

(5)

the particulate turbulent difiusivity is modeled by the following relation :

Vt

Dt =—E- (6)
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which requires for the dispersed phase the definition of an "effective" turbulent kinematic eddy
viscosity vt and of a turbulent Schmidt number Sct .

• The Chen work [10] based on the Meek and Jones [11] calculations propounds :

(7)
% _ 1
Vtc

where :

* vtc is the turbulent or "eddy" viscosity given by the k - e turbulence model :

v t c =C v — (8)

with Cv = 0.09, k proportional to the kinetic energy of the average flow, and the

k3/2

dissipation rate given by : e = C D with CD = 1.

* tt is the time scale of the energetic eddies given by [12] :

t t=0J65- (9)

* tp is the Stokes particle relaxation time which is for a rigid particle [9] :

,2
(10)

• The choice of turbulent Schmidt number is set to be : SCt = 0.7 (11)

following the testing of Chen and Wood [13] for axisymmetric flows.

2.2.2 Model for particle velocity
Since the motions of both carrier and dispersed phases are assumed to be strongly coupled,

the use of the drift-flux model [4] seems to be well appropriate although this latter is an
approximate formulation in comparison with the more rigorous two-fluid formulation. The
relative motion between phase is defined by :

V R =V p -V c (12)

As we precised earlier in this paper, for horizontal surface, the particle transport velocity
includes only the gravitational settling contribution and the expression for the relative velocity
is reduced to : VR = VR G S (13)

Drawing heavily on Ishii's work [4], where the following homogeneous values have been
defined :

- drift velocity VpJ = V p - J = ( l - a p )v R (14)

- superficial velocity J = a pv p + (l - ap)vc (15)

244



it appears (eq : 14) that knowing the value of VpJ [14] leads to the solution of VR, for a dilute

suspension ( O p « 1). Physically, VpJ is the relative velocity of the dispersed phase with

respect to volume center of the mixture.

*BT .22!!k/aPcz£Ll
III

(16)

where:

Stokes regime
rp*<1.31
Rep<l

V = f0.02 rD*3f3

Viscous regime
1.31<rp*< 34.67

1< Re, < 1000
V = 0.55 f(l + 0.08 rp*

3)4/7 - if4

Newton regime
rp* < 34.67
Rep > 1000

\|/= 17.67

with:
- Ap= |pP - pel

- dimensionless particle radius rp* = rp

- particle Reynolds number Re =

1/3

For a dilute suspension, we have : Vp = Vc + Vpj (17)

Moreover, inside a recirculating steam generator, sludge is not suspended in the vapor
which implies that the particles are mainly present in the liquid part of the carrier phase and :

Vp=VCL+VpJ (18)

2.2.3 Attachment model
The problem of attachment can be formulated [15] statistically in terms of P, the

probability that a particle which gets to the wall sticks to it or, alternatively, the fraction of
particles reaching the wall which stay there (before any reentrainment). The attachment
particle flux Fa can be directly correlated with the incident flux, that is :

F, =PC n Vn- n (19)

For Beal [6], the sticking probability for suspended particles depositing on the wall is a
function of the dimensionless stopping distance S+. Based on Watkinson's experiments [16]
with sand grains suspended in water, he propounds for P the correlation :

P = l S+<2.4

P = 2A_

S+

+ Su* 0.05u*p.dp d
S+>2.4 with: S + = — and S = lL_L + _

2

(20)
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2.2.4 Reentrainment model
Reentrainment is the removal of previously deposited particles by the scrubbing action of

the fluid flowing past the surface. If the hydrodynamic force is large enough to overcome the
adhesion, the particle will be detached from the surface and entrained in the flow. The
reentrainment flux Fr is the flux of material leaving the surface and can be expressed by [17] :

(21)

where E is the reentrainment coefficient,
(Up the deposit weight per unit area,
(j) (%) a function defined as : <j) = 1

if

In this expression 21, it is assumed that Fr is proportional to Cfy up to some critical value of
(Up, noted Cflbit- tObrit may represent only one layer or perhaps several layers of particles and can
be interpreted in term of critical height :

<»p=Pphcrit ( 2 2 )

For the coefficient E, the present modeling is in the spirit of Cleaver and Yates [7], who
have developed a theoretical treatment in which both deposition and reentrainment can occur
simultaneously. For them reentrainment is the result of bursts of the viscous sublayer which are
taking into account through the reentrainment coefficient E. They give :

(23)

where a is the fraction of particles within the turbulent burst area that is removed per burst.
The data most like steam generators are those of Newson and al. [18] with a = 0.00046 for
magnetite deposited on aluminum.

2.2.5 Blowdown effect
Blowdown devices located in the tubelane of a 900 MWe PWR steam generator are used

to purify the secondary fluid. In the particle transport equation, their effect have been taken
into account through a sink term, the loss of particle due to the continuous draining. Let p be
the fraction of fluid flow rate drained through the tubelane blowdowns. Thus, the amount of
sludge evacuated through it can be simply expressed by the sink term :

S b = p - ^ r - (24)

where Qt,is the volume of finite elements containing the blowdowns, and Qm is the inlet carrier
fluid flow rate.

2.2.6 Summary
• Step 1 : calculation of the steady state carrier phase flow

>̂ mixture Pressure Pc, Enthalpie He, and Velocity Vc solved, as well as
derived quantities (pc, fie, Vd,, u ).

• Step 2 : solving of particle transport equation 2,
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with a Dirichlet inlet boundary condition for Cp,
and the following empirical models :

* Gravitational settling is taken into account through the relative velocity of particles
with regard to fluid velocity. Deposit is seen as the particle downward flow,
penetrating the singular obstacle.

* Reentrained and non-attached particles fluxes consist of the source terms in the
transport equation.

* Particles removal through blowdowns is a sink term, implicitely treated since
depending on Cp.

3 APPLICATION ONTO THE 900 M W E S.G.

Steam generators in nuclear power plants based on Pressurized Water Reactors (PWR)
transfer heat from a primary coolant system to a secondary coolant system. The 900 MWe
S.G. is a natural-circulation steam generator with an annular downcomer. The 22.2 mm (7/8")
diameter tube results in 4707.8 m2 heat exchange tube surface area. A cutaway view of this
steam generator and its operating conditions are given in Figure 1. The hot primary fluid from
the reactor circulates inside the tubes, heating the secondary flow, which evaporates at it rises
inside the bundle wrapper.

A three-dimensional Cartesian coordinate system is used to create the computational mesh
(Figure 3) and all the singular obstacles (tube support plates, anti vibrating bars) are
represented in two-dimension (Figure 2).

3.1 The carrier phase

The models used for the carrier phase are the following [2]
• Heat transfer .Dittus-Boelter correlation for the primary fluid, and for the secondary

fluid: Groeneveld correlation in single phase forced convection, Jens and Lottes
correlation in nucleate boiling and the maximum flux method for the intermediate regime.

• Kinematic desequilibrium : drift flux model is used for the secondary two-phase flow with
Lellouche-Zolotar correlation.

• Turbulent viscosity : Schlichting model.
• Turbulent Prandtl number = 0.5
• Friction due to tube bundle : Colburn model for parallel flows, Idelcik model for oblique

flows, Chisholm correlation for the two-phase multiplier.
• Friction due to singularities : Idelcik model is used for the friction coefficient.

Figures 4, 5 show , on the tubesheet, the density and the quality of the carrier phase
respectively. The thermal disequilibrium between hot and cold legs is obvious; besides, the
tangential velocities (Figure 6) seem to be symmetrically distributed on the tubesheet.

3.2 The dispersed phase

For this simulation we chose a particulate mass concentration of 5 ppm at the bottom of
the downcomer. Particles have an arbitrary uniform diameter of 10 um with a density of
6000 kg/m3. In our first approach gravitation is the only phenomenon which causes the
particle deposition onto the S.G. tubesheet. The deposited material may then later be entrained
by a turbulent action of the fluid flowing past the tubesheet.

247



In order to better assess the influence of blowdowns on sludge deposit, during S.G.
operating, a computational loop is performed with GENEPI, which consists in assigning to the
inlet particle concentration Cp the outlet value issued from the previous iteration :

—xC!"
. out P

H

with = 4 10-3kg/m3 (25)

Following the previous data, the GENEPI computation is done with a particulate turbulent
diffusion coefficient assessed with a 20 % turbulence level, which gives 2.4 10'2 m2/s, and the
fraction of fluid flow rate drained through the tubelane blowdowns p is assumed to be 0.3 %.

The settling flux (kg/m2.s) on the tubesheet (Figure 7) is greater on the hot leg than on the
cold one when only gravitational settling model is taken into account. Much larger sludge
deposits are also predicted close to the central line of S.G., when the blowdowns located in
this area are not simulated (Figures 7&9). In Figures 8 and 9, when a sticking probability
model and reentrainment model are included in the computation, the deposit flux (kg/m2.s)
presents a maximum close to the center of both cold and hot legs.

Due to doubts within data used to represent S.G. operating conditions, sludge deposition
results reported in Table 1 must be cautiously interpreted.

The first column gives the rate of particle deposit flux compared to the particle inlet flux,
assuming only one blowdown action, e.g. one iteration. In the second and third columns, an
assessment of sludge mass deposited (kg/year) and average sludge deposit thickness (mm)
respectively onto the tubesheet have been done. As for the thickness calculations, sludge
deposit is assumed to be concentrated on half of the tubesheet, in the maximal deposit flux
area.

Model

Gravitational settling
Gravitational settling

+ sticking probability
Gravitational settling

+ sticking probability
+ reentrainement (hoi = 10"6 m)

Gravitational settling
+ sticking probability

+ reentrainement (h^t = 10"6 m)
+ blowdown effect

Deposit %

0.6
0.17

0.11

0.11

Quantity of sludge deposit
(kg/year)

1772
520

332

328

Average thickness
(mm)

77
22

14

14

Table 1

After only one iteration, the blowdown effect is not significant. In order to emphasize it,
figure 11 shows the variation of deposit towards the number of iterations I, that is physically
the number of recirculation, blowdown effect taken into account or not. The blowdown effect
is obvious, emphasized by the gap increasing with I.

As it has been earlier pointed out, the doubts within data used to represent S.G. running
conditions do not permit us to make a strict comparison with actual deposition maps which,
moreover, do not belong to the public domain. When both sticking probability and
reentrainment are not considered the sludge pile prediction seems to be close to the classical
kidney-bean shape expected.
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4 DISCUSSION-CONCLUSION

This paper describes the full study carried out on sludge deposit onto steam generator
tubesheet and follows after results presented on ICONE 5 meeting.

The sticking probability and reentrainment models seem to have a great influence on
tubesheet deposits, showing that in our simulation the mass deposit onto the tubesheet can be
quantitatively reduced by 70% according to the sticking probability.

From an intrinsic point of view, the effect of blowdown is not significant on the particle
transport equation. However, it may be useful to assess it over an operating cycle with realistic
parameters, in view of preventive maintenance.

Furthermore, particulate fouling on steam generators involves many complex phenomena
which have not been tackled here such as chemical effects, mechanisms of fine particle deposit
onto vertical pipes and tube support plates. So, an important modeling effort has to be done,
on both carrier phase flowing inside steam genrators and particle transport, on the basis of
experimental studies.
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DISCUSSION

Authors: S. Pascal-Ribot, E. Debec-Mathet, D. Soussan, M. Grandotto, CEA

Paper: Simulation of Sludge Deposit onto a 900 MWe Steam Generator Tubesheet with
the 3D Code GENEPI

Questioner: R. Staehle, University of Minnesota

Question/Comment:

In your model, do you assume that the particles are charged? How does the sticking depend on
pH and solution redox potential?

Response:

No, we don't.

For the moment, the particles are assumed to be neutral and to have no interaction between each
other and no influence on the carrier phase.

Indirectly, the sticking probability depends on chemical parameters, since the model has been
established for a specific mixture (sand/water) from Watkinson's experimental results. In fact,
the model by itself does not use the pH or solution redox potential, but this may be implicitly
taken into account in the constant values of the model.

Questioner: P.L. Frattini, EPRI

Question/Comment:

How is the boundary condition on particle flux handled near the solid wall? If additional surface
interactions (e.g., per Dr. Staehle's question) were to be added to the sink term, this issue will
become important in determining particle distribution as particles concentrate near the wall.

Response:

As far as the tubesheet is concerned, there is no boundary condition on particle flux. The
tubesheet is a domain boundary and the deposit flux is assessed by calculating the particle flux
that leaves the domain through the tubesheet. Additional surface interactions such as sticking
probability, for instance, are considered as source or sink terms, according to whether they
enhance or slow down the deposit.
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Questioner: D. Duncan, Lockheed-Martin

Question/Comment:

(1) Does the modelling take into account the change in the carrier velocity due to the growth
of the sludge pile?

(2) The blowdown effects should be taken into consideration to keep track of the particle
mass conservation (the sink term Sp).

Response:

(1) The particle transport equation is solved after the computation of the carrier phase
conservation equations. There is no feedback on the carrier phase flow.

(2) The blowdown effect is actually taken into account in the particle transport equation
through a sink term Sp.

Questioner: C.W. Turner, AECL

Question/Comment:

Gravitational setting and blowdown are the two particle removal mechanisms you have included.
Do you plan to include tube bundle deposition in your model? The rate or tube bundle
deposition has a strong influence on blowdown efficiency since a significant fraction of the crud
that enters the SG deposits on the tubes.

Response:

Indeed, the next step of the work is to model the tube bundle fouling, considering diffusion,
inertia! and impaction phenomena.

Questioner: S. Callamand, University of New Brunswick

Question/Comment:

To solve the set of equation, you're using finite element method, and you compute the solution on
a grid. How do you assess the convergence of the solution since the grid you have presented is
very coarse and your solution has very sharp corners?

Response:

As a matter of fact, the velocity profiles show fluctuations which have not at all physical
meaning but are surely due to the coarse mesh used for that calculation. From a numerical point
of view, the convergence is not satisfying. Nonetheless, in the present case, the goal pursued was

255



basically to study the response of our models on sludge deposit onto tubesheet, and not the
perfect flow description.
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REDUCING TUBE BUNDLE DEPOSITION WITH ALTERNATIVE AMINES

C.W. Turner*, S.J. Klimas*, and P.L. Frattini*

ABSTRACT

Particle deposition rates have been measured in a high-temperature loop for magnetite and
hematite depositing onto Inconel-600 under flow-boiling conditions with pH controlled using
one of the following amines: morpholine, ammonia, ethanolamine, or dimethylamine. Hematite
particles deposited at rates an order of magnitude greater than those measured for magnetite,
although the hematite deposition rate dropped when the loop was operated under reducing
conditions. The magnetite deposition rate was influenced by the amine used to control the pH,
with the relative rate decreasing in the following series: morpholine (1): ethanolamine (0.72):
ammonia (0.51): dimethylamine (0.25). These trends in deposition rate are discussed in terms of
the surface chemistry of the corrosion products. Deposition rates for both magnetite and
hematite increased significantly once the mixture quality exceeded about 0.3, which may be
related to a change in the heat transfer mechanism from nucleate boiling to two-phase forced-
convection through a thin film.

* Atomic Energy of Canada Ltd.
#Electric Power Research Institute
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REDUCING TUBE BUNDLE DEPOSITION WITH ALTERNATIVE AMINES

C.W. Turner, S.J. Klimas, and P.L. Frattini

INTRODUCTION

Corrosion products that are produced in the balance-of-plant are transported to the steam
generator (SG) where they deposit on the tube bundle, tube-sheet, and the tube support structure.
The adverse effects of deposit accumulation on the performance once-through and recirculating
SGs is well documented (1,2). For example, deposition on the tube bundle can reduce the
thermal efficiency of the SG. The build-up of deposit on the tube support structure tends to
restrict the flow paths, which can lead to excessive pressure drop across the tube support
structure and, ultimately, to operational problems. Finally, deposits that form on the tubes and
within the tube/tube-support and tube/tube-sheet crevices can become sites for localized
corrosion and subsequent tube failure.

Although much work has been done to optimize the selection of pH-control reagents, i.e., amines,
to minimize the generation and transport of corrosion products from the balance-of-plant to the SG
(3,4), very little was known about how different amines might influence the deposition rates of
corrosion products once they have reached the steam generator. Thus, a program co-funded by
Atomic Energy of Canada Limited and the Electric Power Research Institute was initiated to
determine the effect of the choice of pH-control reagent on the deposition rates of corrosion
products under typical SG operating conditions (5). We report here the affect of the choice of pH-
control reagent on the deposition rates of magnetite and hematite under flow-boiling conditions.

EXPERIMENTAL PROCEDURES AND ANALYSIS

Procedures

Details of the experimental methods and analyses are reported elsewhere (5). The deposition
experiments reported here were performed under flow-boiling conditions in the H-3 high-
temperature loop located at the Chalk River Laboratories (CRL). A schematic of the loop is
shown in Figure 1. The main components of the loop are chemical addition tanks and sampling
lines to control loop chemistry, a positive displacement pump and flow control valve to regulate
the flow rate and loop pressure, respectively, an interchanger to preheat the water upstream of the
test section, and a heated test section where deposition rates are measured under the
thermalhydraulic conditions of interest. The nominal test conditions used for the deposition
experiments are shown in Table 1.

All tests were performed using Inconel 600 for the heated test section. Each test section was rinsed
sequentially with hexane and methanol, and then pre-conditioned in the loop under experimental
conditions for 48 hours. The experiments were performed using one of the following 5 pH-control
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reagents: morpholine, ammonia, ethanolamine, dimethylamine, and potassium hydroxide. The high
and low-temperature pH and calculated concentrations of free base are listed in Table 2. The high-
temperature pH was calculated for conditions in the test section at a steam quality of zero.

Helium

__ Chemistry
^••"Control

Schematic of the
H —3 Fouling Loop
(B-250)

Figure 1: Schematic of the loop used for the deposition experiments.

During each experiment, a suspension of radioactive corrosion product, i.e., magnetite or
hematite, was continuously injected from the suspension tank into the loop at a location
approximately 2 m upstream of the heated test section. A positive displacement chemical
addition pump was used for this purpose, and the injected stream was diluted in the main loop
circuit by a factor of approximately 200. The deposition of the colloidal particles onto the test
section was monitored by a high-efficiency on-line y-ray detector (high-purity germanium).
Particles that did not deposit were removed by a system of filters downstream of the test section
before the water was returned to the loop main tank. The magnetite used in this investigation
was prepared by aging a fresh precipitate of Fe(OH)2 for 2 h under mildly oxidizing conditions at
90°C and pH ~ 9 (6). The phase purity of the final product was confirmed by x-ray diffraction.
A commercial reagent-grade product was used for the hematite deposition tests. For each test, a
portion of the corrosion product was activated in the NRU reactor at CRL to produce the
radioisotope 59Fe, which then served as a radiotracer to monitor deposition on the test section.
The activated corrosion product was dispersed in water in an ultrasonic bath and equilibrated
with base in the suspension tank at the target pH prior to injection into the loop.

The concentration of corrosion product in the loop was determined by hot filtration using a silver
membrane filter with 0.2 urn pore size. Sampling either the inlet or outlet of the test section gave
essentially identical results, which is consistent with the magnitude of the deposition rates reported
below. The filtrate was analysed for pH, dissolved oxygen, and hydrazine. Samples of the activated
suspension were taken from the suspension tank and dissolved to determine the specific activity of
the corrosion product.
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After the completion of each experiment the test section was cut into 30 mm sections so that the
radioactivity on selected sections could be measured using an off-line y-ray detector.

Table 1: Nominal test conditions used for the deposition experiments.

Thermalhydraulic Conditions
Pressure

Mass Flux
Heat Flux

Steam Quality

5.6 MPa (absolute)
300 kg/m2s
250 kW/m2

-0.15 to 0.25'
Chemistry Conditions

pHT

Dissolved oxygen
hydrazine

corrosion product (loop)

6.2
< 10 ng/kg

10 -100 jig/kg
1 mg/kg

*: Steam quality extended to 0.52 towards the end of the test program.

Deposit activity was converted to deposit loading using the specific activity of the corrosion
product, and the deposition rate calculated from deposit loading by assuming a linear rate of
build-up on the test section. This assumption was confirmed for each test using the on-line y-ray
detector. Deposit morphology was determined using Scanning Electron Microscopy (SEM).

Table 2: Conditions used to achieve a high-temperature pH of 6.2 in the test section at zero
steam quality.

pH control reagent
Morpholine

Ethanolamine
Ammonia

Dimethylamine
Potassium hydroxide

PH270 °C
6.2
6.2
6.2
6.2
6.2

PH25 °C
9.28
9.57
9.67
9.18
9.02

Concentration (mg/kg)
11.8
5.0
3.0

0.70
0.50

Data Analysis

The deposition rate determined by the simultaneous deposition and re-entrainment of particles is
given by:

dm

It (D
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The re-entrainment rate, Xm(t), was negligible under the experimental conditions of this
investigation and, therefore, it could be omitted from Equation 1. Thus, the deposition rate was
normalized with respect to concentration of corrosion product to calculate the normalized
deposition rate constant:

dm 1
K ( 2 )

The rate constant, K.2QP2fa does not change significantly with steam quality, hence is more
practical to use than K2$ (m/s).

The deposition rate constant under fully developed nucleate boiling conditions, K^, consists of 2
components: the forced-convective and the boiling deposition rate constants:

K2,=KFC + Kb. (3)

At zero steam quality, it has been shown (7,8) that, to a very good approximation:

K2,=Kb. (4)

The boiling component, Kb, has been postulated to be proportional to the rate of vaporization of
the liquid (9). Consequently, the proportionality constant, known as the boiling deposition
coefficient, ab, can be evaluated using the following equation:

Hf(l-X)
- ^ , . (5)

This is permissible for X close to zero because the value of the forced-convective deposition rate
constant, KFC, is very low in comparison to the boiling deposition rate constant, Kb, at both
subcooled conditions and at low mixture qualities. The deposition coefficient a& is, in effect, a
deposition rate constant normalized with respect to heat flux and pressure (the value of the heat
of vaporization, H/g, is pressure-dependent). Its magnitude represents the fraction of suspended
crud deposited per kg of liquid evaporated.

The local thermodynamic steam quality in Equation 5 is calculated from the expression:

q I
H'n +~F7~H*AT

—^ . (6)
Hf-t

RESULTS

Magnetite Deposition onto Inconel-600

Figure 2 shows an example of the buildup of the decay-corrected activity of 59Fe on the heated
test section during the course of an experiment, as recorded by the on-line y-ray detector for X=0.
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The data in Figure 2 are for the deposition of magnetite onto Inconel 600 under morpholine pH
control (experiment D35), but the results are typical for the other experiments in this
investigation. There is a stepwise increase in activity upon commencement of the injection of
active suspension into the loop at t = 0. Thereafter, the activity measured by the on-line y-ray
detector increases linearly with time, signifying a constant rate of buildup of deposit on the test
section. After the injection pump is switched off at t = 10 h, the deposit activity slowly decreases
as particles are "scrubbed" from the surface by the flowing steam/water mixture. It is clear from
Figure 2 that the rate of removal is significantly lower than the rate of deposition, thus justifying
the use of Equation 2 for the calculation of the deposition rate constant.
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Figure 2: Example of the buildup of activity on the test section during the typical
experiment, as measured by the on-line y-detector (Experiment D35)

Figure 3 shows typical examples of the trend in wall superheat and normalized deposition rate
constant, p2<t>K2<|,, as a function of mixture quality along the length of the test section for
magnetite depositing onto Inconel 600 with pH controlled by morpholine (a), ethanolamine (b),
ammonia (c), and dimethylamine (d). The wall superheat averaged 7.4°C in the tests. A local
maximum in the deposition rate was normally observed between X = -0.1 and 0.0, in the vicinity
of the transition from sub-cooled to saturated nucleate boiling heat transfer. In some cases the
deposition rate dropped significantly with increasing mixture quality, as illustrated in
Figure 3 (b), while in other cases the deposition rate was almost independent of mixture quality
in the range X = 0 to X = 0.25, as shown in Figure 3 (a). Another trend illustrated in Figure 3 is
that the deposition rate of magnetite under flow-boiling conditions is dependent upon the volatile
amine used for pH-control, with the highest rates measured under morpholine pH-control and the
lowest rates observed when pH was adjusted using dimethylamine.
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Figure 3: Typical examples of the normalized deposition rate constant and wall superheat
versus mixture quality for magnetite deposition onto Inconel-600 for pH-control
with morpholine, ammonia, ethanolamine, and dimethylamine.

Figure 4 shows a comparison of the normalized deposition rate constants, averaged for mixture
qualities from 0 to 0.25, for magnetite particles depositing under flow-boiling conditions with the
four different amines used in this investigation. Each entry in the Figure is itself an average of
the results from at least two, and sometimes as many as seven, separate experiments. A complete
list of the tests performed and results from individual tests is given in Reference 5. Also shown
in the Figure are average results for the deposition of hematite particles under flow-boiling
conditions, which are discussed in the next section.
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Hematite Deposition onto InconeI-600

Examples of the trend in wall superheat and the normalized deposition rate constant, pi$&2$, with
mixture quality for the deposition of hematite particles onto the surface of Inconel-600 under
flow boiling conditions are shown in Figure 5. The wall superheats and the general features of
the trend in deposition rate with mixture quality for hematite deposition are similar to those noted
previously for magnetite deposition under the same conditions. One significant difference,
however, is that the hematite deposition rates are about an order of magnitude higher than the
rates measured for magnetite depositing under similar operating conditions. The hematite results
were less consistent, however, from one test to another with the same amine, with some rates
being significantly lower than others. The differences were eventually traced to the concentration
of dissolved oxygen in the loop water. All tests were done with hydrazine concentrations ranging
from 50 to 150 jug/kg, while dissolved oxygen concentrations ranged from 0 to 25 Jig/kg. In 4
out of 5 cases, the tests with low hematite deposition rates were the ones in which the dissolved
oxygen concentration was zero. (See, for, example, Figure 5(d)). For this reason, the deposition
rates for hematite shown in Figure 4 are averaged over only those tests which had a residual
oxygen concentration > 5 JJ-g/kg. No result is shown for DMA because neither of the two DMA
tests satisfied this criterion.
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Figure 5: Normalized deposition rate
constant and wall superheat versus mixture quality for hematite deposition onto
Inconel-600 for pH-controlled with morpholine, ammonia, ethanolamine, and
dimethylamine.

Deposition at High Steam Quality

Towards the end of this test program, modifications were made which extended the steam quality
at the outlet of the test section from 0.25 to just over 0.60. Figure 5 (d) shows a typical example
of the impact that operating at high steam quality has on the particle deposition rate. Although
the results shown are for hematite depositing under dimethylamine pH-control, similar results
were observed for both magnetite and hematite regardless of the amine used to control pH. The
steam quality at which the deposition rate began to increase significantly varied somewhat from
test to test. In two case elevated deposition rates were observed at mixture qualities as low as
0.15, but in general the behaviour was as shown in Figure 5 (d); a gradual increase in rate
between X = 0.3 and X = 0.5, followed by an abrupt increase in rate for X > 0.5.
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DISCUSSION

The work presented here has demonstrated that:
• The deposition rate of hematite is significantly higher than for magnetite under flow-boiling

conditions
• The deposition rate of magnetite is dependent upon the nature of the amine used for pH-

control
• The deposition rate of hematite is sensitive to the dissolved oxygen concentration when the

water contains 50 to 150 Jig/kg hydrazine
• The particle deposition rate under flow-boiling conditions increases significantly for mixture

qualities in excess of 0.3.

The difference between the deposition rates of magnetite and hematite is most likely related to
differences in the sign of the surface charges of these corrosion products at PH270 = 6.2. It has
been shown previously by room temperature loop deposition tests performed as a function of pH
that the particle deposition rate is highest when the particle and substrate are oppositely charged,
and that the deposition rate is reduced significantly when the pH is adjusted to a region where the
particle and substrate have the same sign of charge (10,11). The reduction in the deposition rate
in the latter case is attributed to the force of repulsion that develops between similarly-charged
surfaces (12,13).

The forces that affect the particle deposition rate are the same ones that determine whether or not
a colloidal suspension of particles is stable against agglomeration. Factors that reduce the
magnitude of the force of surface repulsion act to both decrease the stability of a colloidal
suspension and to increase the rate of particle deposition. Conversely, increasing the magnitude
of the repulsive force tends to increase the stability of a colloidal suspension and to decrease the
rate of particle deposition. The fact that the deposition rate of magnetite particles onto Inconel
600 is lower than the rate for hematite suggests that the surfaces of magnetite and Inconel 600 are
similarly charged at PH270 = 6.2, whereas the surfaces of hematite and Inconel 600 appear to be
oppositely charged.

The sign of the charge on the surface of a metal oxide at any given pH is determined by the PZC,
or point of zero charge, of the oxide. The surface will be negative when the pH is greater than the
PZC and positive when the pH is less than the PZC. Shoonen (14) has calculated the PZC for a
number of metal oxides for temperatures up to 350°C, and predicts that the PZCs for magnetite and
hematite at 270°C are at pH 4.6 and 6.7, respectively. Thus, for the tests under flow boiling
conditions, i.e., PH270 = 6.2, the magnetite particles are predicted to be negatively charged and the
hematite particles are predicted to be positive. From the relative deposition rates of magnetite and
hematite, it would appear that the surface of Inconel 600 is also negatively charged under the
experimental conditions. This is corroborated by streaming current measurements performed at
room temperature, which found a PZC of 4.2 for Inconel 600 that had been autoclaved for 24 h in
water adjusted to pH 9 with morpholine (15).
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The tests showed that the average particle deposition rate for magnetite under flow-boiling
conditions is dependent upon the amine used for pH-control, and decreases in the following order
(normalized to the rate with morpholine):

morpholine (1): ethanolamine (0.72): ammonia (0.51): dimethylamine (0.25).

Additional tests showed that the lowest deposition rates were measured when a non-volatile,
inorganic base, such as potassium hydroxide, was used to control the pH (5).

The equilibrium between a base and its conjugate acid is given by:

+ + (7)

It is postulated that adsorption of the conjugate acid, HA+, onto the surface of the negatively
charged magnetite particle increases the particle deposition rate by making the surface of the
magnetite particle less negative. The upper limiting case is given by deposition of a positively
charged particle, i.e., hematite, which is observed to have a deposition rate that is one order of
magnitude greater than that for magnetite. The lower limiting case is given by deposition of
magnetite where adsorption of the positively charged conjugate acid is zero. This corresponds to
the maximum negative charge possible on magnetite for a given pH-r, and was likely achieved to
a good approximation in the tests with pH controlled using potassium hydroxide.

The dependence of the deposition rate of hematite on trace concentrations of dissolved oxygen in
the loop is consistent with other evidence that surface charge plays a strong role in determining
the particle deposition rate under flow-boiling conditions. In those tests which had residual
hydrazine and zero dissolved oxygen in the loop, the surface of the hematite particles would have
been thermodynamically unstable with respect to reduction to magnetite. Since the deposition
rate of magnetite is significantly lower than that for hematite, any tendency for the surface of the
corrosion product to convert from hematite to magnetite would be expected to result in a
reduction in the deposition rate, as observed. The kinetics for the reduction of hematite to
magnetite are known to be slow, and it is not argued here that a significant fraction of the
hematite particle has been reduced to magnetite. The measured deposition rates imply, however,
that only the surface layer needs to be reduced to affect the particle deposition behaviour, and
that reduction of the surface layer is relatively fast.

It is not clear why the particle deposition rate increases significantly for mixture quality in excess of
~ 0.3. According to the Hewitt and Roberts flow pattern map for vertical flow (16) there is a
transition from churn flow to annular flow at X ~ 0.17, but there is no apparent change in deposition
behaviour at this mixture quality. It has been noted previously (5), however, that trends in the heat
transfer coefficient with thermodynamic quality are a good indicator of the trend in particle
deposition rate, i.e.., both heat transfer and particle deposition rates increase in a similar fashion as
the mode of heat transfer changes from single-phase forced-convection to sub-cooled nucleate
boiling to saturated nucleate boiling. There is a transition in the annular flow regime from saturated
nucleate boiling to two-phase forced-convection through a liquid film which is accompanied by a
cessation of nucleate boiling and an increase in the heat transfer coefficient. The impact of this
change in the mode of heat transfer on the expected particle deposition rate is under investigation.
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The results of this investigation suggest that both high steam qualities and oxidizing conditions
in the feedtrain may lead to higher deposition rates in the SG. In addition, the choice of amine
used for pH control in the balance of plant may affect the deposition rate of magnetite in the SG,
depending on the extent to which the amine adsorbs onto the surface of magnetite corrosion
products.
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NOMENCLATURE

a = coefficient
1 = distance along test section
m = deposit mass
q = applied power
q = heat flux
t = time

C = concentration
F = flow rate
H = enthalpy
K = deposition rate constant
L = test section length
X = mixture quality

-
(m)
(kg/m2)
(kW)
(kW/m2)
(s)

(kg/kg)
(kg/s)
(kJ/kg)
(m/s)
(m)
-

X = removal rate constant
p = density

Subscripts

b = boiling
fc = forced-convection
f-g = vaporization
in = inlet
sat = saturation
2(j) = two-phase

(1/s)
(kg/m3)
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DISCUSSION

Authors: C.W. Turner, SJ. Klimas, P.L. Frattini, AECL and EPRI

Paper: Reducing Tube Bundle Deposition with Alternative Amines

Questioner: M. Rootham, Westinghouse

Question/Comment:

You have considered the effect of base strengths and amine concentration on the rate of
deposition. The stability of the amine/metal complex should also be evaluated (or considered).
(The stability of the complex formed on the iron oxide surface may determine whether the
particle sticks to another surface.)

Response:

Our continuing investigation into the effect of amines on particle deposition under flow-boiling
conditions includes measurements of the adsorption and desorption of amines on the surface or
corrosion products as a function of temperature. By correlating what is happening at the surface
of the corrosion product with particle deposition rates, we hope to get a better understanding of
why different amines give different deposition rates.

Questioner: J. Gorman, Dominion Engineering

Question/Comment:

Could you comment on your particle sizes, how representative they are of actual particles in
plants, and how particle sizes could affect results?

Response:

Sampling of corrosion products in the feedtrain shows particle sizes ranging from sub-micron to
cover 10 microns in size. However, examination of tube deposits shows that they are composed
primarily of particles in the micron and sub-micron range; the larger particles evidently do not
contribute significantly to the tube-bundle deposit. The particle size used in our loop tests was
0.15 microns for hematite and 0.25 microns for magnetite, which puts them at the low end of the
size range observed on tube deposits from the stations.
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Questioner: D. Lister, University of New Brunswick

Question/Comment:

The experiments you just showed us involved initially clean test sections. What would be the
effects of starting with test sections that were already fouled and that could, therefore, have
different modes of heat transfer?

Response:

We know from work with clean tubes that the tube surface morphology is important both for heat
transfer and for particle deposition rate. We tried some preliminary tests with pre-fouled tubes
where the tube deposit was produced artificially. We don't think the deposit morphology was
representative of tube deposits in the SG, so we are working on ways of making the morphology
more representative before proceeding with more deposition tests with pre-fouled tubes.

Questioner: P. Berge, EDF

Question/Comment:

Are you aware of plant data confirming your data on the difference in sludge deposits with the
different amines? I do not think that we observed marked differences, in EDF plants, with either
ammonia or morpholine.

Response:

We do not, at present, have a plant data base to compare our measurements with. The amount of
deposit on the tube bundle depends on the plant operating history; e.g., number of start-ups, crud
burst during start-up, etc., and all of this would have to be taken into account when comparing
tube bundle deposits from one plant to another. It would be very valuable to compare tube
deposit data from either new plants or plants that have been recently chemically cleaned that are
operating with different amines for pH control.

Questioner: R. Staehle, University of Minnesota

Question/Comment:

Do you see an effect of potential on the formation of deposits? Here, by potential, I mean the
combined effect of hydrogen (or lack of it - as it raises the potential) and hydrazine (as it lowers
potential) in the homogenous solution in the homogenous redox sense. The same implication
would apply to the heterogeneous tube electrode.
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Response:

The pH was fixed and the hydrazine concentration maintained between 50 and 100 |ig/kg for all
the tests in the series, so the electrochemical potential of 1-600 likely did not change from one
test to the other. It was not a parameter that was measured or varied systematically during the
investigation.
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VALIDATION OF THE THIRST STEAM GENERATOR THERMALHYDRAULIC
CODE AGAINST THE CLOTAIRE PHASE II EXPERIMENTAL DATA

J.M. Pietralik(1), A.O. Campagna(1), and V.C. Frisina(2)

ABSTRACT

Steam generator thermalhydraulic codes are used frequently to calculate both global and local
parameters inside the steam generator. The former include heat transfer output, recirculation
ratio, outlet temperatures, and pressure drops for operating and abnormal conditions. The latter
are used in further analyses of flow-induced vibration, fretting wear, sludge deposition, and flow-
accelerated corrosion. For these purposes, detailed, three-dimensional two-phase flow and heat
transfer parameters are needed. To make the predictions more accurate and reliable, the codes
need to be validated in geometries representative of real conditions. One such study is an
international cooperative experimental program called CLOTAIRE based in France. COG
participated in the first two phases of the program; the results of the validation of Phase I were
presented at the 1994 Steam Generator and Heat Exchanger Conference, and the results of the
validation of Phase II are the subject of this paper.

THIRST is a thermalhydraulic, finite-volume code to predict the flow and heat transfer in steam
generators. The local results of CLOTAIRE Phase II have been used to validate the code. These
consist of the measurements of void fraction and axial gas-phase velocity in the U-bend region.
The measurements were done using bi-optical probes.

A comparison of global results indicates that the THIRST predictions, with the Chisholm void
fraction model, are within 2 to 3% of the experimental results. Using THIRST with the
homogeneous void fraction model, the global results were less accurate but still well predicted
with the greatest error of 10% for the separator pressure drop.

Comparisons of the local predictions for void fraction and axial gas-phase show good agreement.
The Chisholm void fraction model generally gives better agreement with the experimental data
while the homogeneous model tends to overpredict the void fraction and underpredict the gas
velocity.

(1) Heat Exchanger Technology Branch (2) Fuel Channel Thermalhydraulics Branch
Engineering Technologies Division Fuel and Fuel Cycle Division

CANDU Technology Development
Atomic Energy of Canada
Chalk River, Ontario, KOJ 1 JO
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VALIDATION OF THE THIRST STEAM GENERATOR THERMALHYDRAULIC
CODE AGAINST THE CLOTAIRE PHASE II EXPERIMENTAL DATA

J.M. Pietralik, A.O. Campagna, and V.C. Frisina

1. INTRODUCTION

Since the early 1970s, the deterioration of the reliability and performance of steam generators
(SG) has led to shutdowns and significant unavailability of nuclear power plants. Costs
attributed to steam-generator-related problems have been estimated to be in billions of dollars.

Some steam generators have experienced a wide array of corrosion, mechanical and flow-induced
vibration problems. An advanced computer code solving 3-dimensional two-phase flow and heat
transfer on the shell side can be used during the design, operation and problem-solving stages of
a SG. In particular, predictions from such codes can be used to: carry out flow-induced vibration
assessments; determine separator loading; investigate the flow, quality and heat flux distributions
above the tubesheet to assess the propensity for sludge accumulation; calculate fretting-wear rate
for dynamic interactions between tubes and tubes supports; and investigate the effects on flow
distribution of modification to preheater compartments, tube-support configurations, flow
distribution baffles, and downcomer window geometry.

A very important requirement of a computer code is its validation. For predictions to be reliable
and accurate, computer codes should be validated against detailed measurements at a controlled
environment in a geometry and operating conditions representative of those in SGs. One such
study is an international cooperative experimental program called CLOTAIRE based in France.
COG1 participated in the first two phases of the program; the results of the validation of Phase I
were presented at the 1994 Steam Generator and Heat Exchanger Conference, Ref. 1, and the
results of the validation of Phase II are the subject of this paper.

2. THIRST CODE

THIRST2 is a finite-volume, three-dimensional computer code that calculates detailed
distributions of all necessary thermalhydraulic parameters in the shell side of SGs. It solves basic
differential equations of continuity, momentum, and energy in control volumes.

The code assumes that the flow is steady and incompressible, the shell and shroud are adiabatic,
the downcomer flow is two-dimensional (no change in the radial direction), laminar and
turbulent stress forces are negligible in comparison with hydraulic resistances, and conductivity
heat flux is negligible with the primary side heat flux. The tube supports and preheater baffles
are treated as a hydraulic resistance in the axial direction only, and there is no carry-under (steam

: CANDU Owners Group
2 THIRST: Thermal-Hydraulics In Recirculating STeam Generator
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bubbles in the downcomer) nor carry-over (water droplets in the outlet steam). It was assumed
that the tube bundle resistance is anisotropic since the resistance in the direction perpendicular to
the tube is about 10-50 times larger than that in the direction parallel to the tube. This
assumption is especially important in the U-bend region, where tubes are curved, thus affecting
the hydraulic resistances.

Over the years the code has been improved in many ways. The improvements have been made to
the pre- and post-processing capabilities, the computation scheme, the empirical correlations
used, the modelling of internal structural elements, and the hydraulic model of the U-bend region
and the preheater. In conjunction with these improvements, the code has been used to analyze
the thermalhydraulic performance of SG designs for CANDU3 and PWR4 nuclear power plants.

THIRST has been verified by many analytical and experimental studies. That includes also a
comparison of the results obtained from Phase I of the Clotaire program, Ref. 1. A further
validation of detailed measurements of void fraction and gas axial velocity in the U-bend region
is presented in this paper. The code version used for it is THIRST-V4R1.

3. CLOTAIRE PROGRAM

CLOTAIRE is an experimental program involving a large-scale model steam generator proposed
by the French companies Framatome, Electricite de France (EDF), Commissariat a L'Energie
Atomique (CEA) and their sponsors. The program goals were to obtain detailed measurements
suitable for the validation of computer codes used by these organizations for steam generator
simulation, and to provide a forum for inter-code comparison and improvement of these codes.
The experimental program was designed to simulate the thermalhydraulic and vibrational
behaviour of a typical recirculating SG in a well-controlled laboratory environment.

For Phase-I of the experimental program, the external partners were National Power (formerly
Central Electricity Governing Board) from the United Kingdom, Ansaldo from Italy, Mitsubishi
Heavy Industries (MHI) from Japan, Electric Power Research and Westinghouse Electric
Corporation (WEC) from the United States, and CANDU Owners Group (COG) from Canada.
Participants in Phase-II of the experimental program were CEA, EDF, Framatome, MHI, COG
and WEC.

The general objectives of the CLOTAIRE experiments are to:
i) generate global and local data for the validation of multi-dimensional thermalhydraulic

computer codes,
ii) investigate the flow-induced vibration behaviour of U-tubes subjected to two-phase flow

conditions, and
iii) provide insight into the detailed thermalhydraulic behaviour of steam generators.

CANDU: CANada Deuterium Uranium; registered trademark
4 PWR: Pressurized Water Reactor
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3.1 Clotaire Mock-up Description

The CLOTAIRE mock-up, Ref. 2, (Figure 1) consists of a lower portion containing a U-tube
bundle enclosed in a half-cylindrical shell, and an upper portion equipped with three separators
and a dryer assembly enclosed in a cylindrical shell. Recirculation is achieved by a hybrid
downcomer made up of external pipes in the upper section and an annulus in the lower section.
The mock-up, which can operate in natural or forced circulation mode, has a U-tube bundle with
the following characteristics:

vertical geometric scale
bundle height
number of U-tubes
no integral preheater
distribution baffle
tube O.D.
tube pitch

= 0.7
= 7.2 m
= 184

_ 1

= 13.3 mm
= 19.64 mm

shell diameter
average tube length
U-bend anti-vibration bars
number of support plates
number of tube rows
tube I.D.
tube arrangement

= 0.74 m
= 14 m
= "I"or"V"5

= 9
= 15
= 11.3 mm
= square pitch

Freon 114 at 0.9 MPa was used to simulate a secondary-side steam-water mixture at 7.0 MPa.
Detailed experimental and analytical work was carried out with both fluids, to determine the
ability of Freon 114 to adequately represent the behaviour of a high-pressure steam-water
mixture. Pressurized water at 0.6 MPa was used on the primary side.

To improve flow stability in the U-bend region and repeatibility of the measurements near the top
tube bundle boundary, a horizontal perforated plate was installed in the region above the tube
bundle. The flow stabilizing device (FSD) resembles a normal support plate with 0.0152 m
diameter holes at a pitch of 0.021 m arranged in a triangular pattern. In each test, the plate was
located at such an elevation that the plate stabilized the flow above the tube bundle; for test TR-
535, the elevation was 383 mm above the tube bundle. The flow stability was determined
visually from ports located in that region.

3.2 Phase II Experiments

The main focus in Phase II experiments was on local measurements of void fraction and gas axial
velocity in the U-bend region. The mock-up is instrumented with movable bi-optical probes at
different levels to measure the void fraction and the axial gas-phase velocity (Figures 2 and 3).
The measurements are taken horizontally with a step of VA tube pitch, i.e. five measurements per
sub-channel. In the tube bundle, the five local data obtained within the same sub-channel are
combined to determine a surface-average (surfacic) value for the sub-channel. The surfacic
values should be used when comparing the data to the THIRST predictions since the surfacic
values should be representative of the volume average velocity which the model calculates.

"I" anti-vibration bars are 90 degrees from the horizontal plane and are at the vertical plane of
symmetry and "V" anti-vibration bars are 60 degrees from the horizontal plane and are symmetric
about the vertical plane of symmetry.
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The functions used to convert the local measured values into the surfacic values were developed
in a separate experiment for parallel and cross flows, Ref. 3. The electrically heated test section
consisted of a 4x4 array of tubes arranged in a square-pitch configuration. For Phase II, different
conversion correlations were used depending on measurement location. Conversion curves for
void fraction and axial gas velocity were developed for the parallel-flow configuration and for
cross-flow configurations fully within the tube bundle and at the bundle edge.

In Phase II several tests were performed with different power levels and for further analysis, a
test at 100% nominal power, test TR-535, was selected. Important parameters for this run are
presented in Table 1.

Table 1: CLOTAIRE Phase-II Test Operating Conditions, Ref. 2

Operating Conditions

Power Level

Movable Grid Position
Distance Above Tube Bundle

Feed Flow

Recirculation Ratio

Feed Temperature

Feed Flow in Hot Leg

Recirculation in Hot Leg

Dome Pressure

Downcomer Liquid Level

Primary-Side Flow

Primary-Side Pressure

Unit

% nominal

m

kg/s

-

°C

%

%

MPa

m

kg/s

MPa

TR-535

100.2

0.383

15.04

3.35

81

77.8

50.1

0.888

10.43

60.12

1.01

4. RESULTS AND DISCUSSION

4.1 Global Results

The global results measured at 100% nominal power have been compared with THIRST
predictions. Two void fraction correlations were used in THIRST modelling: the homogeneous
model commonly used in vibration applications, and the Chisholm correlation, Ref. 4. A
comparison of the global measurements and the predictions is shown in Table 2.
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Table 2: THIRST Global Predictions and Relative Differences for Chisholm and Homogeneous
Void Fraction Models

Test
Run

TR-535

Case

CLOTAIRE
Measurements

THIRST-

Chisholm

THIRST-

Homogeneous

Units

Physical

Physical

%(3)

Physical

Heat
Transfer

MW

2.976(2)

3.001

0.8

3.056

2.7

Total
Flow

kg/s

130.86

128.87

-1.5

137.67

5.2

Feed
Flow( l)

kg/s

15.04

15.10

0.4

15.38

2.2

Recircu
lation
Ratio

-

3.350

3.268

-2.4

3.477

3.8

Separator
Pressure

Drop

kPa

19.50

20.13

3.2

21.46

10.0

(1) For the mock-up geometry, which is equivalent to a half of a SG
(2) Taken as an arithmetic average of the primary and secondary side heat transfer rate
< 3 )The values are calculated as (Value Predicted - Value Measured) / Value Measured * 100%

As seen from the table, the agreement is very good, and the maximum relative difference is for
the separator pressure drop. For that parameter, the Chisholm model results in 3.2% difference
and the homogeneous model renders 10%. Comparing the two models, the Chisholm void
fraction model gives more accurate results.

4.2 Local Results

For local results, a comparison was done for measurements in the U-bend region, where
parameter variations are largest. Figure 4 shows the normalized axial gas velocity around four
tubes at a distance 0.081 m from the back plate. These plots show the measured and predicted
axial gas velocities vs. angular position measured clockwise from the cold side; therefore, the
cold side extends from 0° to 90° and the hot side from 90° to 180°. The distance is chosen
sufficiently far from the back plate to avoid its effects. The plots show conditions for radii equal
to 69 mm, 207 mm, 288 mm, and 308 mm. The first two radii describe the tubes inside the
bundle, the third corresponds to the largest tube at that distance, and the fourth radius is larger by
one tube pitch than the largest tube at that distance. Figure 5 shows the void fraction comparison
in the same arrangement as for axial gas velocity.

Both predicted parameters are in good agreement with measured ones. The axial gas velocity is
better predicted in the cold side. The Chisholm correlation is marginally better than the
homogeneous model, especially for the void fraction distributions.

Figures 6 and 7 show the predicted and measured values of axial gas velocity and void fraction,
respectively vs. distance from the back plate. The plots are made for a U-bend radius of 288 mm
at four angular positions: 37.5°, 78°, 102°, and 142.5° from the horizontal measured clockwise
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starting at the cold side. The distance shown in the plots extends beyond the tube bundle. The
measurements up to a distance of 120 mm from the back plate are located inside or just above the
tube bundle, and the rest is outside the bundle.

The plots show a good agreement for both the axial gas velocity and the void fraction outside the
bundle. Some measurements in that region exhibit large point-to-point changes, see those closer
to the shroud. Inside the bundle, the void fraction predictions are in satisfactory agreement with
the measurements, with the Chisholm model predictions better than the those for the
homogeneous model. The calculated axial gas velocity values agree quite well in the central part
(Figures 6b and 6c), but are not as well in the region outside it (Figures 6a and 6d).

There are several sources of discrepancy between the predicted and measured values. On the
prediction side, the contributing factors are:
i) the models for the support plates and antivibration bars (AVB) were too simplistic. The

models assumed a uniform hydraulic resistance over the support plates and for the ABSs,
thus underpredicting their effect on the flow in the central part,

ii) the accuracy of the experimental correlations for heat transfer and pressure drop used in
THIRST, especially the correlations for two-phase pressure drop multiplier and void fraction,

iii) the interpretation and interpolation method used to determine local predictions may introduce
a significant error in regions with large changes over a short distance (across the bundle),

iv) the symmetry boundary condition applied at the central plane simulates well a real SG, but is
not realistic for the mock-up, and

v) the assumptions, grid and solution approximations of the algorithm.

On the experimental side, there are several factors affecting the measurement accuracy:
i) the orientation of the bi-optical probe may not have been well aligned with the local velocity

vector. A single orientation was used in each position. This orientation was determined by
rotating the bi-optical probe at a location 0.0414 m from the back plate until the maximum
reading was obtained,

ii) the empirically-derived conversion functions used to obtain surface-average value from local
values were determined for parallel flow and separately for 90° cross flow. When applied in
the U-bend region, where the flow is at varying angles to the tubes, it is expected to have a
larger error,

iii) the measurements were difficult to obtain due to local flow fluctuations. In some locations
there was no cross correlation between the two probes; thus no axial gas velocity could have
been determined,

iv) inaccuracies of the probes, and
v) measurements in two-phase flows are always less accurate.

5. CONCLUDING REMARKS

In this validation study, the THIRST-V4R1 code was used to model the steady-state
thermalhydraulic conditions in the CLOTAIRE Phase-II experiment. Phase II concentrated on
local measurements of void fraction and axial gas velocity in the U-bend region. THIRST global
predictions and local results in the U-bend region were compared with the experimental data.
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The purpose of this paper was to evaluate THIRST against the most comprehensive set of
large-scale steam generator data available.

The global comparisons found in Table 2 indicate that the THIRST predictions, with the
Chisholm void fraction model, are within 2 to 3% of the experimental results. Using THIRST
with the homogeneous void fraction model, the global results were less accurate but still well
predicted with the greatest error being for the separator pressure drop.

Comparisons of the local predictions for void fraction and axial gas-phase show good agreement.
The Chisholm void fraction model generally gives better agreement with the experimental data
while the homogeneous model tends to overpredict the void fraction and underpredict the gas
velocity.
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Figure 1: CLOTAIRE Mock-up, Vertical Cross-Sectional View.
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Figure 2: CLOTAIRE Phase-II Bi-Optical Probe Locations in the U-Bend Region, Front View.
The black circles show the locations where the plots of local parameters vs. distance
from the back plate are made.
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Figure 3: CLOTAERE Phase-II Bi-Optical Probe Measurements vs. Distance from the Back Plate
in the U-Bend Region, Side View.
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Figure 4: Normalized Axial Gas Velocity vs. U-bend
Radius for a Distance from the back plate of 0.081 m.
Angular Position is from the Horizontal Measured
Clockwise from the Cold Side.

Figure 5: Normalized Void Fraction vs. U-bend
Radius for a Distance from the back Plate of 0.081 m.
Angular Position is from the Horizontal Measured
Clockwise from the Cold Side.
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Figure 6: Normalized Axial Gas Velocity vs. Distance
from the Back Plate (m) for a U-bend radius 0.288 m.
Angular Position is from the Horizontal Measured
Clockwise from the Cold Side.

Figure 7: Normalized Void Fraction vs. Distance
from the Back Plate (m), for a U-bend Radius
0.288 m. Angular Position is from the Horizontal
Measured Clockwise from the Cold Side.
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DISCUSSION

Authors: J.M. Pietralik, A.O. Campagna, V.C. Frisina, AECL

Paper: Validation of the THIRST Steam Generator Thermalhydraulic Code Against the
Clotaire Phase II Experimental Data

Questioner: J. Nickerson, AECL

Question/Comment:

Regarding unstable flow above the tube bundle, this was a problem with Clotaire Phase 1 results
but I thought these were resolved for Phase 2 - is this the case or were Phase 2 experimental
results still subject to this behaviour?

Response:

Flow in the space between the tube bundle and the separator deck in Phase I experiments was
unstable to the extent that the measurements in the U-bend region were not reliable. There was
little cross-correlation of the signals from the two probes. Visual observations through a port
confirmed that there were large-scale, low-frequency fluctuations of the two-phase flow in the
region.

In Phase n experiments, the flow in this region was made less unstable by adding a perforated,
horizontal plate above the tube bundle. This resulted in better measurements, although at some
locations there were still fluctuations producing little cross-correlation. The number of such
measurements, however, was small, a few percent of the total number of measurements. It is
expected that the flow instability increases the measurement error in this region, although it is
difficult to quantify it.
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A PRACTICAL AND SEMITHEORETICAL APPROACH.
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Eduardo Arostegui(2), W. Johanssen(2), M. Guala(2)

ABSTRACT

Steam Generators and highly rated heat exchangers, such as feed water preheaters, moderator
coolers of PHWRs, etc., are frequently surveyed, as far as heat exchange capability is concerned,
by monitoring some of the heat and mass transfer balances variables involved, though they are
not necessarily the most proper ones for the best assesment.
Through several years' experience working in the engineering department of a Nuclear Power
Plant, it can be concluded that every important component or equipment that has an almost
unique design due to its importance, requires a particular treatment for its periodical surveillance.
In the present paper some guiding rules for a better achievement of the aforementioned task are
described and illustrated with examples taken from several plant situations.
It can be concluded that, improving process variables measurement, together with data
reconciliation and a proper modelling leads to better parameters to survey heat transport in heat
exchangers.

(1) Comision Nacional de Energia Atomica, Av. del Libertador 8250(1429), Buenos Aires,
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INTRODUCTION

Steam Generators and highly rated heat exchangers, such as feed water preheaters, moderator
coolers, etc., are frequently surveyed, as far as heat exchange capability is concerned, by
monitoring some of the heat and mass transfer balances of the involved variables, though are not
necessarily the most proper ones for the best assesment.

Through the experience of several years working in the engineering department of a
Nuclear Power Plant, it can be concluded that every important component or equipment that has
an almost unique design due to its importance, requires a particular treatment for its assesment
that could be summed up in the following steps:

1. Data collected in the commissioning of the station and in the first 100% power condition have
been found extremely valuable for later comparisons and general trends. Then, their collection
and recording must be a task of high responsability.
2. Temperatures, flow rates and power should be taken with the highest achivable accuracy, but
without jeopardizing the plant availability and safety.
For example, data from spare thermoelements may be directly taken, DP cells can be added in
parallel to the main orifice of the flow meter pressure taps, etc.
3. Data should be reconciliated as frequently as possible by performing crosschecking balances.
This analysis requires a thorough knowledge of the station systems and their interrelations.
4. Parameters evolution and relationship should be represented in a way that permits immediate
response from the control room personnel in order to maintain the availability and safety of the
station, but the process engineer must look for variables or group of variables that provide the
best representation of the overall equipment performance and/or reveals their anomalous
behaviour.
5. Asymmetric behaviour of similar equipments has to be found through the values of the
variables defined in (4).
6. Unsteady state phenomena such as the ones underwent in startups or shutdowns or even in
abnormal events, are not easily interpreted but they are a source of invaluable information, so
they must be carefully recorded.
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7. Parameters modification after interventions, such as chemical cleanings, could be a source of
contradictory results and a whole reconsideration of the set main variable has to be done. For
example, this could be attributed to an uneven removal of the deposits which distorts the external
overall heat transfer coefficient observed.
8. In connection to the aforementioned steps, and mainly with point (7), modelling is a powerful
tool, but equations or equation systems already solved must be kept as simple as possible and
they should always be based on basic laws.

GENERAL REMARKS

1 .The importance of the data collected in the comissioning and in the first 100% power state.

1.1 Parameters which are not expected to change during plant life:
Primary heat transport system pumps: if the pumps were well designed and the constitutive
materials properly chosen, the pump behaviour should not be expected to change during the plant
life. This is due to the fact that the impeller surface should not change its roughness along the
time. Then, the pump curve is only dependent on the grid frequency. Nevertheless, as the primary
coolant pumps are non-serial components, the pump curve flowrate vs height, should be
measured during the commissioning by adding special instrumentation. The importance lies in
the fact that most of the nuclear power plants do not have flowmeters in the primary side pipes.
The non-modification condition of the main pumps curve, assuming a constant grid frequency, is
a parameter that could be considered robust in the data reconciliation of the plant energy balance.
At least three points of the pump curve, height vs. flow rate, could be obtained along the power
plant rising level.
1.2 In the commissioning all the variables related to the Heat Exchange Performance and its
evolution should be measured with the strictess accuracy, mainly at 100 % power. For that
purpose local instrumentation has to be added and/or spare sensors used. For example, AP's
through the pumps and heat exchangers must be locally measured with externaly verified
instrumentation with simultaneous registration of the stability.
1.3 The plant energy balance and local energy balances in equipments are recommended to fit
with an error lower than 1 % of accuracy ( when the calculations are performed for both, hot and
cold fluids).

2. The importance of multiple measurements.

It has been often noticed that variables such as temperatures or pressure drops can be taken
twofold or threefold by using some spare instrumentation available in the plant.
For example, spare RTD's are directly read and later taken as a reference value.
Another possibility is given by the differential pressure transducers in which it is possible to
connect an extra instrument in parallel through the pressure taps.
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3. Data reconciliation.

3.1 Data reconciliation at Candu Nuclear Power Plants:
It has to be done by carrying out cross checking balances. A good example is given by the Candu

reactor in which the mass flowrate can be estimated twofold. As a matter of fact, the primary side
mass flowrate, mp, can be calculated through the data measured in one steam generator and
verified in the other one that belongs to the same loop. It is given by the basic equation:

ms * (hvs - his) = mp * (hi - ho) (1)

where ms is obtained from the feed water flow flowmeter, thus being convenient to average
several measurements in order to consider stochastic errors due to noise and to the level
oscillation of the steam generator. The enthalpies hvs and his are obtained from data of the steam
pressure and boiling feedwater temperature and hi and ho are obtained from the RIHTs. and
ROHTs. (Reactor Inlet and Outlet Header Temperatures) and primary side pressure.
Although equation (1) assumes no blowdown, the correction is very simple by introducing the
blowdown flow or by a shut off of the blowdown valves when the measurements are performed.
3.2 Data reconciliation in a multiloop PWR:
The most important aspect is to make sure that the power for each steam generator has been

properly measured. In the reconciliation equation (1), mp for each pump should keep its value
regardless of the power after its correction, as the effects of density have been already taken into
account.

4. How to choose a representative parameter.

It has been found that a parameter like the overall heat transfer coefficient reveals better
information of the equipment behaviour than, for example, the representation of the temperatures
by themselves.

5.Non-symmetric effects.

A non-symmetric behaviour is easily followed by the calculation of a global parameter like the
overall heat transfer coefficient,UA , instead of a variable like the temperature.
Examples are given by the different behaviour of steam generators, although they have been
operating since the plant's commissioning. For instance, the real operating time and the total
energy transferred along their whole life time might be different due to effects such as
assymetries of the core neutron flux and/or differences in the pump curves. Then the fouling
produced on each steam generator is also different.
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EXAMPLES

1 .Overall heat transfer coefficient in a PVHWR (Pressurized Vessel Heavy Water Reactor):
Figure 1 shows the representation of UA vs. the logarithmic mean temperature difference,
LMTD, for the steam generators of a PVHWR close to the comissioning of the station. In the
figure, the calculated points are presented together with the error . It can be seen that the curve
reaches a plateau, which would show changes due to fouling with higher sensitivity and accuracy
than if temperatures were plotted by themselves.
Changes in the UA coefficients are not shown in the figure but, for both S.Gs., UA had decreased
to approximately 21 Mw/°C in the region between 80 % and 108 % power after a chemical
cleaning in which they were restored to 24 Mw/°C.
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Overall heat transfer coefficient vs. LMTD
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Table I
Steam Generators' Power for Figure 1

% of full Power
30
50
70
100
108

S.G. #1 (Mw)
129
225
343
488.2
550.5

S.G. #2 (Mw)
128.5
240
352
497.6
548
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2. Primary side quality in a Candu 6 Primary Heat Transport System :

Figures 2 and 3 show temperature differences between the inlet and outlet headers vs. percentage
of full power ( from 95 % to 100 % ) for a set of data provided by a Candu Station #1. In these
figures, an assymetric behaviour is observed between loops 1 and 2 .
In the case of AT's between inlet and outlet headers 5-8 and 6-7 a straight line ( not shown )

would fit the measured data thus proving the absence of quality ( Figure 2).
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On the contrary in Figure 3, it can be appreciated that for AT's between inlet and outlet headers
2-3 and 1-4, at a given power, the trend changes and remains constant up to 100 % power, thus
showing the existence of quality.
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In this event, its magnitude can be estimated by the following approximation:

(1 - x ) * hi (Ts) + x * hv (Ts ) = hi (Ts + 8T) (2)

which can be rearranged into :

x * [ hv (Ts) - hi (Ts ) ] + hi (Ts ) = hi (Ts + 5T) (3)

where 5T comes from the difference of temperatures between the values of the extrapolated
straight line and the horizontal line. Both values of temperature are taken at 100 % power and the
enthalpies are a function of the PHTS saturation temperature (Ts).
Then, symplifying the right side of equation (3) by ignoring the effect of pressure on the enthalpy
hi, we can write:

x * [ hv (Ts) - hi (Ts) ] + hi (Ts) - hi (Ts) + Cp (Ts) * 8T

Finally from (4) we find:

(4)
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x = Cp * 5T / X

The values of quality from the calculations,are presented in Table II:

Table II
Station # 1

(5)

AT's between inlet and outlet headers #
1-4
2-3
8-5
6-7

quality
0.004
0.0075

-
-

Similarly, Figures 4 and 5 show the same representation, i.e., AT's between inlet and outlet
headers vs. percentage of foil power for a set of data obtained from Candu Station #2.
It can be seen that in this case both loops present quality and its value can also be estimated from
expression (5).
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In this case the qualities found are shown in Table III:

Table III
Station # 2

AT's between inlet and outlet heaters #
1-4
2-3
8-5
6-7

quality
0.0078
0.0187
0.0152
0.0156

It is necessary to remark that Station # 2 , at the time the data were collected, had been operating
for more EFPY (Effective Full Power Years) than Station #1.
It is recommended to record both carefully, the primary and secondary side pressures for
periodical comparisons. Also, the plots can be normalized to a given pressure ( primary and
secondary side) for a better verification of the Steam Generators' behaviour.

3.Uneven distribution of fouling on a heat exchange surface.

For the following development the next assumptions are considered: (i) local fouling resistance is
in all cases proportional to the local thickness of the deposit, which also implies constant thermal
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conductivity, (ii) internal and external heat transfer coefficients are independent of the fouling,
(iii) Although the conclusions are for an equipment with a constant secondary side temperature,
they are also valid for a heat exchanger with different temperatures at the inlet and outlet sides of
both streams, (iv) the total amount of deposit is a constant given by :

L
/e(z)*dz=K, (6)

0

(v) Variation of physical properties due to temperature are neglected.
Then, if we consider a heat exchanger for which the inlet and outlet temperatures for the heating
fluid are Tl and T2 respectively while the outer fluid is boiling at tb, the usual energy transport
and energy conservation equation integrated in one dimension is valid:

. t b) L

K 2 * L n ( T 1 ~ _ t b ) = /U(z )*dz (7)

0

and :

U(z) Uo k w

The overall heat transfer coefficient U could be expanded in series, if it is considered that the
fouling resistance is kept low enough in order to the series expansion to be valid, it is found that:

^f ^ (9)

If the expansion (9) is replaced on the right hand side of the energy balance (7), we have :

L L L 2

jfU(z) * dz = Uo * L - Uo2 R ^ * dz + Uo3 p j ^ ~ *dz (10)
0 0 0

When different functions of e(z) are substituted in eq. (10) and the result compared to the one
with the homogeneous distribution, it can be concluded that the latter gives the lowest value for
the overall heat transfer coefficient.
Because of that, not always the same amount of fouling ( when it is constituted by a mixture of
the same physical properties, e.g. thermal conductivity ) produces the same effect. The worst
distribution would be the even distribution and/or a given amount of deposits could produce
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different performances of the heat exchanger not easy enough to be interpreted by the ordinary
methodology.

CONCLUSIONS

As it was stated in the title, the present paper presents a set of sensible rules based on the
experience gained in the field, through which the surveillance of heat exchangers can be
improved. Also, some exemplifications have been given with the aim of highlighting that proper
combination of a good recollection of data, without dismissing those coming from the startup or
abnormal conditions, together with redundancy of measurements and their proper interpretation
and representation will improve the results obtained by the process engineer making them more
understandable and easy to foresee. Also, some of the mentioned techniques are capable of
anticipating instrumentation failures.

NOTATION

A: heat exchange area
Cp: specific heat of the primary side liquid evaluated at Ts
e(z): fouling thickness
k: thermal conductivity
Ki: constant in equation (6)
K2: constant in equation (7)
hi: primary side inlet liquid enthalpy
ho: primary side outlet liquid enthalpy
hvs: secondary side steam enthalpy
his: feedwater enthalpy
hv: primary side outlet steam enthalpy
hi: primary side outlet liquid enthalpy
L : heat exchanger total length
LMTD: logarithmic mean temperature difference
mp: primary side mass flow rate
ms: feedwater mass flow rate
Tl, T2, tb: temperatures in equation (7)
Ts: PHTS saturation temperature
U: overall heat transfer coefficient.
Uo: clean overall heat transfer coefficient.
x : steam quality
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Greek letters
X: primary coolant latent heat of vaporization (hv(Ts) - hl(Ts))
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FATIGUE CRACKING OF ALLOY 600
IN SIMULATED STEAM GENERATOR CREVICE ENVIRONMENT

G. Ogundele* and O. Lepik*

ABSTRACT

Investigations were carried out to generate fatigue life (S-N) and near-threshold fatigue crack
propagation (da/dN) data to determine the environmental influence on fatigue behavior for Alloy
600 in air, deionized water and in simulated Bruce Nuclear Generating Station "A" crevice
environments under appropriate loading conditions. In the low cycle fatigue regime, the
simulated crevice environment did not affect the fatigue life of Alloy 600 under the applied
loading conditions. The near-threshold fatigue crack growth rates of Alloy 600 in the simulated
crevice environment were significantly lower compared to either pure water or air environments and is
believed to be the result of higher crack closure in the crevice environment.

* Ontario Hydro Technologies
Toronto, Ontario
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FATIGUE CRACKING OF ALLOY 600
IN SIMULATED STEAM GENERATOR CREVICE ENVIRONMENT

G. Ogundele and O. Lepik

INTRODUCTION

The Bruce Nuclear Generating Station A (BNGS-A) consists of four 760 MWe reactor units,
each equipped with eight recirculating steam generators (SGs). Each steam generator has 4200,
0.5 inch (12.7 mm) nominal outside diameter (OD) tubes. The tubing material is mill-annealed
Alloy 600. Tubes were made in a four-stage draw reduction process with interstage annealing at
954°C (1750°F). After degrease and pickle, a final hydrogen furnace anneal was conducted at
1093°C (2000° F) [1]. The annealed tubes were then straightened, outside surface -ground, cold
bent, and assembled into the tube bundle. The completed bundles were then heat-treated to
relieve the stresses at the carbon steel closure welds at a nominal temperature of 607°C (1125°F).
Heat was applied to the lower half of the vessel while the upper portion of the bundle shell was
insulated. Tube temperature at the U-Bend region reached 538°C (1000°F) which is not enough
to change tubing microstructure or sensitize the material [1,2].

The cracking of Alloy 600 SG tubes have been reported at BNGS-A[l-3]. Metallurgical
examination of removed leakers identified high cycle, low stress amplitude fatigue due to flow
induced vibration as the most nicely cause of failure. The observed cracks were circumferentially
oriented, and secondary side initiated [3]. Between 1990 and 1991, more cracking that was most
likely fatigue-related initiated from stress corrosion cracks, and resulted in several forced outages
in BNGS-A Units 1 and 2. Other plants have also experienced circumferential cracking
attributable to corrosion fatigue. This cracking was diagnosed to have resulted from small
amplitude vibrations combined with the transport of impurities into the upper region of the SGs
[4-6]. Tube vibration measurements in operating steam generators have also shown that the
cyclic stresses (< 34MPa peak to peak) were too low to account for the nucleation and
propagation by fatigue alone, without a simultaneous action of an aggressive environment [7].

Numerous studies have been carried out to characterize the fatigue life behavior and fatigue crack
growth rate characteristics of Alloy 600 in various environments [5,6,8,9]. However, the database
is particularly limited for environments that can occur locally in steam generators such as at
deposit-covered U-bend supports and tube support plates. It is well known that non-volatile
solute impurities concentrate in crevices and under deposits in SGs. These limitations are
underscored by the difficulties experienced in determining the causes at stations that have
experienced fatigue failures.

As part of the development of generic CANDU steam generator fitness for service guidelines, an
experimental program was initiated and sponsored by the CANDU Owners Group (COG). The
objective is to gain a better understanding of the interaction of fatigue, corrosion fatigue, and
stress corrosion cracking of Alloy 600 at BNGS-A. In this test program, the fatigue life (S-N),
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and fatigue propagation rate (da/dN) of Alloy 600 in air, deionized water and in simulated Bruce
NGS-A crevice environments under appropriate loading conditions were investigated.

EXPERIMENTAL DETAILS

Test Environment

The laboratory test environment developed to simulate a representative BNGS-A SG crevice
environment consisted of the following chemistry: 0.15 M Na2SC>4, 0.3 M NaCl, 0.05 M KC1,
0.15 M CaCl2 , ~ 0.5 mole SiO2 (as solid), and ~ 100 ppm Pb (added as PbO). These
concentration levels are based on a comprehensive evaluation of the crevice chemistry and is
presented elsewhere[10]. Deaerated conditions were used for the testing.

Test Material

The material used for the test program was obtained from a 25.4 mm thick hot-rolled plate (heat
number NX8844) that was initially produced for EPRI to simulate as closely as possible tube
material characteristics under EPRI Task RP5511-02. In order to simulate the temperature cycle
experienced by BNGS-A tubing at the U-bend, the plate material was heat-treated at 540°C for 5
hours. The chemical composition is given in Table 1. The carbon content of this heat (0.067%) is
high compared to most Alloy 600 tube materials. However, it was considered appropriate for the
scope of work intended, as the heats in BNGS-A SG tubing materials have higher than usual
carbon contents and some individual heats have equivalent carbon contents or even exceed this
level. Mechanical properties for the heat-treated plate material are given in Table 2 and the
microstructure is shown in Figure 1.

Test Procedure

Fatigue Life Data

Tensile test specimens, having reduced gauge sections, were machined with the axis coincident
with the rolling direction of the plate material. The gauge section of the specimens (8 mm) was
polished to 600 grit. The strain-controlled air fatigue tests were performed in accordance to
ASTM E 606-92 using a computer-controlled servohydraulic mechanical testing machine. The
environmental fatigue tests were performed under stroke control because of the difficulties
encountered in the instrumentation. However, the strain level were correlated with actual strain
at the gauge section of the samples. The test apparatus used for the environmental tests is shown
in Figure 2. Details of the test apparatus and experimental procedure are described elsewhere[ll].
Baseline (air) tests were conducted using the following parameters: strain amplitude 0.3%, 0.6%,
1.1%; mean strain 0,0.1%, 0.15%, at room temperature (~ 23°C). This was followed by tests in
the simulated BNGS-A crevice environment at different temperatures. All tests were conducted

309



at a frequency of 0.5 Hz under a sine waveform. The fatigue life reported in this investigation
was defined as the number of cycles to 25% load drop across the specimen.

Near-threshold Fatigue Crack Propagation Data

Tests were performed in accordance to ASTM E647-95 [12]. Compact tension C(T) specimens were
used having a width and thickness of 30 mm and 4 mm, respectively. Specimens were machined from
the wrought plate material in the L-T orientation with the plane of crack growth normal to the
longitudinal direction of the plate and crack growth in the transverse direction. Crack length was
monitored continuously by using either the elastic unloading compliance or d.c. potential drop method.
Crack growth rates were generally calculated over 0.2 mm increments and were determined by a
modified secant method. Using this approach the crack length increment to establish da/dN spans the
adjacent first and third a versus N data points with AK based on the crack length midway through the
increment.

The near-threshold fatigue crack propagation tests were conducted on a standard servo-hydraulic
closed-loop mechanical test machine. The testing system was fully automated and controlled by a
computer. A decreasing AK schedule was used to obtain near-threshold crack growth data. Using
this method the stress ratio R is held constant while Kma* is exponentially decreased according to the
following control algorithm:

K= Koexp[C(a-ao)]

where Ko is the initial stress intensity factor at the start of the test, a<, is the initial crack length and C is
the normalized K-gradient (-0.08 or -0.10 mm'1).

Baseline tests were performed in laboratory air at room temperature (~23°C) and 305°C. These tests
were conducted using a sinusoidal waveform over a range of frequencies from 30 to 45 Hz. Tests in
an aqueous environment were conducted in an autoclave at 300°C at a loading frequency of 8 Hz.
These tests were carried out in de-ionized deaerated water or water having the BNGS-A crevice
chemistry, but without the addition of lead. Water was either circulated through the autoclave by a low
flow (3 £/h) recirculating high temperature flow loop or was left stagnant in the autoclave. The
concentration of dissolved oxygen in the autoclave influent water was maintained below 20 ppb.

RESULTS AND DISCUSSION

Fatigue Life Data

The fatigue life of Alloy 600 in air at 25°C is shown in Figure 3. The present results compares
well with fatigue life data from other sources [6,13]. It is important to note that these data from
references 6 and 13 were generated using test parameters that are different from the present
program.
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The results in BNGS-A crevice environment combined with the air data are shown in Figure 4. As
can be seen, there appears to be no effect of environment on the fatigue life. The reason for the
absence may be due to the following: (a) strain rate levels are extremely high such that the
corrosion fatigue process was dominated entirely by mechanical factors, and (b) the environment
is not aggressive enough to cause any acceleration in fatigue damage.

Near-Threshold Fatigue Crack Propagation Data

The results of the near-threshold fatigue crack propagation tests in air are shown in Figure 5. A small
increase in growth rates was observed with increasing temperature in the near-threshold regime. Crack
growth rates increased with increasing stress ratio and were attributed to an absence of crack closure at
the higher R-ratios of 0.7 and 0.8, which was apparent from measurements of specimen compliance.

Figure 6 shows the results of the tests conducted at 300°C in the water environments at a stress ratio of
0.1. At the test frequency of 8 Hz used in this study the near-threshold crack growth rates were lower
in the water environments than in air. The crack growth rates were significantly lower in the simulated
crevice environment and are believed to be the result of higher levels of crack closure. Although crack
closure was not measured in the water tests, the crack in the specimen tested in the crevice
environment was plugged with silica and salt deposits, suggesting that a form of closure similar to
oxide-induced closure [14] was operative. Under these conditions, a small portion of the tensile
loading cycle would only be transmitted to the crack tip, thereby reducing the effective AK at the crack
tip. Results of the test conducted at a stress ratio of 0.8 in the simulated crevice environment (see
Figure 7) show a similar reduction in crack growth rates in the near-threshold regime.

CONCLUSIONS

In the low cycle fatigue regime and under the test conditions used in this study, the simulated
BNGS-A crevice environment did not affect the fatigue life of Alloy 600. The near-threshold
fatigue crack growth rate behaviour of Alloy 600 in the simulated BNGS-A crevice environment was
significantly lower compared to either pure water or air environments and is believed to be the result of
higher crack closure in the crevice environment.
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Table 1 Chemical Composition of Alloy 600 Plate Material

Element
Carbon
Nickel
Chromium
Iron
Copper
Cobalt
Titanium
Aluminum
Manganese
Molybdenum
Silicon
Phosphorus
Sulfur

Mill Analysis
0.069

Balance
14.97
8.26
0.22
0.04
0.29
0.27
0.26
0.15
0.24

0.009
0.0005

Check analysis
0.045
73.6
15.5
8.8

0.21
0.052
0.29
0.27
0.24
0.17
0.25

< 0.0005
0.006

Table 2 Mechanical properties of Alloy 600 Plate Material heat-treated for 5 hours at 540°C

Temp.

RT
300°C

0.2% Yield Stress (MPa)

336
264

UTS (MPa)

693
633

Elongation (%)

47
49

(%)Reduction in Area

59
56

Figure 1 Micro structure of Alloy 600 plate material
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DISCUSSION

Authors: G. Ogundele, O. Lepik, Ontario Hydro Technologies

Paper: Fatigue Cracking of Alloy 600 in Simulated Steam Generator Crevice
Environment

Questioner: J. Gorman

Question/Comment:

Please explain what is meant by "greater crack closure" with environment.

Response:

Cracks that were grown in the simulated crevice environment were full or plugged with deposits
which we believe promoted higher levels of crack closure that reduced the effective AK at the
crack tip.

Questioner: M. Wright

Question/Comment:

You noted a pronounced crack closure effect resulting in reduced crack growth rates. In the
context of fitness-for-service calculations, would you expect to be able to take credit for this or is
this merely an observation?

Response:

Further study in other environments would be required before the information reported could be
incorporated in fitness-for-service calculations.

Questioner: R. Garg

Question/Comment:

(1) Does your work make comparison to actual inspection results to validate your work?

(2) The work is done for Bruce A1-600 tubing. This unit is now shut down. Do you intend to
continue your work which could be used?
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Response:

To the first part of your question, any comparison would be limited to the fracture surface
morphology. This we found quite similar in our preliminary results. We did not perform an
extensive fractography.

For the second part, we are continuing our investigation on Alloy 800.

Questioner: K. Bagli

Question/Comment:

Gabriele, as you are aware Bruce-A has a serious lead ingress problem. Did you do any tests
with lead and how do these results differ from those with the non-lead EPRI test specimens?

Response:

No. We did not study the effect of lead. The amount of lead (as PbO) in the simulated crevice
environment was the only level used in the Ae-N investigation. As indicated in the presentation,
the lead was excluded in the CGR tests.

Questioner: F. Vaillant, EDF

Question/Comment:

Why do you use such high frequencies to investigate an environmental effect on CGRs of
Alloy 600?

Response:

In fact, the frequency at U-bend due to FIV has been estimated to be >30 Hz. That's why the
CGR tests were performed at the range selected. We recognize the significance of frequency in
studying environmental effects; consequently, we performed the AE-N at 0.5 Hz and even lower
in future tests.
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FRETTING-WEAR DAMAGE: A SUMMARY OF RECENT FINDINGS

F.M. Gu6rout and N.J. Fisher
CA0000217

ABSTRACT

Flow-induced vibration of steam generator (SG) tubes may sometimes result in fretting-wear
damage at the tube-to-support locations. Fretting-wear damage predictions are largely based on
experimental data obtained at representative test conditions. Fretting-wear of steam generator
materials has been studied at the Chalk River Laboratories for two decades. Tests are conducted
in fretting-wear test machines that simulate steam generator environmental conditions and tube-
to-support dynamic interactions.

A new high-temperature force and displacement measuring system was developed to monitor
tube-to-support interaction (i.e., work-rate) at operating conditions. This improvement in
experimental fretting-wear technology was used to perform a comprehensive study of the effect
of various environment and design parameters on steam generator tube wear damage. This paper
summarizes the results of tests performed over the past four years to study the effect of
temperature, water chemistry, support geometry, and tube material on fretting-wear.

The results show a significant effect of temperature on tube wear damage. Therefore fretting-
wear tests must be performed at operating temperatures in order to be relevant. No significant
effect of the type of water treatment on tube wear damage was observed. For predominantly
impacting motion, the wear of steam generator tubes in contact with 410 stainless steel is similar
regardless of whether Alloy 690 or Alloy 800 is used as tubing material or whether lattice bars or
broached hole supports are used.

Based on results presented in this paper, an average wear coefficient value is recommended that
is used for the prediction of SG tube wear depth versus time.

Atomic Energy of Canada Limited
Chalk River Laboratories

Chalk River, Ontario
Canada KOJ 1 JO
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FRETTING-WEAR DAMAGE: A SUMMARY OF RECENT FINDINGS

F.M. GueYout and N.J. Fisher

1. INTRODUCTION

Steam generator tubes are supported at intermediate points by supports in the straight-leg region
and by anti-vibration bars in the U-bend region. Well-defined clearances, for thermal expansion
and manufacturing considerations, are maintained between the tubes and the supports. Flow-
induced vibration of steam generator (SG) tubes generates tube-to-support or tube-to-tube
contacts that can result in SG tube damage and ultimately in SG tube leaks. According to a
survey of steam generator tube performance during the 1992-1993 period, approximately
60 reactors reported fretting-related leaking, and a total of 500 to 600 tubes were plugged each
year [1]. Therefore, SG tube fretting remains an important issue that requires that guidelines and
design criteria be defined to establish acceptable limits of flow-induced vibration: the goal being
to minimize fretting-wear and guarantee long-term SG tube integrity.

At Atomic Energy of Canada Limited (Chalk River Laboratories) fretting-wear tests are
conducted in machines that simulate a steam generator environment (temperature, pressure,
chemistry) and tube-to-support dynamic interactions. Earlier work focused on relating the tube
damage to the tube/support interaction using a parameter called work-rate, which combines both
contact force and sliding distance.

At the 1994 CANDU® Owners Group (COG) SG Conference, Fisher et al. showed that over
small ranges of work-rate, a constant value, called the wear coefficient, can be used to relate the
tube damage to the tube/support interaction [2]. The VIBIC code (Vibration of Beams with
Intermittent Contact) compares tube-to-support interaction using analytical techniques and
predicts fretting-wear using these experimentally-derived wear coefficients. Therefore, the SG
tube life prediction capability is largely based on experimental data obtained at representative test
conditions.

More recent work takes advantage of a new high-temperature force measuring system that was
developed at CRL to allow for in-situ work-rate measurement at temperatures up to 350°C. Over
the past four years, various test programs were initiated at CRL to study the effect of the
environment on SG tube wear coefficients, as well as the effect of design parameters such as
support geometry and tube material. The tube excitation level chosen was as close as possible to
operating tube/support interaction levels while still generating measurable wear volumes within a
500-hour test duration. Work-rate usually ranged from 6 to 18 mW.

The first environmental parameter to be studied was temperature. The objective of these tests
was not only to study the effect of temperature on fretting-wear, but also to evaluate the
relevancy of tests performed at operating conditions as opposed to tests performed, for economic
reasons, at lower temperatures. Another test series was performed to study the effect on

' CANDU - CANada Deuterium Uranium
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fretting-wear of various types of SG chemistry controls (ammonia and hydrazine, morpholine
only, morpholine and hydrazine, addition of phosphates or addition of boric acid). Test results
reported in this paper also include a comparison of wear coefficients obtained for different types
of support geometry (lattice bar, broached plates, scallop bars), tube material (Incoloy 800,
Inconel 600, Inconel 690), and support material (410 SS, 321 SS).

2. FRETTING-WEAR TEST FACILITY AND EXPERTISE

Fretting-wear of SG materials has been studied experimentally at AECL for more than 20 years.
The early test programs date back to SG tube failures that occurred at the Douglas Point
prototype CANDU power station [3]. Since that date, several fretting-wear machines have been
manufactured and commissioned at the Chalk River Laboratories. As of today, the test facility
consists of eight machines for which temperature, pressure, and water chemistry can be
independently controlled. Two of these machines and associated equipment are shown in
Figure 1. The operating temperature and pressure limits are 320°C and 11.7 MPa. Each machine
consists of an autoclave, excitation tube, instrumentation platform, vibration generator, and
supporting structure. The machines are connected to a pressurized loop with an accumulator, a
water storage tank, a make-up pump, and process instrumentation for temperature and pressure
control. Interaction at the SG tube/support location is provided by the vibration generator via the
excitation tube. This tube protrudes outside the autoclave through a flexible sleeve.

I
Figure 1: Two of the Eight High-Temperature Machines Used at AECL-CRL
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The relative tube-to-support motion during operation is monitored using high-temperature eddy-
current displacement probes. Substantive work was undertaken to improve the relevance of
signals delivered by these displacement probes at high temperature. The transducer environment
and the relative position of the transducer-to-transducer holder were shown to have a significant
effect on probe sensitivities. A calibration cell was fabricated to simulate the presence of force
transducers in the fretting-wear machine and allow for calibrations at temperatures up to 320°C.
The change in sensitivity with temperature was in the order of 10 to 20% between 25 and 315°C.

In the past, tube-to-support interaction forces were measured at room temperature before and
after tests. Forces could not be measured at temperatures above 150°C, due to difficulties in
thermal compensation of the piezoelectric crystals used in miniature force transducers. To
remedy this problem, high-temperature pressure transducers were modified for use as force
transducers and in 1991, a new force measurement system capable of operation at temperatures
up to 350°C was designed. In this system, the support specimen is held by four transducers
arranged at 90° increments around its circumference. Signals from opposing transducers are
electronically summed to yield the net impact force in perpendicular directions. Accurate
calibrations of this high-temperature force measurement system were performed at temperatures
up to 315°C. Temperature was shown to have a very small effect on transducer sensitivities

[4].

Displacement and force measurements are used to calculate the work-rate, which was shown to
be an appropriate parameter for relating tube damage to the tube/support interaction [1]. Work-
rate is a parameter introduced by Frick et al. [5] to quantify the rate of energy being dissipated at
the contact. It is a quantity derived from normal force, Fn, sliding distance, s, and sample time, t,
expressed as follows:

W = ^jFn.ds (1)

The work-rate, as defined in Equation 1, is used to normalize the wear-rate. The wear-rate
calculation is based on either weight losses of the SG tube specimen or on wear volumes
measured by 3-D surface profilometry.

Equation 2 shows the relationship between wear rate (V) and work-rate (w) , derived from the

Archard's Law [6]. This relationship is used to define a dimensional wear coefficient, K, whose
units are m2/N or Pa"1:
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Work-rate measurement at high-temperature accounts for variations of tube/support interaction
levels throughout a test. It also allows the work-rate to be controlled during a test and facilitates
testing within a well-defined work-rate range.

During a typical 500-hour duration test, work-rate is measured daily using an AECL proprietary
software package called WRAP (Work-Rate Analysis Program), based on the Lab VIEW® data
analysis package. The software is used to compute parameters such as normal, shear, and
resultant forces, contact percentages, sliding distances and work-rates. Low-pass digital filters
are usually applied with cutoffs at 1 kHz for displacements and 5 kHz for forces. A preset
threshold value on force signal is used to define contact (usually 5 to 10% of the maximum peak
force value). The characteristics of sample acquisition for a SG tube/support configuration is
usually a sample time of up to 4 seconds at a sample rate of 16 kHz.

Testing of the effect of a specific parameter on fretting-wear or testing for a specific tube/support
configuration is usually repeated at least twice to assess the dispersion of results.

3. EFFECT OF TEMPERATURE ON SG TUBE WEAR

3.1 Previous Studies on the Effect of Temperature on Wear

Early test results on the effect of temperature on fretting-wear were obtained by Ko in 1985 [7].
In this case, the depth of wear on tubing samples was given as a function of temperature for both
Incoloy 800/304 stainless steel and Incoloy 800/carbon steel material combinations. This data
was used to generate equivalent wear volume rates. The work-rate was approximated based on
the level of tube interaction used for these tests. Temperature was shown to have a significant
effect on wear coefficients. Wear coefficients at SG operating temperatures were shown to be
5 to 10 times higher than at 25°C.

A similar effect of the temperature on fretting-wear was shown for zirconium alloys for small
amplitude impacting motion (work-rate of 1 to 5 mW) [8]. Maximum damage was observed in
the 225 to 286°C temperature range (approximately 10 times more than at 25°C). Beyond these
temperatures, at 300 and 315°C, less damage was observed (approximately seven times less).

Similar trends were observed in a study by Saito and Mino of two heat-resisting alloys [9]. As
temperature increased, wear was shown to increase up to a temperature range of 200 to 300°C,
beyond which it decreased rapidly.

3.2 Current Study on the Effect of Temperature on SG Tube Wear

In 1993, a test program was launched at CRL to study the effect of SG environment on SG tube
fretting-wear. Tests were first performed to investigate the effect of temperature [3]. The
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objective was to assess the relevancy of tests performed at operating conditions as opposed to
tests performed, for economic reasons, at lower temperature.

Tests were performed for four temperatures: 25, 215,265, and 315°C. Three high-temperature
fretting-wear machines equipped with the new high-temperature force measurement system
described in Section 2 were used simultaneously for this test program. Identical chemistry
parameters such as pH, oxygen content, and hydrazine content were maintained for all tests
performed. A pH of 9 was controlled by the addition of morpholine. The oxygen level was
maintained below 5 ppb. Incoloy 800 tubing was used for the SG tube specimens. The typical
outside diameter was 15.94 mm. The support material was 410 stainless steel. Two types of
supports were tested: flat bar and broached hole. The support width was 25.4 mm for the flat bar
supports and 27.2 mm for the broached hole supports. Tube-to-support diametral clearances
were 420 and 360 |xm, respectively. Impacting motion was dominant for all tests. Typical tube
motion is shown in Figures 2a and 2b for both types of support. The Incoloy 800 tube/410 SS
flat bar support configuration is typical of the U-bend region of Darlington and new CANDU
steam generators. The Incoloy 800/410 SS broached hole support configuration is typical of the
straight leg of earlier steam generators.

Figure 2a: Tube-To-Flat Bar Support
Relative Motion.

Figure 2b: Tube-To-Broach Hole Support
Relative Motion.

Wear coefficients are plotted in Figure 3 for the flat bar support configuration (for work-rates
ranging from 12 to 25 mW), and in Figure 4 for the broached hole support configuration (for
work-rates ranging from 12 to 40 mW). For both types of support geometry, the wear coefficient
increases between 25 and 215°C, and decreases between 215 and 315°C.

The results are consistent over a large range of work-rate values. For the tube/flat bar support
configuration, and for work-rates in the order of 20 mW, the comparison of wear coefficients
between elevated temperatures and room temperature is as follows: the wear coefficient is
approximately 30 times higher at 215°C than at 25°C, 20 times higher at 265°C than at 25°C, and
2 times higher at 315°C than at 25°C. Therefore, temperature has a significant effect on fretting-
wear and, in order to be relevant, tests must be performed at operating temperatures.
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4. EFFECT OF WATER CHEMISTRY ON SG TUBE WEAR

In 1995/96, a fretting-wear test program was performed to study the effect of SG normal water
chemistry on tube fretting-wear. The objectives were to compare the normal water chemistries in
use at the various stations from a fretting-wear perspective (effect of using ammonia versus
morpholine control, effect of hydrazine, effect of phosphates, effect of boric acid addition), and
also to provide baseline wear coefficients prior to the study of the effect of more corrosive
environments resulting from faulted water or ion concentration conditions. The test program was
divided into five series of three identical tests, i.e., comparison of wear coefficients using the
Darlington, Gentilly-2, Point Lepreau, Bruce A, and Bruce B SG chemistries.

The first three series were performed using the Darlington, Gentilly-2, and Point Lepreau normal
SG chemistry. The Darlington plant uses ammonia and hydrazine (pH = 9.8, O2 < 5 ppb). The
Gentilly-2 plant uses morpholine only (pH = 9.3, O2 < 5 ppb). The Point Lepreau plant is the
only Canadian station operating with congruent phosphate treatment (morpholine, hydrazine, and
phosphate with pH = 9.5 and O2 < 5 ppb). Flat bar supports made of 410 SS stock bar were used
for all tests of these three first series even though broached supports are used at the Gentilly-2
and Point Lepreau stations. This choice was deliberately made to prevent the effect of water
treatment being masked by an effect of support geometry. Incoloy 800 SG tubing was used for
the tube specimens. The test duration was 500 hours for each test and the work-rate was
maintained in the 5 to 10 mW range. This was done to be as representative as possible of real
steam generator tube excitation, while still generating measurable wear volumes at the end of a
500-hour test.

Even though low work-rates were used, the results showed relatively high wear-rate-to-
corrosion-rate ratios. These ratios indicate the level of possible interaction of wear and
corrosion. It is indicated in the literature that this interaction is likely to affect the wear results if
the ratio is less than 10 to 1 [10]. For the current tests, work rates of 5 to 10 mW resulted in wear
rate-to-corrosion-rate ratios in the order of 200 to 1 for the tube specimens and 50 to 1 for the
supports. Even for realistic SG tube/support interaction levels of 1 to 5 mW, the ratios would
still be higher than the limit ratio of 10 to 1, below which wear-corrosion interaction occurs.

The wear coefficients for the Darlington, Gentilly-2, and Point Lepreau SG chemistries are
shown in Figure 5. Average wear coefficients of 28 x 10'15 Pa"1,20 x 10"15 Pa'1, and
11 x 10"15 Pa'1 were derived for the Darlington, Gentilly-2 and Point Lepreau SG chemistries,
respectively.

The wear coefficients obtained for each series confirm that, within the dispersion of results
observed for each series (between ±30% and ±70%), the type of normal SG water treatment used
has no significant effect on fretting-wear damage so long as the chemistry parameters are kept
within normal specifications. The average wear coefficient obtained using the Point Lepreau
chemistry is slightly lower than for the Darlington and Gentilly-2 chemistries, but additional
testing would be required to confirm this trend.
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Figure 5: Fretting-Wear of Alloy 800 Tubes/410 SS Flat Bar Supports: Effect of the Type of
SG Chemistry Control (6 mW < Work-Rate < 11 mW).

Two series of three 500-hour tests were performed to study the effect of adding boric acid to
normal SG water chemistry. At the Bruce-B station, the SG water chemistry is controlled using
morpholine and hydrazine (pH = 9.7, O2 < 5 ppb). At the Bruce-A plant, boric acid is added to
the SG normal water to mitigate corrosion of the carbon steel supports. The tube/support
configuration used for all tubes of these two series was Inconel 600/A108-1018 carbon steel
drilled hole. The drilled hole specimens were used to simulate the scallop bar geometry. Typical
tube-to-support relative motion for this test series is shown in Figure 6. The wear coefficient
results are shown in Figure 7 for both types of water chemistry. For the Bruce-B chemistry, wear
coefficients ranged from 5 x 10'15 to 19 x 10'15 Pa"1, averaging at 13 x 10"15 Pa"1. For the Bruce-
A chemistry (boric acid added), wear coefficients ranged from 14 x 10"15 to 26 x 10"15 Pa"1,
averaging at 19 x 10"15 Pa"1. Considering the dispersion of results for each series, no significant
effect of boric acid addition on SG tube wear coefficient was observed: the dispersion of results
was 14 x 10"15 using the Bruce-B chemistry and 12 x 10"15 Pa"1 using the Bruce A chemistry. The
difference in average coefficients using the two different types of chemistry was only
7xlO"15Pa"1.

Figure 6: Tube-to-Drilled Hole Support Relative Motion
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5. EFFECT OF SUPPORT GEOMETRY ON SG TUBE WEAR COEFFICENT

Wear coefficient results were compared for ten 500-hour tests performed at 265°C for the
Incoloy 800/410 SS support configuration: five tests using a flat bar support and five tests using
a broached hole support. Typical tube/support relative motions for both types of supports are
shown in Figures 2a and 2b. The work-rate range investigated was 8 to 27 mW. The wear
coefficient results are shown in Figure 8. For the flat bar supports, the SG tube wear coefficients
ranged from 6 x 10'15 to 35 x 10"15 Pa"1. For the broached hole supports, the range was
3 x 10"15 Pa"1 to 35 x 10"15 Pa"1.
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Fretting-Wear of Alloy 800 Tubes/ 410 SS Supports: Effect of Support Geometry
(8 mW < Work-Rate < 27 mW).
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Within the observed dispersion, average wear coefficients for 1800 tubing in contact with both
types of support are similar.

6. COMPARISON OF FRETTING-WEAR COEFFICIENT FOR ALLOY 690 AND
ALLOY 800 SG TUBES

Alloy 690 is now used as replacement material for Alloy 600 in most Pressurized Water Reactor
(PWR) steam generators because of its better resistance to stress corrosion cracking (SCC). In
CANDU reactors, the need for a replacement is not crucial since Alloy 800 tubes have been
shown to be less prone to SCC than Alloy 600 tubes. Nevertheless, CANDU customers may
prefer Alloy 690 to Alloy 800 for their steam generators. Therefore, fretting-wear testing of
Alloy 690 tubing was requested to compare its performance to that of Alloy 800 tubing under
identical test conditions. Six tests were performed at 265°C for Alloy 690 tubing against a
410 SS flat bar support with work-rates ranging from 10 to 26 mW. The test duration was
500 hours. The typical tube/support relative motion used for these tests is shown in Figure 2a.
The results were compared to several tests using Alloy 800 that were performed earlier in
1993/94 and 1995 under identical test conditions (see Sections 3.2 and 4).

Wear coefficients are compared in Figure 9 for work-rate varying from 8 to 21 mW. For
Alloy 690, wear coefficients ranged from 9 x 10"15 to 49 x 10'15 Pa"1, with the average
at 24 x 10"15 Pa"1. For Alloy 800, wear coefficients ranged from 6 x 10"15 to 35 x 10"15 Pa"1 with
the average at 25 x 10"15 Pa"1. Therefore, for predominantly impacting motion, the fretting-wear
behaviour of SG tubes against 410 SS flat bar supports is similar regardless of whether Alloy 690
or Alloy 800 is used as tubing material.

CD
O )
c
05

a:
D
O

i
o
O
i_
cc

CD
CL

JO

o
CO

50

40 -

30 -

20 -

10 -

0

X

:

- x

\ . - .
-

i

X

X

-

—

-

Alloy 690 Alloy 800

Figure 9: Fretting-Wear of SG Tubes/410 SS Flat Bar Supports: Effect of Tube Material
(8 mW < Work-Rate < 21 mW).
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7. DISCUSSION

The test results summarized in Sections 3 to 6 show that SG tube wear coefficients do not vary
significantly (within the scatter of results), whether a normal SG chemistry is controlled with
ammonia or morpholine, whether phosphates or boric acid are added, whether a flat bar support
or a broached support is used, or whether Alloy 800 or Alloy 690 is used for SG tubing. At
265°C, for work-rates ranging from 6 to 18 raW, wear coefficients range from 5 x 10"15 Pa"1 to
45 x 10"15 Pa"1 for the various types of test condition described above. The test results are shown
in terms of wear rate versus work-rate in Figure 10. The average SG tube wear coefficient value
in the 6 to 18 mW work-rate range is 20 x 10"15 Pa"1. The conservative value for design purpose
is 40 x 10"15 Pa"1.
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1800/41 OSS Flat Supports: pH=9.8, Ammonia + Hydrazine (DNGS)

1800/41 OSS Flat Supports: pH=9.3, Morpholine (G-2)

1800/41 OSS Flat Supports: pH=9.5, Morpholine + Hydrazine + Phosphate (PLNGS)

I800/410SS Flat Supports: pH=9, Morpholine • Hydrazine

1800/41 OSS Broached Plate: pH=9, Morpholine + Hydrazine

1800/41 OSS Broached Plate: pH=9.3, Morpholine G-2 Chemistry

I600/A108-1018 Scallop Bars: pH=9, Morpholine + Hydrazine + Boric Acid (Btuce A)

I600/A108-1018 Scallop Bars: pH=9.7, Morpholine + Hydrazine Bruce B Chemistry

I690/410SS Flat Supports: pH=9, Morpholine + Hydrazine, 265°C

I800/321SS AVB's: 200°C (Hofmann et al., 1996)

Figure 10: Fretting-Wear Results Obtained at High Temperature for Various Types of Normal
SG Chemistry, Support Geometry, Tube Material and Support Material.

For identical test conditions, the scatter in the data was slightly greater when tests were
performed at lower excitation levels (6 to 10 mW). This raises the question of which SG tube
wear coefficient values to use for realistic SG tube excitation levels (i.e., 1 to 2 mW). The results
presented in Sections 3 to 6 are considered short-term test results in view of the long-term wear
process taking place in a steam generator. Most tests were performed for slightly higher
excitation levels (5 to 20 mW) in order to generate measurable wear within a 500-hour test
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duration. The use of a large number of short-term tests is required whenever the effect of various
parameters on the wear process needs to be understood within a reasonable amount of time.
These effects are now better understood and the wear coefficient average values for work-rates of
6 to 18 mW are well defined.

At this stage, there is a need to perform a limited number of long-term tests (5000 to
10,000 hours) for tube/support interaction levels of 1 to 2 mW and to derive the corresponding
wear coefficients. However, there are already some indications in the literature that the SG tube
wear coefficients will not vary significantly. Results published by Hofmann et al. are shown in
Figures 10 and 11 for impacting motion of Alloy 800 SG tubing against 321 SS anti-vibration
bars [11].
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Figure 11: Fretting-Wear of Incoloy 800 SG Tubes/321 SS AVBs at 200°C (Hofmann et al.):
Wear Coefficients for Low Tube/Support Interaction Levels.

Ten tests were performed at 200°C for tube/support interaction levels ranging from 1 to 10 mW.
The wear coefficient ranged from 9 x 10"15 to 54 x 10"15 Pa'1, and the average was 28 x 10"15 Pa"1.
This range of wear coefficients derived for work-rates between 1 and 3 mW is in very good
agreement with that found for higher levels of interaction. Therefore, until the results of long-
term tests are available, it is recommended that, for the prediction of SG tube damage resulting
from impacting motion, a conservative value of 40 x 10'15 Pa'1 for the SG tube wear coefficient
be used. The recommended value for an average wear coefficient is 20 x 10"15 Pa"1.

8. TUBE WEAR PREDICTION

The wear coefficients presented above can be utilized to predict the progression of fretting-wear
damage in a SG tube. In addition to the wear coefficient, the tube-to-support dynamic interaction

334



(work-rate) and the geometrical relationship between wear volume and wear depth must be
known.

Work-rates can be computed for a SG tube interacting with its supports due to flow-induced
vibration using a non-linear finite element code such as VEBIC (Vibration of Beams with
Intermittent Contact). Examples of such calculations can be found in the literature [12,13]. A
reasonable estimate for the work-rate in the U-bend region of a well-designed SG is 1 mW.

The geometrical relationship between wear volume and wear depth for a SG tube in contact with
a U-bend flat bar restraint (FUR) is shown in Figure 11. Assuming that the tube and flat bar are
perfectly aligned, the volume of removed material, V, is simply the area of intersection of a
straight line and a circle (tube) of radius, R, multiplied by the flat bar width, L:

R2L
(2oc-sin(2a)) (3)

Figure 11: Contact Between a SG Tube and Rat Bar Restraint

The contact angle, a, is related to the tube radius and scar width, w,

(4)
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and the wear depth, d, is related to the contact angle,

d = R(l - cosoc) (5)

These relationships assume that the tube wear remains macroscopically flat (i.e., that the support
wear is small in relationship to the tube wear). This assumption has been shown to be reasonable
for the shallow frets generated in the fretting-wear tests described above.

However, the support has been observed to wear in these tests: generally at between 20 to 50%
of the tube wear. Therefore, it is more realistic to assume that the tube-to-support contact
becomes more conformal as the wear depth increases, distributing the wear volume over a larger
area of the tube surface. In other words, as the wear depth increases, the tube wear no longer
remains macroscopically flat, and the true wear depth is less than that predicted by Equation 5.

Equations 1 and 3 can be used to predict the progression of wear through a SG tube for a given
value of work-rate, wear coefficient and tube-to-support geometry. Figure 12 shows such
predictions for the following representative values:

Work-Rate, W:
Wear Coefficient, K:
Tube Radius, R:
Flat Bar Width, L:

l m W
20 x 10'15 Pa1

7.95 mm
28 mm

SG U-Bend Fretting-Wear

-50% Tube and 50%
Support Wear

15 20 25 30

Years of Service (EFPY)

35 40 45

Figure 12: Predicted Wear Depth versus Time
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Two curves are shown in Figure 12. The top curve (100% Tube Wear) is based on the
assumption that the wear scar remains macroscopically flat. The lower curve (50% Tube and
50% Support Wear) assumes that the tube and support wear equally. These curves bound the
prediction. Realistically, tube wear would be somewhere between these bounds.
For simplicity, work-rate was assumed to be constant in generating Figure 12. Similar, but more
complicated curves could be derived for assumptions of changing work-rate with time.

The rate of tube wear depth decreases with time as the wear volume is distributed over a larger
circumferential area of the tube surface. Tube wall losses of 5% are predicted within the first
5 years of service, but due to the decreasing rate of penetration, losses of 15 to 30% are predicted
after 40 years.

8. CONCLUSIONS

Extensive fretting-wear tests were performed at CRL over the past four years to study the effect
of SG environmental and design parameters on SG tube wear coefficient.

Tests were first performed to assess the effect of temperature using a force and displacement
measurement system that allowed for monitoring of tube/support interaction level (i.e., work-
rate) at operating conditions.

The results showed a significant effect of temperature on SG tube wear damage. For equivalent
tube/support interaction levels, the wear coefficient at the SG operating temperature of 265°C
was found to be 20 times higher than at 25°C. Therefore fretting-wear tests must be performed
at component operating temperatures in order to be relevant.

On the effect of SG water chemistry control, no significant difference in SG tube wear coefficient
was shown within the scatter of results, regardless of whether ammonia or morpholine was used
to control SG water pH, whether phosphates were added, or whether boric acid was added.

It was also shown that, for predominantly impacting motion, the SG tube wear coefficient is
similar for both Alloy 690 or Alloy 800 tubing materials, both flat bar or broached hole supports,
and both 410 SS or 321 SS support materials.

Results obtained at CRL in the past four years combined with recent SG tube wear data
published by Hofmann et al.[10] show that, for work-rates ranging from 1 to 18 mW, a
conservative tube wear coefficient of 40 x 10"15 Pa"1, and an average tube wear coefficient of
20 x 10"15 Pa"1 can be used for various types of SG normal water chemistry, support geometry,
tube material, and support material.
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DISCUSSION

Authors: F.M. Guerout, NJ. Fisher, AECL

Paper: Fretting-Wear Damage: A Summary of Recent Findings

Questioner: R. Garg

Question/Comment:

(a) What assumptions are made with regards to thermalhydraulic conditions in the SG? Where
do you get the thermalhydraulic loadings from?

(b) Is the fretting affected by "support elevation" or is it same for bottom to top-most support
plate?

Response:

(a) The fretting-wear tests performed to study the effect of various parameters on wear
coefficients are accelerated tests. The work-rate range of 6 to 12 mW chosen to perform
most tests is based on using the lowest interaction level possible and still generating
measurable wear within 500 hours. The average interaction level expected in a steam
generator is in the order of 1 mW. The work-rate is predicted using the VIBIC, PIPO and
THIRST codes developed at AECL. The thermalhydraulic loads are predicted using the
THIRST code.

(b) The wear rates will be affected by support elevation if work-rate at the various support
locations varies from one support plate to another. The wear coefficient is expected to
remain unchanged.

Questioner: J. Gorman

Question/Comment:

What effects do pHj and ECP have on fretting, considering their strong effects on oxide films?
Do you intend to systematically study ECP and pH effects?

Response:

It is correct that pHx and ECP have a large effect on oxide film formation. Therefore, pHx and
ECP could have an effect on fretting-wear of the fretting-wear and corrosion phenomena interact.
It was shown that, for conditions leading to wear rates that are 10 times (or more) greater than
corrosion rates, no interaction of the phenomena is expected. So far, we have not systematically
studied the specific effect of pHx or ECP in the case of the existence of a strong synergism
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between the corrosion and the wear processes (corrosion rates and wear rates in the same order of
magnitude or wear rates lower than corrosion rates). Normal SG water chemistries seem to result
in local corrosion rates that are much lower than the wear rates.

Questioner: J. Daret, CEA

Question/Comment:

Do you have an explanation or hypothesis for the effect of temperature on the tube wear damage,
and what do you anticipate in terms of severity of damage depending on the location within the
SG?

Response:

The strong effect of temperature on fretting-wear has been shown for other material
combinations (Fisher et al. 1996), Suito et al. (1995), Jiang et al. (1995)). The change in wear
coefficients with temperature could be attributed to changes in corrosion rates. However,
relatively high excitation levels were maintained in these tests in order to generate measurable
wear and, as a result, wear rates were much higher than corrosion rates. Therefore, minimal
interaction of the corrosion and mechanical damage process is expected. Jiang et al. suggested
that the increased production of debris at high-temperature could contribute to the formation of
compacted protective layers on the surfaces. This effect was not clearly identified in these tests.
The only difference observed was in the appearance of the worn surfaces: at 25 °C, the worn
surface appears "flat-hammered"; at 215°C, the removal of thin but large sheets of material is
observed; at 265 °C, the surface exhibits a scale-like tongues structure of superimposed laps that
wear on the edge by removal of small plastically deformed; at 315°C, the scales are much smaller
than at 265°C. Therefore, different wear mechanisms are observed at the different temperatures.
We do not anticipate that this effect of temperature will change the severity of tube damage based
on the location in the steam generator.
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APPLICATION OF FLOW-INDUCED VIBRATION PREDICTIVE TECHNIQUES
TO OPERATING STEAM GENERATORS

R.G. Sauve \ M. Tabatabai \ G. Morandin1, MJ. Kozluk2

ABSTRACT

Analytical techniques for flow-induced vibration (FTV), such as those incorporated in available design tools,
are routinely applied to process equipment at the initial design stage. Unfortunately, this does not always
apply to the situation when problems, related to FIV, develop in crucial operating equipment, since design
uses conservative methods, whereas in-service applications require more realistic assessments. Usually these
problems appear in the form of severe through wall fret flaws or fatigue cracks that compromise the integrity
of the tubes and possibly the complete unit. It is here where a somewhat different approach must be taken
in the evaluation of tube response to FIV. Tube damage from fretting wear or fatigue crack growth must be
estimated from actual in situ operating conditions. In this paper, an overview of the predictive methods used
hi the development and/or qualification of remedial measures for problems that occur in operating process
equipment along with applications are described. The steps hi the evaluation procedure, from the prediction
of flow regimes, the development of the nonlinear computer models and associated fluid forcing functions
through to the estimates of tube damage in operating heat exchangers and steam generators are presented.
A probabilistic (i.e. Monte Carlo simulation) FIV approach that readily accommodates uncertainties
associated with damage predictions is summarized. The efficacy of this approach comes from the fact that
probabilistic methods facilitate the incorporation of field data, and that a large number of tubes and possible
variations in geometry, process and support conditions, usually present in such equipment, can be addressed
effectively.

1 Applied Mechanics Group, Ontario Hydro Technologies
Toronto, Ontario, Canada

2 Station Engineering Support Division, Ontario Hydro Nuclear
Toronto, Ontario, Canada
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APPLICATION OF FLOW-INDUCED VIBRATION PREDICTIVE TECHNIQUES
TO OPERATING STEAM GENERATORS

R.G. Sauve, M. Tabatabai, G. Morandin, M.J. Kozluk
Ontario Hydro

INTRODUCTION

Analytical techniques for flow-induced vibration (FIV) are routinely applied to process equipment at the initial
design stage. Given the maturity of the field at the present time, methods can be applied with conservative
approximations based on available databases (i.e. damping, turbulence forces, etc.) to evolve relatively reliable
process equipment designs. Unfortunately, this does not always apply to the situation where problems related
to FIV, that occur in the field, develop in crucial operating equipment. Usually these problems appear in the form
of severe through wall fret flaws (Figure 1) or fatigue cracks (Figure 2) that compromise the integrity of the tubes
and possibly the complete unit. In the case of significant safety and/or economic concerns, root cause
investigations, design modifications and revised operating procedures are undertaken. It is here where a
somewhat different approach must be taken in the evaluation of tube response to FIV. Tube damage from fretting
wear or fatigue crack growth must be estimated from actual in situ operating conditions. For example,
degradation of tube support plates due to corrosion may lead to changes in flow conditions and support conditions
affecting the tube modal properties. Unlike the design stage, where conservative acceptance criteria (e.g.
fluidelastic instability thresholds, tube response limits, etc.) based on guidelines are prescribed, damage estimates
and remaining life predictions require advanced computational fluid dynamics and nonlinear flow-induced
vibration simulations [1-3]. Predictive techniques used in FIV assessments, at either the design stage or for
improved understanding of anomalous behaviour of operating equipment, generally require detailed information
regarding geometry and flow conditions. During the design process, standards are used in conjunction with
frequency domain methods such as modal superposition to evaluate the susceptibility of a design to FIV. This
approach usually involves an eigensolution to generate natural frequencies and mode shapes of a particular tube
configuration, followed by a frequency response analysis. This provides estimates of tube response to such
mechanisms as periodic wake shedding and turbulent excitation. In addition, the potential for fluidelastic
instability is determined, using the results of the modal analysis, by comparing the actual effective flow velocity,
V, around a given tube to a critical velocity, Vc. This approach is supported by databases and guidelines for
important parameters such as damping, random turbulence, etc. [4-9].

Figure 1
Heat Exchanger Tube Wear

Figure 2
Crack Growth in a Heat Exchanger Tube
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During operation, situations may arise where functional design performance is impeded by degraded tubes whose
structural integrity is compromised due to flow-induced excitation. Whether it occurs due to fluid chemistry
leading to corroded support conditions, loose tolerances causing wear, change in flow patterns or fatigue crack
initiation followed by crack growth, the result is a damaged tube resulting from dynamic loading. Unlike the
design stage, predictive methods must include details of FIV phenomena that permit more realistic estimates of
tube displacements and stresses. An effective evaluation procedure such as that shown in Figure 3, must include
an accurate prediction of flow regimes using three dimensional computational fluid dynamics models. The results
of the fluid models (e.g. flow velocities, mass flux, quality) are utilized in the development of the associated time-
dependent fluid forcing functions for turbulent excitation and fluidelastic forces that are applied to three
dimensional nonlinear finite element models of the tube and supports. The nonlinearity arising from the tube to
tube support interaction (i.e. clearance, friction) and the fluidelastic coupling necessitates time domain solutions
of a set of nonlinear equations of motion for the tube. These solutions yield tube to tube support impact forces
and work rates along with tube internal forces and moments versus time that can be used to obtain estimates of
tube wear and/or fatigue crack growth in operating heat exchangers and boilers. These predictive methods are
used in the development and qualification of remedial measures for problems that occur in operating process
equipment.

Heat Exchanger
Geometry, Process Conditions

Computational Fluid Dynamics:
Flows, Qualities, etc.

Forcing Functions

Operating
Loads

Random
Turbulence

Periodic
Wake

Shedding

X

Fluidelastic
Force

Support
Conditions

Nonlinear Time
Domain Simulation

Finite Element
Topology

The foregoing time domain solution for FIV
represents a deterministic approach that works
well when all key parameters are known with a
fair amount of confidence. Unfortunately, there
is usually a significant variability in the value of
these parameters for a given design. For
example, equipment that includes multi-
supported tubes may have virtually interminable
combinations of tube to tube support conditions
(i.e. clearances, misalignment, preload),
variability in fluid forces (i.e. fluidelastic
parameters, power spectra of random turbulence),
etc. One approach used to deal with this, is to
combine the time domain FIV solution, described
earlier, with a probabilistic method such as a
Monte Carlo simulation [25]. Adapting the
deterministic FIV solution to the Monte Carlo
method requires a knowledge of the distribution
functions of the critical parameters. These can
usually be estimated from previous experimental
data, compiled databases or previous inspection
data. The efficacy of this approach comes from
the fact that probabilistic methods facilitate the
incorporation of field data and the large number
of tubes and possible variations in geometry,
process and support conditions, usually present in
such equipment. In this paper, the key
components of a procedure used in the

assessment of tube damage due to FIV in process equipment is summarized. A probabilistic approach
evaluating damage due to FIV is presented through an application to an operating steam generator.

Tube -Tube
Support Interaction

Tube internal Forces

Tube Stress Time History

Impact/Contact
Friction Forces

Work Rate
Stress Cycles/Ranges

Fretting Wear
Evaluation

Fatigue Evaluation

Figure 3
Tube Damage Assessment Procedure (FIV)

for Process Equipment

for
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COMPONENTS OF THE FTV EVALUATION PROCEDURE

There are numerous facets to a generic procedure for predicting tube damage from deleterious FIV mechanisms
in process equipment. These range from computational fluid dynamics and nonlinear structural analysis to fatigue
and fretting wear assessment. A systematic evaluation procedure, shown in Figure 3, is used to consolidate state-
of-the-art simulation techniques and current understanding of FIV mechanisms with experimental and inspection
data along with past operational experience. In addition, it provides an effective means of evaluating the impact
of design modifications and accident scenarios on tube integrity in crucial operating process equipment. The
following summarizes the key steps in the procedure.

Thermalhydraulic Analysis

The primary parameters of interest (e.g., density, velocities and void fraction) are obtained from one, two and
three dimensional fluid models and are used to develop the tube forcing functions that are described later. The
accuracy of the FIV analysis, therefore, depends heavily on the thoroughness of the thermalhydraulic analysis.
One dimensional models are still used in some analysis (e.g. blowdown transients) and provide a global picture
of flow acting on components. In order to obtain a more detailed spatial distribution of parameters, three
dimensional (3D) models are necessary. A number of 3D thermalhydraulic codes are available, developed, mostly,
using finite difference or finite element schemes [12,13]. The sophistication of the thermalhydraulic code, in
addition to the algorithms used for the numerical formulation, depends on the empirical models used in the code,
(e.g., loss coefficients, two-phase flow models, resistance models, etc.). Presently, steam generator models are
developed using porous media assumptions, where the existence of tubes and plates in the steam generator are
simulated by equivalent distributed resistances. The local details of the flow between tubes (e.g., gap velocities)
are, then, approximated using the geometrical arrangement of the tubes. Figures 4 and 5 show typical results from
the analysis of a nuclear steam generator and a preheater obtained using the porous media concept. Full 3D
modelling of shell and tube type heat exchangers, including all the tubes and gaps, is currently not viable.
However, with the rapid increase in the performance of the computers, that prospect can soon become a reality.
Work is underway to improve the accuracy of FIV simulations through coupling of fluid and solid codes. This
fully coupled approach represents the next step in modelling the interactions between the fluid and the tubes.

Figure 4
Steam Generator U-Bend Gap Velocity Contours

Figure 5
Velocity Vectors in a Stand-alone Preheater
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Nonlinear Solution for Tube Dynamics

Since tube to tube support interaction and friction are generally present in operating process equipment,
simulations must utilize a nonlinear computational scheme for tube structural dynamics similar to that described
in [3,14,19,23]. Basically the discretized equations of motion describing a three dimensional nonlinear structural
dynamic system representing a tube in loose supports, under time-dependent forces can be written in terms of
convected coordinates x as follows;

Mx< C.x' (1)

Where x ', x ' are the coordinate, velocity and acceleration vectors at time / respectively, Mis mass, Cd is the
damping. Fm and Ff are the external (e.g. random turbulence, wake shedding, drag loads, etc.) and fluidelastic
force vectors respectively. Ft'nt is the internal force vector for a nonlinear system that includes nonlinear supports
(i.e. contact force discontinuities arising from loose supports including normal impact and stick/slip friction
models). For the explicit solution used herein, the following relation for F'M is used;

where; J v
(2)

B1

a'
V

NL

transpose of the matrix relating element nodal velocities to element velocity strains
element stresses
element volume
interface forces between contact surfaces described as a function of relative
displacements 17' and clearance U between contact surfaces
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The explicit central difference operator is used in the
direct time integration of the equations of motion,
since it has been shown to be highly efficient [14]
for problems involving severe geometric and
material nonlinearity. Unlike the modal
superposition method used for nonlinear boundary
conditions [1] the method considered herein includes
the response in all frequencies of the discretized
model and is appropriate for material and geometric
nonlinearity. In the explicit integration scheme, all
quantities such as accelerations x, velocities
x, coordinates x, displacements u, and internal
element stresses a, are known at time /. At
time t + Af, the external loads at a new time step are
applied and the updated accelerations, x, along with
velocities, x, and coordinates, x, are obtained as
shown in the solution strategy of Figure 6. In the
updated configuration, the stresses are evaluated
using appropriate constitutive laws and used in the
discretized equilibrium equations to obtain updated accelerations. At each time step, all element constitutive
calculations are evaluated in an updated configuration frame defined by current coordinates.

Update
External

LoadF e x t ,F f

Update
Time
t+At

Accelerations
at Node
DOF's

\
Rigid Wall
Boundary
Condition

Velocities
at Node x

DOF's

/
Update

Geometry
New Node

Coordinates

Xt+At

.t+At

Figure 6
Explicit Nonlinear Computational Cycle for FIV
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Using a lumped (i.e. diagonal) mass matrix, M, appropriate for the tube element formulation [23], avoids the need
for a formation of system equations into a banded matrix and a system solver. This feature of the algorithm
permits tractable solutions of large models (i.e. >105 degrees of freedom). This operator is conditionally stable
so values of the time step must be maintained below a critical time step, based on the Courant stability limit.

Turbulent Excitation Forcing Function

The turbulent excitation component, F(t), of the forcing function F^/i) for the nonlinear analysis is established
using the results of the thermalhydraulic analysis along with the time domain turbulent excitation model described
in [16]. From the discrete representations of measured power spectral densities (PSD's) used in the steam
generator design [7,15], the required forcing functions are generated using an inverse Fourier transform algorithm
[16]. Since the discretized PSD of the forcing function is defined as the density of the mean square value of the
forcing function in the interval Aco at the frequency a>;, an expression for the time dependent forcing function
representing turbulent excitation of the tubes in the U-bend region of a steam generator can be accurately
represented by a Fourier series of the form;

N

F(t) =PKrfE [2A/SC/;.)]05sin(coY + $ ) ( 3 )

where;
pV = mass flux (p = density, V= flow velocity)
d = tube diameter
S(f) = PSD deduced from experiments [7,15]
o>, = frequency (radian) = 2%fj, w h e r e / = frequency (Hz) of each harmonic
<&; = phase angle
N = number of harmonics contributing to the total force

The value of the phase angle <&, lies between 0 and 27t and is selected randomly for each harmonic consistent
with the random nature of turbulence. For a force distributed over an element length Le, the force acting at each
node F'(t) is evaluated as F'(t)=0.5 L,F(t) for the elements described in [23], assuming it to be fully correlated
across each span. In the U-bend region of a typical steam generator, the flow regime is two-phase. Using an
experimentally determined PSD for air-water, such as suggested in [15], to represent the actual steam-water
regimes that exist in U-bend regions of operating boilers can be overly conservative. An approach for adjusting
PSD's based on air-water data for two-phase regimes is given in [7].

Fluidelastic Forcing Function

As with the turbulent forcing function described in the previous section, the fluidelastic forcing function, Ff, is
established using the results of the thermalhydraulic analysis. The particular form used replicates the instability
predicted by the semi-empirical Connors' model for flow velocities that exceed a specific tube critical crossflow
velocity. Alternate approaches [4,6] using a more rigorous theory, lack the experimental database needed to apply
them to two-phase flow applications. In the present analysis, the time domain fluidelastic force Ff(t) is based on
the formulation described in [3]. It is an approach whereby nonlinear models of tubes can be driven by time
dependent forces that predict the variation of damping with flow velocity that is consistent with Connors'
equation. Considering the transverse tube motion in a mode of vibration, an expression for the time-dependent
fluid destabilizing force iy under a fluid cross-flow velocity Fat time t is obtained as;
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where;

x
V
G>

L
Ck

P

471

CO

the velocity of transverse tube motion
flow velocity assumed constant over the tube length L
participating mode frequency at time t
tube length
empirical fluidelastic coefficient
fluid density

(4)

The calculation of the current participating mode frequency, a), at each instant of the solution, is an important
aspect of the formulation. Throughout each nonlinear time domain simulation, a modified form of Rayleigh
quotient is used for estimating o> at time t. Use of equation (4) in conjunction with the equations of motion (1)
provides a means of including fluidelastic forces with both spatial and temporal variations in p and Finto the time
domain. The fluidelastic forces are distributed over an element length L, and, as with the external forces, are
applied to the three-dimensional beam model.

System Damping

An important parameter in any dynamic simulation is
the damping that characterises the amount of energy
dissipated from the system. Various estimates of
damping in operating steam generators have been
obtained from experiments and in-situ measurements.
In [8,9] guidelines are suggested for evaluating the
damping ratio, £, in terms of viscous, support and
two-phase damping. Limited data is available for
flow-regimes of steam-water [10]. Measurements of
the total damping ratio for tubes in air have also been
taken in operating steam generators [11]. The
comparison of damping ratio versus frequency based
on guidelines and measured values with the
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Figure 7
Damping in Steam Generator U-Bend Region

proportional damping formulation used in a typical simulation of steam generator FIV is shown in Figure 7.

Support Conditions

In an operating boiler, the support conditions depend on the support geometry, manufacturing tolerances,
operating conditions, tube and tube support material. The range of typical support geometries used in steam
generators is depicted in Figure 8. The relative effectiveness of the support has a significant influence on the
dynamic properties (and response) of the system. The shape of the support along with the magnitude of support
clearance and misalignment can have a profound effect on the degree of tube wear at the support location. Thus,
it is important to accurately model the tube to tube support interface if a nonlinear FFV simulation, representative
of the particular operating steam generator, is to be obtained. Nonlinear supports are modelled using analog
elements [24]. These elements describe the arbitrary support shapes shown in Figure 8, using a discretized unit
normal vector approach.
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The element tracks the trajectory of a point
representing the neutral axes of the tube element on a
constraint of arbitrary geometry. The interaction
between the tube and supports is modelled with a
stick/slip model based on a general three dimensional
contact algorithm [17]. If the resultant tangential force
is greater than the friction force, the tube slips on the
support and wear results, otherwise it sticks to the
support surface and does not move. The model
accounts for static and dynamic friction.
Representative coefficients of friction for this class of
problem have been reported [18].

Work Rate Definition and Wear Correlations

Drilled Hole,
Clearance

Broached Hole,
Clearance

Separated Scallop Bar,
Concentric Tube

Misaligned Scallop Bar,
100% Tube Offset

Figure 8
Typical Tube Support Conditions

The potential for tube fretting wear damage is assessed using a time-averaged work rate parameter, w. Wear data
is generally correlated [2,20] with w and is usually defined as the time-averaged product of the normal component
of impact force and sliding velocity:

where;
" = -JFn(f)xr(f)dt (5)

Fn(t) = normal impact force
total simulation time
sliding distance per unit time

Using the system response, the work rates for the nonlinear elements representing the tube supports of interest
are calculated. Since the work rate is related to wear rate, it provides a relative indication of which supports are
more susceptible to fretting wear. The tangential sliding velocity xT, is obtained from an orthogonal tensor
transformation of the global three dimensional tube response arising from the three dimensional excitation at the
nonlinear support. The contact model [17] includes stick/slip friction and accounts for inelastic contact thus
providing an accurate assessment of the tangential (e.g. sliding) motion and resulting work rate. The volumetric
wear rate, v, at the tube to tube support interface is obtained from experimental correlations with appropriate
definitions of work rate [20].

Fatigue Crack Growth Model

Damage due to fatigue crack growth of postulated crack-like flaws, a0, in process equipment tubes during steady
state or transient FIV loading can be carried out using a linear-elastic fracture mechanics (LEFM) flaw model
together with a fatigue crack growth rate model [21]. For linear-elastic stress states, the potential for non-ductile
extension of a crack is characterized by the crack-tip stress intensity factor K,. The value ofKI is a function of
crack size, shape, orientation and the global stress state in the tube. The use of LEFM is warranted provided that
the plasticity associated with the crack-tip does not extend through the remaining ligament. This requirement is
met for high-cycle fatigue resulting from flow-induced random turbulent excitation. In the evaluation of steam
generator tubes, the time histories of tube response in terms of internal moments and forces are obtained from the
nonlinear time domain FIV simulation.
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The number of cycles and the magnitude of stress ranges corresponding to each of these cycles is determined
using an appropriate cycle counting algorithm such as the rainflow technique. For each of these cycles, the
increment in crack growth, da, is evaluated using a flaw model in conjunction with a fatigue crack growth model
[21] of the form;

where;
•^L = C{AKf
dN

for AK > AK threshold (6)

da/dN
C,n
AK
Av =
" " • threshold

fatigue crack growth per cycle
material parameters: fatigue crack growth rate constant and exponent respectively [22]
cyclic range of crack-tip stress intensity, K}

threshold value of AK below which no observable crack growth occurs

Equation (6) is used to evaluate the accumulated crack growth, a, over a specified time interval. In the case of
steam generators, the evaluation period usually corresponds to the length of the transient, or, in the case of steady
state operation, over the periodic inspection interval. The final length of the crack at the end of the simulation
can then be compared to an allowable value to determine the remaining operating life of the tube.

PROBABILISTIC ASSESSMENT OF FLOW-INDUCED VTBRATION DAMAGE

The life management of process equipment requires predictive analyses to assess variations in support geometry,
process conditions, environment and retrofits. It is essential to provide accurate estimates of tube integrity (i.e.
fatigue, fretting wear) under the influence of these changes. In general, there will be a degree of uncertainty in
much of the data required for these predictions. In some cases, probability distribution functions of critical
parameters such as support clearance can be derived from actual inspection data. In others, the distribution can
be estimated from experiments. Thus, a more realistic approach is to treat these parameters as random variables
with probability density functions. The concepts previously described culminate in a probabilistic approach to
the prediction of work rate (i.e. the main parameter in fretting wear) in
the U-bend region of an operating nuclear steam generator. In [25] the
nonlinear deterministic computational techniques described earlier are
applied in Monte Carlo simulations in order to provide a probability
density function (PDF) and cumulative distribution function (CDF) of
wear work rate w for a tube support. This procedure may also be
applied to other damage mechanisms such as fatigue produced by flow-
induced vibration.

Nonlinear Dynamic
Mode] Parameters

.v;. V2 ym

input 'y'

Random Variables
Z;, Z2....Zn

Defined by Probability
Density Function f^z)

input 'Z'

Nonlinear Dynamic Simulation

output

Monte Carlo Simulation

The Monte Carlo method considered herein, is designed to obtain the
probability distribution of a general nonlinear function (i.e. work rate
w ) from a set of independent random variables, Z. These variables and
their probability distributions, fz(Z), provide a convenient way of
accounting for uncertainties. In the method, Z is obtained from a set of
random numbers representing a sample of each of the critical
parameters under consideration.

Output Parameter:
Work Rate w

C(w) T

w = g(Z)

Cumulative 1-°"
Distribution

Function

Figure 9
Monte Carlo Simulation Flow Diagram
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In the application to FIV, the output function, w = g(Z), relating the output variable to the random input variable,
Zh represents a complex relationship involving nonlinear behaviour. It is obvious that w is a nonlinear function
of the various random parameters, Z, such as support clearance, tolerances, etc., and can be written as a function
of Z required for the Monte Carlo simulation. Using Z as input, a nonlinear dynamic simulation is carried out to
obtain the dependent random (i.e. output) variable, w. This is repeated for N samples to obtain an estimate of
the probability density function, f^(Z), for the dependent random variable. As iV approaches infinity, this function
converges to the exact result. The Monte Carlo simulation is outlined in Figure 9. The output of this technique
is the cumulative distribution function, C(w), from which the probability of exceeding a specific value of w can
be obtained. The expected value of w is approximated by the statistical average of the iV samples of w.

APPLICATION TO NUCLEAR STEAM GENERATORS

The efficacy of the procedure described in the preceding sections for applications involving operating process
equipment is demonstrated by an application involving the U-bend region of a nuclear steam generator. In this
example, a large radius U-bend tube, subject to two-phase flow, with scallop bar type supports at 40° in the hot
and cold leg regions, at 90° and at 7* support plates is considered. The flow regime is determined from a
thermalhydraulic analysis. Figure 10 shows the geometry of the finite element tube model along with the support
data, boundary conditions, profile of the two-phase flow distribution and model parameters. In-plane (i.e. in the
plane of the U-bend, directions X,Y) and out-of-plane (i.e. out-of-plane of the U-bend, direction Z) motions (full
three-dimensional motion) are included. For each set of random variables, the nonlinear response time history
is computed using the explicit module of a three dimensional nonlinear finite element computer code [24] for
sampled steady state conditions over a four second time interval that is representative of steady state operating
conditions. The location and local axis of the nonlinear supports are shown in Figure 10. In the simulations
conducted herein, the following parameters are taken as the independent random variables: tube to support
misalignment (e.g. offset), preload due to drag forces and manufacturing, radial clearance and friction.

The offset accounts for the position of the tube within its support, where 100% denotes initial contact of the tube
with the support in the inplane direction. The empirical fluidelastic constant, Ch is taken to be uniformly
distributed within the range associated with this type of component. The effect of the variability in these
parameters on the tube work rates at the supports is assessed using the probabilistic method and reported in [25].
In general, the probability distributions for some of these variables could be established from periodic inspection
data. For the present work, uniform probability density functions are used, although alternate forms can be
included as required. The range of values for the parameters used in each simulation is given in Table 1.

Parametric Analysis

In [25] the use of a probabilistic approach to perform sensitivity analyses is discussed. Unlike a traditional
sensitivity analysis where the parameters are held constant with the exception of the one to be varied, all the
independent parameters are varied randomly in the probabilistic analysis. The effect of each variable is
determined by building a map of the output variable (e.g. work rate, fatigue crack growth) versus the parameter
of interest. In [25], maps of this nature have been constructed for a number of parameters related to steam
generator tube wear and the significance of each parameter is discussed. Of crucial importance to any Monte
Carlo simulation of this kind, is the number of samples, N, used. Testing [25] has shown that a minimum of 1000
samples is sufficient for good statistical accuracy.
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Variable

Friction, v

Radial Gap
(mm)

Fluidelastic
Coefficient, Ck

Preload (N)

Offset (%)

Min.
Value

0.05

0.0127

4.0

0.0

0.0

Max.
Value

0.50

1.27

6.0

22.24

100.0

Table 1
Random Variable Support Data
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Tubs Dimensions: Material Properties:
0.889 m

Results

Outside Diameter = 12.95 mm Modulus of Elasticity = 204.0 GPa
Inside Diameter = 10.74 mm Density = 10.63 x 103 kg/m3

Poisson's Ratio = 0.29

broached hole nodal trajectory

clearance

Figure 10
U-Bend Nonlinear Finite Element Model

Orbital
motion

The probability density function (PDF) of work rate corresponding to 2000 samples for each distribution is given,
along with its cumulative distribution function, for the 40° hot leg support as shown in Figure 11. The cumulative
distribution and probability density functions of work rate provide the probability of exceeding specified values
of work rate. In general, the results indicate that the work rate at this support will lie below 50 mW approximately
93% of the time. Similar results are obtained for the remaining supports. In very few cases involving a wide range
of uniformly distributed random input parameters, excessive values of work rate are observed as shown in the
cumulative distributions. Examination of the input parameters associated with the few events leading to
unacceptably high work rates, can be used to identify the key contributors to damage in operating components.

Hot Leg 40° Support Mean Values for
1000 samples = 18.9 mW
1500 samples = 19.4 mW
2000 samples = 19.1 mW

25 50 75 100
Work Rate [mW]

125

Figure 11
PDF and Cumulative Distribution Work Rate Function

Steam Generator Hot Leg Support

0.8

0.6

0.2

150

I
I
I
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CONCLUSIONS

Significant advances have been made in computational methods for resolving FIV related problems in process
equipment that can assist with the life management and maintenance of critical operating equipment. The Monte
Carlo method provides a way of quantifying the effect of uncertainties in operating parameters on FIV related
fretting and fatigue damage that is consistent with current inspection and licensing practices. Sustained research
and development in the areas of fluid-structure coupling, and the compilation of global databases for FIV
parameters used in establishing distribution functions and guidelines are paramount to the continued improvement
in predictive capabilities.
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DISCUSSION

Authors: R.G. Sauve, M. Tabatabai, G. Morandin, M.J. Kozluk, Ontario Hydro

Paper: Application of Flow-Induced Vibration Predictive Techniques to Operating Steam
Generators

Questioner: D. Duncan, Lockheed-Martin

Question/Comment:

(1) What is the magnitude of the velocity in the U-bend?

(2) What type of velocity are you using for the modelling?
(3) Is the damping a function of void fraction?
(4) Are any thermal/hydraulic parameters used as variable in the Monte Carlo calculations?

Response:

(1) Maximum velocity is about 13 m/sec.
(2) Homogeneous mixture velocity based on the minimum gap.
(3) Yes, the two-phase damping is used as a part of 3-component damping calculation.
(4) Yes, the list presented in presentation includes only a limited number of parameters that are

used in the Monte Carlo calculation.
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BABCOCK & WILCOX CANADA STEAM GENERATORS
PAST, PRESENT AND FUTURE

J.C. Smith

ABSTRACT

The steam generators in all of the domestic CANDU plants, and most of the foreign CANDU plants,
were supplied by Babcock & Wilcox Canada, either on their own or in co-operation with local
manufacturers. More than 200 steam generators have been supplied. In addition, Babcock & Wilcox
Canada has taken the technology which evolved out of the CANDU steam generators and has
adapted the technology to supply of replacement steam generators for PWR's. There is enough
history and operating experience, plus laboratory experience, to point to the future directions which
will be taken in steam generator design.

This paper documents the steam generators which have been supplied, the experience in operation
and maintenance, what has worked and not worked, and how the design, materials, and operating and
maintenance philosophy have evolved. The paper also looks at future requirements in the market,
and the continuing research and product development going on at Babcock & Wilcox to address the
future steam generator requirements.

Babcock & Wilcox Canada
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BABCOCK & WILCOX CANADA STEAM GENERATORS
PAST, PRESENT AND FUTURE

J.C. Smith

INTRODUCTION

Nuclear steam generators in both CANDU reactors and Pressurized Water reactors (PWR's) perform
the same function, and are geometrically similar. (See Figure 1). Babcock & Wilcox Canada has
supplied more than 200 steam generators to CANDU reactors in Canada, and worldwide, and is also
using the same technology which evolved from 40 years of design, manufacturing and operational
experience with the CANDU steam generators for supply of replacement steam generators to PWR's,
to date entirely in the USA Including steam generators fabricated in co-operation with local partners
such as Hanjung in Korea, B&W Canada has contracted for 223 CANDU steam generators, and 34
PWR replacement steam generators to date. The steam generators designed in the early part of this
40 year history have had a reasonably good operating history, compared to worldwide standards.
However, B&W Canada has constantly worked on improvements to the product. The product which
has evolved from the 40 years of experience is currently being supplied to the US PWR replacement
steam generator market and current CANDU projects. Further evolution is anticipated in the future,
and this paper will also address what is seen as future steam generator trends.

HISTORICAL STEAM GENERATOR PERFORMANCE

Some of the earliest steam generator experience by Babcock & Wilcox Canada was at the NPD
reactor in Rolphton (shut down in 1987) and at the KANUPP plant in Pakistan (still in operation).
However, the most detailed feedback from operation is at the Pickering, Bruce, Darlington, and
earlier 600 MWe CANDU plants. The following is a summary of the steam generators and their
performance by plant:

Pickering:

Reactor rating: 515 MWe
SG's per reactor: 12
Approx Wt. Per SG: 80 tons
No. of tubes/SG: 2600
Tube size: 13 mm
Tube Material: Monel 400
Tube supports:

Pickering A: CS Lattice grids Startup 1971 -1973
Pickering B: CS Broached Plates Startup 1984-1986
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Plugging through end of 1996: (plugged tubes per reactor, out of 31,200 tubes/reactor) (Ref 1)
Pitting under sludge: (Phosphate treatment 1st 3 years operation)

Pitting under sludge in tube supports. Stopped by chemical cleaning
performed in 1992.

Unitl
Unit 2
Unit 3
Unit 4
Unit 5

Unit 6
Unit 7
Unit 8

115
3
1
0
1913

4
0
21

The performance of Pickering has generally been good. The serious chloride pitting problem in Unit
5 demonstrated two things:
1. Sludge will accumulate relatively quickly in broached plates compared to lattice grids
2. Monel 400 is susceptible to chloride pitting. Monel 400 had stood up very well in Pickering A,
and the view that it was impervious to corrosive attack was suddenly changed. When pitting was
searched out under tubesheet sludge in Pickering 1 in 1994, the resultant plugging (shown above) was
essentially the first serious plugging in the 25 year + history of Pickering A.
The Pickering units have integral preheaters. There has been no fretting whatsoever in the preheaters.
There has been no U-bend support fretting. It is believed, however that this is partially due to the
circulation (Units are designed for a circulation ratio of about 5.5) possibly being lower than predicted
due to separator carryunder. Separator carryover is judged as acceptable, although not exceptional.
The separators used at Pickering (IMP model) are adapted from fossil fuel boilers.

Bruce:

Reactor rating: 769 MWe (Bruce A) 860 MWe (Bruce B)
SG's per reactor: 8
Approx. Wt. Per SG: 150 tons (Bruce B)
No. of tubes/SG: 4200
Tube size: 13 mm
Tube Material: Alloy 600, HTMA + Stress Relieved
Tube Supports: CS Broached Plates:
Startup: Bruce A: 1977-1979

BruceB: 1984-1987

Plugging through end of 1996:
Unit 1:
Unit 2:
Unit 3:
Unit 4:
Unit 5:
Unit 6:
Unit 7:
Unit 8:

59
1861
56
54
107
32
110
61

Lead induced crac

Fretting at AVB's

Fretting at AVB's
Fretting at AVB's
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In early years of operation, the Bruce SG's have been good, but after some aging, problems have
shown up. The broached tube supports are accumulating sludge, and extensive lancing has been
required in tube supports, U-bend supports, etc. Although the amount of actual plugging to date
appears quite low (except for Unit 2 which experienced a unique lead ingress problem), there is
extensive circumferential cracking, at the tube roll transitions, from the secondary side in virtually all
of the SG's. This leads us to conclude that Alloy 600 will fail eventually, even in a HTMA condition
with stress relief, and with relatively low T-hot (T-hot at Bruce is 579 F). The fretting in Bruce B
which is not seen in Bruce A is likely contributed to by the use of a newer generation of GXP primary
separators in Bruce B, which work better in the carryunder area and hence deliver more flow to the
U-bend region. The separators in Bruce B are showing signs of flow-assisted corrosion in several
areas. The cracking of the alloy 600 is cause for consideration of replacement of the steam generators
at Bruce.

Darlington:

Reactor rating: 881 MWe
SG's per reactor: 4
Approx Wt. Per SG: 380 tons
No. Of tubes per SG: 4664
Tube size: 15.9 mm
Tube Material: Alloy 800
Tube supports: SS Lattice Grids
Startup: 1990-1993

Tube Plugging through end of 1996:
Unit 1: 0
Unit 2: 0
Unit 3: 0
Unit 4: 10

The performance of these units has been quite good. Although it is not yet reflected in the plugging
statistics, there is now evidence of some U-bend fretting at Darlington. The Darlington separators,
labelled "CAP-1" design, have performed very well (carryover measured at 0.06%) and were the
model that later separators ("CAP-2" and "CAP-3") used in the PWR replacement SG's were
modelled from. The PWR replacement SG's also use lattice grids and U-Bend supports derived from
the Darlington design. The Bruce experience caused B&W Canada to move back to lattice grid tube
supports, and non-restrictive flat-bar U-bend supports.

CANDU 6 Units

B&W Canada has supplied (or is in the process of supplying) steam generators for: Pt. Lepreau,
Gentilly II, Cordoba (Argentina), Wolsong 2,3, and 4 (Korea), Cernavoda 1&2 (Romania), and
Qinshan 1&2 (China). In the case of the Wolsong and Qinshan units, the design is by B&W Canada,
and fabrication is split between B&W Canada and Hanjung (Korea).
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Reactor rating; 680 MWe
SG's per reactor: 4
Approx wt. Per SG: 240 tons
No. of tubes/SG: 3530
Tube size: 15.9 mm
Tube material: Alloy 800
Tube Supports:

Cordoba: CS broached Startup 1984
Lepreau, Gentilly II: SS broached plates Startup 1983
Ceraavoda, Wolsong, Qinshan: SS Lattice Grids. Startup 1996-2002

Tube Plugging through end of 1996:
Pt. Lepreau 48 Primarily pitting
Gentilly II 3
Cordoba 10
Cernavoda 1 0
Others: Not yet in operation

Generally, the performance of these steam generators has been good. In the newer units, from
Cernavoda onwards, the SS lattice grid design has been adopted, as well as newer generations of
CAP separators (CAP-2 and CAP-3). The MWe output of Cernavoda, from startup, has been higher
than expected, contributed to by the efficiency increase from the very low carryover from the CAP
separators. Similar MWe output increases have been detected at every PWR into which B&W
Canada replacement steam generators have been installed. Although the steam separator type used
in Pt. Lepreau, Gentilly n, and Cordoba is the same type as used in Bruce B, the flow assisted
corrosion detected at Bruce B has not as yet been seen in the CANDU 6 units. There is a level of
concern about Pt. Lepreau due to its history of phosphate water treatment, and seawater cooling.
There is sludge in the steam generators (tubesheet, first 2 tube support plates) and there has been
pitting under the sludge. The problem has mainly been that the pitting has resulted in an unusually
high number of leak-related forced outages. Otherwise the CANDU 6 SG's have performed well.

DESIGN SYNTHESIS FOR PWR APPLICATIONS:

The B&W Canada design of replacement steam generators for PWR's is described in detail in another
paper in this Conference (Ref 2). The design decisions in the PWR RSG's evolved as follows:

Tubing: All of the SG's being replaced by B&W Canada had either LTMA or HTMA Alloy 600
tubing. The objective in B&W Canada's RSG designs is to provide a RSG with the BWC features
but without changing the overall shell geometry. Therefore, drastic changes to thermal performance
of tubing (from that of alloy 600) are undesirable. Alloy 690 has a lower thermal conductivity than
alloy 600, but equal or higher strength, depending on the exact specification. Alloy 800 has
considerably lower conductivity than alloy 600, lower strength, and has shown signs in the laboratory
of susceptibility to chloride cracking and pitting, and caustic cracking (cracking in alloy 800 has not
been observed in the field). Properly specified, alloy 690 is immune to virtually every imaginable
steam generator water chemistry, except some of the most aggressive lead-caustic combinations.
B&W Canada therefore elected to use alloy 690 in all PWR replacement steam generators.
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Tube Supports: Due to the relatively good performance of B&W's lattice grid SG's compared to the
broached plate units, B&W Canada is using exclusively SS lattice grids and iiat-bar U-bend supports
in its PWR Replacement Steam Generators.

Separators: The latest generation of CAP separators developed by B&W Canada, the CAP-3, have
been laboratory tested full scale, full flow in steam and water, to steam flows of 7.5 kg/sec/separator,
whereas the most heavily loaded separators in operation see only 5.3 kg/sec/separator steam flow.
Therefore, there is a margin of over 40% between actual and tested conditions. The B&W Canada
separators in RSG's have performed very well, in some cases showing carryover as low as 0.01-
0.015%. All of the PWR's where B&W Canada RSG's have been installed have reported increased
electrical output (typically 7-10 MWe) at constant 100% reactor power due to the increased plant
thermal efficience from the very dry steam.

Maintainability: On thing learned from past experience with steam generators is that steam generators
will always need maintenance, and the best plan is to accommodate maintenance right from initial
design. All of B&W Canada's replacement steam generators incorporate:

• numerous large handholes above the tubesheet face.
• numerous inspection ports in the shell from which the tube bundle can be viewed and

accessed. In some steam generators there are 2 inspection ports at every tube support
elevation, plus U-bend inspection ports.

• manway, handhole and inspection port designs which allow use of automatic stud tensioning
equipment.

• permanent access tunnels through the separator modules to allow access to the tube bundle
and feedwater header without removing any separators

*• permanent row/column markings on the tubesheet for remote video placing of eddy current
probes.

• no free-lane obstructions to water lancing at the tubesheet elevation..recessed blowdown
headers are used exclusively.

*• in some of the more recent RSG's, extensive use is being made of forged shell sections (vs.
plate) in order to reduce periodic in-service inspection requirements.

Steam Generators replaced to Date By Babcock & Wilcox Canada

Plant # of SG's Startup Date (with B&W RSG's)

Millstone 2
Catawba 1
Ginna
McGuire 1
McGuire 2
St. Lucie 1
Byron 1
Braidwood 1
D.C.Cook 1
Calvert Cliffs 1
Calvert Cliffs 2

2
4
2
4
4
2
4
4
4
2
2

1992
1996
1996
1996
1997
1998
1998
1999
2000
2002
2003
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FUTURE TRENDS IN REPLACEMENT STEAM GENERATORS

To date all SG's replaced by B&W Canada have been those with mill annealed alloy 600 tubing.
However, there is evidence that steam generators with mill annealed plus heat treated alloy 600 tubing
may yet require replacement. This category of steam generators includes:

• Bruce A and B steam generators (HTMA + Stress relief at 1125 °F)
• B&W Once Through Steam Generators (OTSG's) at seven operating PWR's in the US.
• Steam generators in 16 other US PWR's where the present SG's have alloy 600 tubing with

thermal treatment (7 of which have already replaced SG's once).
• This is in addition to 17 US reactors presently running with alloy 600 MA where no

commitment to SG replacement has been made.

In many cases, a commitment to SG replacement in the US will be tied integrally to license renewal.
The US NRC has recently begun receiving license renewal applications, and has taken steps to make
the process of license renewal both faster and more predictable. As the US Utilities work through
deregulation, and stranded cost issues, license renewal will be an more popular way to get the
maximum benefit out of the relatively new nuclear plants with thermally treated alloy 600. However,
this will result in some additional SG replacements as it becomes apparent that thermally treated alloy
600 has limitations.

CONCLUSIONS:

Based on over 40 years of designing, fabricating, and maintaining nuclear steam generators, B&W
Canada has evolved a high reliability design for either new or replacement steam generators. It
appears that there is going to be a future demand for such products, in new plants, plants with alloy
600 MA tubing (replacements), and also plants with alloy 600 with either Stress Relief (B&W plants)
or Thermally treated tubing. All replacements are anticipated to have Alloy 690 tubing.

REFERENCES:

1. Dow, B.L. Jr., "Steam Generator Progress Report Revision 13", Research Project WO3580-06,
EPRI, October, 1997

2. Klarner, R. et al, "Design and Performance of BWC Replacement Steam Generators for PWR
Systems", Proceedings of 1998 CNS 3rd International Steam Generator and Heat Exchanger
Conference, Toronto, June 1998.
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DISCUSSION

Authors: J.C. Smith, Babcock & Wilcox

Paper: Babcock & Wilcox Canada Steam Generators, Past, Present and Future

Questioner: K. Bagli

Question/Comment:

This is more of a comment than a question and it is not fair to address it to B&W alone, since
OH is also partly responsible. We have not "stuck to our knitting" and learnt our lessons well.
The Bruce-A SG design with the common steam drum and the preheaters is one example. The
broached-hole TSPs is another. In hindsight, we have done a poor job in the evolution of the
CANDU SG design.

Response:

I assume that the question implies that the Bruce A design, overall is bad. Note that the Bruce A
design evolved from Douglas Point (horizontal drum concept) and use of 2-zone reactor (which
led to the preheater concept).

By the time we arrived at Bruce B, we got rid of the horizontal drum.

Bruce A and B both use CS broached plate tube supports. The use of broached plates in Bruce A
was the result of:

• Some bad fabrication experience with lattice grids at Pickering A. Some repairs to the lattice
grids were required at site prior to SG installation.

• AECL's preference was for a Westinghouse or Douglas Point style of drilled-hole tube
support. B&W was already using broached plates in SGs in the US and B&W felt broach
plates were a better "solid plate" alternative than drilled-hole plates. Alloy 600 tubing was
the "material of choice" in the industry by 1970. The whole Bruce A design was a set of
compromises between AECL, OH and B&W.

Author's Comment:

There are great resources available in Canada to solve SG problems, but it is possible to have
"too many cooks in the kitchen". B&W's experience in the US is very different. In the US, we
get a functional specification and B&W must make all the design/material decisions, and then
put a very comprehensive warranty on the equipment. There is no question of responsibility.
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Questioner: M. Mirzai

Question/Comment:

What was the basis for B&W selecting 1-690 over 1-800? Was it just lab data, or did you look at
all at the good experience of CANDU SGs or KWU?

Response:

Alloy-690 was chosen for replacement SGs to replace SGs with Alloy-600. In a replacement SG,
we are trying to work within the original SG geometry. Alloy-690 has a slightly lower
conductivity than Alloy-600, but is a stronger material when properly specified. Alloy-800 has a
much lower conductivity (than Alloy-600) and is a weaker (ASME Sm) material. Therefore, for
equal performance, a bundle with Alloy-800 tubing has to have considerably more surface area
(tubes must be thicker due to strength), which sometimes cannot be done within the confined
geometry of the original SG.

In addition, despite the good field performance of Alloy-800 (Canada and KWU experience), in
side-by-side lab tests we have clearly demonstrated the corrosion behaviour of Alloy-690 to be
superior. Alloy-800 can be cracked and/or pitted in chlorides, pitted in aggressive phosphate
environments, and cracked in caustic environments. B&W has developed a very restricted
specification for Alloy-690 with low carbon content, high mill anneal temperatures and
processing (co-developed with a tube mill) which gives

• higher strength than Alloy-600.
• engineered grain boundaries with very high cracking resistance
• enhanced inspectability (very high signal/noise ratio)

We have a material now which we cannot crack, except in extreme lead-caustic mixtures at
elevated temperatures which usually crack the autoclave before the tubes! Many of the test
chemistries which will not harm 690 destroy both Alloy-600 and 800.

Questioner: F. Boyd

Question/Comment:

I infer different (water) chemistry and even for plants with similar SGs. Is this so? If so, why?

Response:

In the 1970s some plants ran on phosphate water treatment, some ran on AVT (all volatile
treatment). Phosphates were mainly a good buffer against chloride ingress. A few plants are still
on phosphate chemistry (mainly seawater cooled plants).
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Reasons for differences plant-to-plant:

• limitations on what the plant equipment can produce in terms of treated water
• technology which existed at time of plant design. At time of Bruce design, "state-of-the-art"

was
• AVT, big focus on oxygen, less focus on other potentially troublesome elements
• broached plates
• Alloy-600 tubing

B&W's current recommendations for water chemistry are very much in line with EPRI
Guidelines, Rev. 3. This plus

• Alloy-690 tubing
• SS lattice-type tube supports
• high circulation ratio in the SGs

will result in very long-lasting steam generators. For once-through steam generator plants, we
also recommend strongly condensate polishers. Polishers are used extensively in KWU plants,
which has contributed to the apparent good overall record of Alloy-800. KWU did experience
pitting of Alloy-800 in some of their plants with "high phosphate" treatment, leading to a switch
to either "low phosphate" or AVT.
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EVALUATION OF MATERIALS' CORROSION AND CHEMISTRY ISSUES FOR
ADVANCED GAS COOLED REACTOR STEAM GENERATORS USING FULL

SCALE PLANT SIMULATIONS

By

I S Woolsey, A J Rudge and D J Vincent ^
CA0000220

ABSTRACT

Advanced Gas Cooled Reactors (AGRs) employ once-through steam generators of unique
design to provide steam at approximately 530° C and 155 bar to steam turbines of similar
design to those of fossil plants. The steam generators are highly compact, and have either a
serpentine or helical tube geometry. The tubes are heated on the outside by hot CO2 gas, and
steam is generated on the inside of the tubes. Each individual steam generator tube consists
of a carbon steel feed and primary economiser section, a 9%Cr steel secondary economiser,
evaporator and primary superheater, and a Type 316L austenitic stainless steel secondary
superheater, all within a single tube pass.

The multi-material nature of the individual tube passes, the need to maintain specific
thermohydraulic conditions within the different material sections, and the difficulties of steam
generator inspection and repair, have required extensive corrosion-chemistry test programmes
to ensure waterside corrosion does not present a challenge to their integrity. A major part of
these programmes has been the use of a full scale steam generator test facility capable of
simulating all aspects of the waterside conditions which exist in the plant. This facility has
been used to address a wide variety of possible plant damage/degradation processes. These
include; single- and two-phase flow accelerated corrosion of carbon steel, superheat margins
requirements and the stress-corrosion behaviour of the austenitic superheaters, on-load
corrosion of the evaporator materials, and iron transport and oxide deposition behaviour. The
paper outlines a number of these, and indicates how they have been of value in helping to
maintain reliable operation of the plant.

Nuclear Electric Ltd
Barnett Way

Barnwood
Gloucester GL4 3RS,

UK
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EVALUATION OF MATERIALS' CORROSION AND CHEMISTRY ISSUES FOR
ADVANCED GAS COOLED REACTOR STEAM GENERATORS USING FULL

SCALE PLANT SIMULATIONS

I S Woolsey, A J Rudge and D J Vincent

1. INTRODUCTION

Advanced Gas Cooled Reactors (AGRs) employ once-through steam generators of unique
design to provide steam at high temperature and pressure, approximately 530° C and 155 bar,
to steam turbines similar to those of fossil plants. Steam is generated on the inside of the
steam generator tubes, as a result of heat transfer from hot CO2 gas on the outside. Each
individual tube consists of a carbon steel feed and primary economiser section, a 9%
chromium steel secondary economiser, evaporator and primary superheater, and a Type 316L
stainless steel austenitic superheater. The three materials are joined by short tube transition
pieces, within a single tube pass, inside the heat exchanger. Individual steam generator
designs are highly compact, having either a serpentine or helical tube geometry. These design
features make their inspection and repair extremely difficult.

The multi-material nature of the individual tube passes and thermohydraulic conditions within
them present particular waterside corrosion concerns, and have required the development of
specific feedwater chemistries to ensure waterside corrosion damage is minimised throughout
the steam generators. To evaluate these, an extensive corrosion-chemistry research and
development programme has been carried out, which has included extensive use of a steam
generator test facility capable of full scale simulation of the waterside conditions within the
plant. The test facility is also vital in demonstrating that the plant operating conditions are
benign, due to the inability to fully inspect the plant.

The value of using such full scale plant simulations to resolve plant chemistry and corrosion
issues is illustrated in the following sections. Before considering these, however, it is
appropriate to give a brief description of the facility itself.

2. DESCRIPTION OF STEAM GENERATOR TEST FACILITY

Figure 1 shows a schematic diagram of the main parts of the test facility. The main test
section illustrated in the figure has a serpentine configuration, which replicates a single tube
of the Heysham 2 AGR steam generators.

Alternative test sections are available, and it is possible to switch between these quite simply,
whilst still utilising the other main components of the rig's water circuits. The other main test
sections available are: a helical tube test section, which simulates the Heysham 1 and
Hartlepool AGR steam generators; a smaller serpentine test section fabricated entirely from
l%Cr steel, which simulates the decay heat boilers at Heysham 2, and a third serpentine test
section fabricated from carbon steel tubing which simulates the once-through steam generators
of the MAGNOX reactors at Wylfa. In each case the main test section is a single full size
tube replicating that in the plant itself.
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The tube materials and fabrication processes used to construct the main boiler test sections
are also, as far as possible, those used in the plants themselves. It is possible, however, to
introduce new sections of tubing or special test pieces as may be required by particular test
programmes. The schematic diagram of Figure 1 illustrates this, showing an additional test
assembly for flow accelerated corrosion (FAC) studies in the feed section of the rig. Such
additional test assemblies are constructed in a manner to suit the individual requirements of
the problem being addressed.

Feed heating is provided by a regenerative feed heater fed from the steam condensing part
of the circuit (not shown), which heats the feed water to the main test section to a pre-
determined temperature. For AGR steam generator studies this is typically around 150° C, but
higher and lower temperatures are achievable.

The main boiler test section is heated by resistance heating of the tube itself using low
voltage 50Hz current. The power input is in a three phase delta arrangement with one phase
earthed and connected to the top and bottom of the heated section. This allows a stepwise
replication of the boiler heat flux profile by using a number of heated sections without the
need for insulating joints. The main test sections also have extensive temperature and pressure
monitoring (including differential pressure measurements) to establish local thermohydraulic
conditions throughout the rig.

The electrical heating can raise the fluid temperatures to those generated in the plant at full
plant flow conditions, typically up to 530° C. For the helical boilers the full plant flow rates
are around 0.21 kgs"1 per tube. Those for the serpentine boilers are higher, and the rig is
capable of delivering flow rates of ~0.5 kgs"1 to the AGR serpentine boiler test section at full
power conditions for all but one of the AGRs. These are equivalent to power inputs of ~500kW
and over 1 MW respectively.

As indicated in Figure 1, the rig incorporates a wide variety of dosing and sampling points.
These can be used to control and monitor the feedwater chemistry very precisely throughout
the rig. Sampling from locations within the main boiler test section provides information
which cannot be obtained in the plant itself. Accurate monitoring of all necessary chemical
parameters on the rig is possible using a dedicated chemical analysis laboratory. All of the
following chemical parameters can be routinely determined:

pH, ammonia, oxygen, hydrazine, direct conductivity, after cation conductivity, sodium,
chloride, sulphate, iron, and silica.

Other species can be determined as necessary for specific tests, eg CO2, H2 etc. The accuracy
of determination of ionic contaminants, such as sodium, chloride etc., is in most cases down
to sub- ugkg"1 levels.

3. MATERIALS' CORROSION & CHEMISTRY TEST PROGRAMMES

The test facility has been used to address a variety of steam generator materials' corrosion and
chemistry issues. These include:

Flow accelerated corrosion (FAC), of the carbon steel and l%Cr feed and economiser tubing
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(later AGR designs adopted l%Cr steel in place of carbon steel).

Two-phase FAC studies of carbon steel evaporator tubing, and the use of amine chemistry to
control it, for MAGNOX once-through steam generators.

Stress-corrosion of the Type 316L SS superheater tubing when subject to wetting on-load, and
the superheat margin at the transition to the austenitic section necessary to avoid this.

On-load corrosion behaviour of the 9%Cr and l%Cr evaporator material when subject to
chemistry fault conditions.

Iron transport and oxide deposition behaviour, and its influence on boiler pressure loss.

Various smaller programmes of work. For example, work related to issues such as alternative
oxygen scavengers, and oxygen consumption by waterside oxides during fault conditions.

It is not possible to cover all of these here. Consequently aspects of specific examples,
representative of issues which have arisen for each of the three main tube materials, will be
described. In addition, oxide deposition studies will be discussed, since these involve all
sections of the steam generator tube.

3.1 Flow Accelerated Corrosion Studies of Carbon Steel Feed & Economiser Tubing

Early studies of flow accelerated corrosion using the test facility were directed at establishing
a feedwater chemistry which would avoid significant single phase corrosion damage of the
carbon steel feed tubing in units having helical steam generators, while avoiding the
possibility of introducing additional corrosion problems elsewhere in the generators and
secondary circuits. These studies have been reported previously [1,2], and resulted in the
adoption of a combined ammonia/oxygen/hydrazine feedwater chemistry for the boilers
concerned. The feedwater chemistry initially adopted for these units, based on the test work,
was:

pH25 9.4 (NH3)
O2 15 ugkg-1

N2H4 30 ugkg-1

This feedwater chemistry was shown to prevent flow accelerated corrosion of the steam
generator feed tubing (the most vulnerable section of carbon steel pipe work). This operates
at 150° C, and protection is provided by the persistence of oxygen throughout this section of
the generator. However, the hydrazine was shown to remove the oxygen in the higher
temperature sections of the economiser, hence avoiding the possibility of enhanced corrosion
and stress-corrosion in the evaporator and superheater sections due to the existence of
oxidising conditions at those locations.

Operating experience with this chemistry regime has progressively led to reductions in the
feedwater pH, and increases in the oxygen and hydrazine dose levels. This has been to
accommodate operational factors related to the condensate polishing plants of the units
concerned. At each stage the changes have been fully validated by additional full scale tests
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using the rig facility[3]. These have demonstrated that the pH can be reduced to at least as
low as pH25 8.5, without risking flow accelerated corrosion of 90° bends in the feed tubing,
providing oxygen dose levels are sufficiently high (> 8 ugkg"1). The current feedwater
chemistry recommendations for AGR helical steam generators are therefore:

pH25 >8.8 (NH3)
O2 25 1

N2H4 ^

The plants have now operated with feedwater chemistry conditions within this range for over
60,000 hours without any failures due to flow accelerated corrosion. Plant inspections have
also failed to detect any damage to date. This is consistent with the test work which indicates
FAC rates at bends in the feed tubing should be < 0.03 mm/year, even at pHs down to 8.8,
providing the elevated oxygen concentration is maintained.

Further single phase FAC studies have been conducted recently, which examined the influence
of feedwater fault conditions on both FAC and iron transport behaviour. These were
conducted primarily to support operation of units with serpentine steam generators, and
examined behaviour which could result from ingress of CO2 into the secondary water circuits,
which can occur under certain fault conditions. This should lead to a reduction in the
feedwater pH, and since the units normally operate with a fully deoxygenated feedwater
chemistry (pH(NH3) -9.4), this could result in increased FAC damage of the carbon steel feed
tubing.

For these tests the rig was operated in the manner set out in Figure 1, with an FAC test
assembly installed in the main feed pipe work. The assembly comprised a series of four 90°
bends fabricated in either carbon or l%Cr steel, of which three were surface activated with
56Co to monitor the FAC losses in-situ. These losses were monitored as a function of the
feedwater chemistry, and in particular as a function of the level of CO2 in the feedwater.
Figure 2 shows a typical FAC response to variation in the level of CO2 at 119° C, and
constant ammonia concentration, in this case 1.1 mgkg"1. It is evident from Figure 2 that
increases in CO2 initially have only a minor impact on the FAC rates for carbon steel at this
ammonia concentration, but the rates increase substantially above a threshold value. This is
as expected from considerations of the pHT of the feedwater, and Figure 3 shows the
correlation obtained between the FAC rate and pH obtained from a number of experiments.
Below pH(119°C) 7.2, FAC rates rise rapidly, but above this value rates remain rather low.

Figure 2 also shows that FAC rates for the l%Cr steel bends remain low regardless of the
CO2 level, within the range studied.

From studies of this type it has been possible to determine the correct operational response
to fault conditions involving CO2 ingress, and to define permitted operating times and
concentrations for the plant under these conditions. The studies also confirmed the
effectiveness of oxygen dosing for controlling FAC in the presence of CO2 for units with
helical steam generators.
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3.2 On-Load Corrosion of 9%Cr Evaporator Tubing Under Feedwater Fault Chemistry
Conditions

During normal operation, AGR feedwater impurity levels for ionic species such as Na+, Cl'
and SO4

2" are extremely low, typically well below O.Sugkg"1, with cation conductivities around
0.06 uScm'1. Under these conditions on-load corrosion damage of the 9%Cr evaporator tubing
is expected to be minimal.

The plants also have a feedwater trip protection system which protects the steam generators
against major impurity ingress, eg from large condenser leaks which the condensate polishing
plant (CPP) may not be capable of containing (also from possible ingress of CPP regenerant
chemicals). These trip systems operate on feedwater conductivity, and are on the feedwater
discharge from the CPP, upstream of any chemical dosing. The trip settings vary somewhat
from plant to plant, and are typically around luScm"1, with the highest set at 3uScm"'. These
settings correspond to impurity levels of 112 and 385 ugkg"1 SO4

2" (as sulphuric acid)
respectively. However, alarms also operate at conductivity values well below the trip settings.

Impurity ingress of this order has never occurred at any AGR to date. The highest impurity
levels during normal operation have rarely exceeded a few ugkg"1 for short periods of time.
The likely levels of corrosion damage which might result from impurity ingress at levels
around the feedwater conductivity trip protection settings were established in order to permit
proper evaluation of any significant chemistry faults which might occur in the future.

A number of tests have been carried out with both the serpentine and helical steam generator
test sections to establish the likely level of corrosion damage. These involved dosing
hydrochloric or sulphuric acid contaminants into the rig feedwater for a period of some 500
hours, and examining the extent of corrosion damage this produced in test pieces specifically
introduced for this test programme. The test pieces were several metres in length, and the
thermohydraulic conditions were maintained constant within them for the duration of each
test, and from one test to the next. This ensured direct comparison between the corrosion
resulting from different impurities and differing impurity concentrations used in separate tests.

The corrosion data from these tests are extensive, and will not be considered in detail.
However, broadly speaking the levels of corrosion damage were lower with HC1
contamination than H2SO4, due to the higher volatility of HC1. Damage was also lower in the
helical tube geometry than the serpentine geometry. The latter can be related to the longer
dryout boundary region which exists in the helical geometry. In the serpentine geometry the
greatest damage tended to occur at the outlet of 180° bends operating at high steam quality,
where the flow redistribution which takes place produces localised re-wetting and dryout.

The damage rates with acid sulphates were relatively high, of the order 1 mm/year, and the
damage itself was similar in nature to that seen in autoclave experiments. However, the tests
demonstrated that the steam generators should be tolerant of relatively large feedwater
chemistry faults, providing they do not persist for long periods. Even after 500 hours, the
tube wall penetration due to corrosion observed in the tests did not exceed 135 um. This gives
considerable reassurance that any significant feedwater faults which might occur on the plant
would not significantly challenge its integrity. The plant is of course protected against large
faults by the trip protection system.
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3.3 Superheat Margins and Stress-corrosion Studies of Austentic Superheaters

All AGRs operate with a defined level of superheat at the transition between the 9%Cr
superheater and the Type 316L SS austenitic superheater. This is to avoid the possibility of
stress corrosion cracking of the austenitic material. The use of high purity feedwater also
provides further protection for this region of the steam generator.

The required superheat to avoid wetting and stress-corrosion of the austenitic material can be
estimated from thermohydraulic analysis of the likely penetration of droplets into the
superheater region. Ultimately, though, unless the operational superheat margins are very
large, the level of superheat needed to avoid damage requires experimental confirmation. This
can only really be provided by corrosion test work. For this reason tests have been carried out
to examine the corrosion damage produced in the transition joint to the austenitic superheater,
and the Type 316L tubing itself, as a function of the degree of superheat at the transition
joint.

The tests used the helical steam generator test section at full plant operating conditions, and
employed a multiple transition joint test piece, with several transition joints and sections of
Type 316L tubing in series. The test piece is illustrated schematically in Figure 4. These were
operated at fixed thermohydraulic conditions, with the steam quality and superheat varying
from one transition piece to the next, over the range ~ 80% steam quality to -40° C superheat.

Initial tests were run with acid sulphate dosing of the feedwater, with levels of the order 10
ligkg'1 sulphate. These levels of contamination are well above those expected on the plant, as
indicated previously. The tests demonstrated that corrosion damage, in the form of
intergranular attack and stress-corrosion cracking, was restricted to tubing operating with less
than 10° C superheat. Maximum damage occurred close to 100% steam quality/1° C superheat.
This is illustrated in Figure 5.

The tests therefore demonstrate that only a limited superheat margin is necessary to protect
the austenitic superheater against the risk of stress-corrosion cracking for the helical tube
geometry.

More recently, this test programme has been extended to quantify the stress-corrosion risks
as a function of the feedwater chemistry, in the event that the austenitic sections are wetted.

It has been established from autoclave tests and modelling work that acidic sulphate
environments were likely to represent the greatest risk of stress-corrosion within the boilers.
The risks should, therefore, be significantly reduced by operating with a slightly alkaline ionic
balance for the feedwater contaminants. Figure 6 shows the variation in damage rate as a
function of the sodium to sulphate ratio in the feedwater from full scale steam generator rig
tests of the type described previously. This clearly shows the benefit of operating with a
slightly alkaline balance for the ionic contaminants present in the feedwater.

All AGRs seek to operate with the lowest level of feedwater contaminants practicable.
However, based partly on the evidence provided by such full scale test work they also seek
to maintain a slightly alkaline balance for ionic contaminants to further minimise corrosion
risks.
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3.4 Oxide Deposition and Boiler Pressure Loss Studies

While performing many of the stress-corrosion tests described in the previous section, the
pressure loss changes in various parts of the steam generator tubing were monitored. These
established that pressure loss in the evaporator section responded to changes in the feedwater
chemistry. This is illustrated in Figure 7, for both an acid contaminant dose and an alkaline
one. It is clear that the pressure loss rose for the acid case, but diminished slightly with
alkaline dosing. This effect, while small over the timescale of the tests, was quite
reproducible, and correlated with the pH at temperature in the two-phase region where the
pressure loss measurements were made. This is shown in Figure 8.

The pressure loss in this region of the steam generator is associated with the presence of
rippled magnetite. Examination of the rippled magnetite deposits present in the test section
showed them to be highly crystalline, and therefore formed almost entirely by crystallisation
from iron in solution. The influence of the chemistry in the evaporator region on rippled
magnetite formation therefore arises from its influence on soluble iron within the test section,
and offers a means of controlling the deposition behaviour. This is of limited value for once-
through boilers if the pH changes are generated by ionic species, since they are likely to cause
corrosion damage of the evaporator. However, amines such as dimethylamine, which are
much stronger bases at high temperature than ammonia, should produce similar effects. These
are currently under investigation as a means of controlling boiler pressure loss in once-
through boilers. Initial test results have confirmed that dimethylamine does indeed help to
limit the development of boiler pressure loss in this manner.

4. SUMMARY

The examples given in the previous section illustrate how the use of full scale plant testing
facilities for AGR steam generators has been of great value in establishing satisfactory
operating chemistry regimes and thermohydraulic conditions for the steam generators. These
have helped avoid significant materials' corrosion problems and, to date, there have been very
few tube leaks in the plants themselves. Of those which have occurred, the majority have not
been the result of any on-load corrosion damage mechanism. The oldest plants have now
accumulated over 120,000 hours operation.

The facility itself still continues to be of value, even after almost 20 years operation in
support of AGRs, and is currently being used to evaluate issues related to steam generator
pressure loss.
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DISCUSSION

Authors: I.S. Woolsey, A.J. Rudge, D.J. Vincent, Nuclear Electric Ltd.

Paper: Evaluation of Materials' Corrosion and Chemistry Issues for Advanced Gas
Cooled Reactor Steam Generators Using Full Scale Plant Simulations

Questioner: R. Crovetto

Question/Comment:

Could you elaborate more about the geometry of the 56 points where you find the ripple
magnetite? And the possible mechanism of the formation of that ripple magnetite?

Response:

The rippled magnetite we observe is in the evaporator section of the steam generator, which is
fabricated from the 9% Cr 1% Mo steel. The deposits, however, are derived at least partly from
the upstream 9% Cr 1% Mo economizer by internal transport of iron in solution. The ripple
structure of the deposits derives from the hydrodynamics of the deposition process, and naturally
occurring ripple roughness is seen in a wide range of situations; e.g. silica deposition in pipeline
flows. It can also occur as a result of the hydrodynamic influence on dissolution processes; e.g.,
FAC and ice dissolution in flowing water.

Questioner: J. Gorman

Question/Comment:

Have you identified the species involved in the SCC of Type 316? Are they reduced sulfur
species? More broadly, have you defined the ECP, pH and species involved in the SCC?

Response:

The IGA/SCC of Type 316 in acidic sulphate environments occurs with the formation of
sulphites from the sulphate, although both of these are carried over in the steam in the steam
generator. The corrosion process also generates metallic sulphides, particularly NiS and these are
found in both the general corrosion film and down stress-corrosion cracks. I would expect some
H2S may also be formed, but we have not detected this in our rig experiments. Extensive
autoclave studies were carried out in acidic sulphate environments prior to the steam generator
tests, and the corrosion behaviour was similar in both cases, but the rig work allows definition of
the feedwater levels likely to produce damage.

387



Questioner: P.L. Frattini, EPRI

Question/Comment:

Concerning iron transport in model boiler tests using DMA: do you have an understanding of
what fraction of the iron feed to the test section is in soluble form versus particulate oxide form?

Response:

The iron measured within the test section is derived mainly from intermediate temperature parts
of the test section, which then redeposits in the evaporation region. The feedwater contains only
sub-ppb levels of iron. Since the low temperature sections operate under oxidizing conditions,
where iron (hematite) solubilities are very low, it is the intermediate temperature section
(>250°C) which supplies most of the internal iron transport. This is because all the oxygen has
been removed by ~250°C in the test section and reducing conditions are maintained by the
residual hydrazine. We believe the iron is predominantly in the soluble form. The deposits
formed are highly crystalline, and this is consistent with the expectation that the iron is mainly
soluble, but we have not carried out a full speciation of the depositing iron.
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FOR STEAM GENERATOR TUBE DEGRADATION

T.S. Gendron1, P.M. Scott2, S.M. Bruemmer3, and L.E. Thomas4

ABSTRACT

Internal oxidation has been proposed as a plausible mechanism for intergranular stress corrosion
cracking (IGSCC) of alloy 600 steam generator tubing. This theory can reconcile the main
thermodynamic and kinetic characteristics of the observed cracking in hydrogenated primary
water. Although secondary side IG attack or IGSCC is commonly attributed to the presence of
strong caustic or acidic solutions, more recent evidence suggests that this degradation takes place
in a near-neutral environment, possibly dry polluted steam. As a result, internal oxidation is also
a feasible mechanism for secondary side degradation.

The present paper reviews experimental work carried out in an attempt to determine the validity
of this mechanism. The consequences for the expected behaviour of alloys 690 and 800
replacement materials are also described.
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INTERNAL OXIDATION AS A MECHANISM
FOR STEAM GENERATOR TUBE DEGRADATION

T.S. Gendron, P.M. Scott, S.M. Bruemmer, and L.E. Thomas

1. INTRODUCTION

Stress corrosion cracking (SCC) of mill-annealed alloy 600 (Ni~15%Cr~9%Fe) steam generator
tubing has proven to be a serious operating problem resulting in extensive tube plugging,
additional inspection costs, outage time and in several recent cases, premature steam generator
replacement. This cracking has initiated on both the primary side (ID) and the secondary side
(OD) of the tubes. Figure 1 shows that intergranular attack (IGA) and IGSCC of steam generator
tubes, initiated from the secondary side is becoming increasingly prevalent world wide1. At the
present time, this is almost exclusively found in mill-annealed alloy 600, although some recent
evidence from North America suggests that thermally treated tubing is starting to show
IGA/IGSCC.

73 74 7S 76 77 78 79 80 81 82 83 84 85 88 87

Figure 1: World Wide Causes of Steam Generator Tube Plugging1

Despite extensive research, there is no consensus on the mechanisms of primary water (PW)SCC
or IGA/IGSCC. The advantages of a mechanistic understanding of these degradation processes
are increased confidence in lifetime prediction models and remedial measures such as chemistry
control and replacement alloys. Purely empirical strategies, particularly for time-dependent
phenomena incorporating long incubation periods, can be unreliable.

The conventional mechanisms used to explain SCC based on anodic slip dissolution and hydrogen
embrittlement have not been able to explain adequately the phenomenology of PWSCC. An
alternate mechanism for PWSCC is based upon the phenomenon of internal oxidation2. It appears
to offer a satisfactory explanation of the high activation energy and stress exponent, the influence
of hydrogen overpressure, grain boundary carbide morphology and cold work, and the improved
resistance of alloys 800 and 690 to PWSCC.
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A more recent proposal3 suggested that internal oxidation may also explain IGA/IGSCC on the
secondary side. This idea originated from the growing belief that IGA/IGSCC occurs in near-
neutral environments and evidence that the affected superheated crevices could be steam-
blanketed.

This paper reviews the experimental data and evidence from pulled tubes in support of the
internal oxidation mechanisms of steam generator tube degradation, the nature of additional work
necessary to validate the hypotheses, and the inferred likely behaviour of alloys 800 and 690 if
this mechanism applies.

2. THE INTERNAL OXIDATION MECHANISM

Internal oxidation is a phenomenon in which the minor element in an alloy is selectively oxidized
and the main solvent metal remains largely unattacked. A necessary condition for internal
oxidation is that the redox potential of the environment be close to the equilibrium oxidation
potential of the main solvent metal to prevent it from contributing significantly to the formation
of a protective (passive) surface film. This cannot occur if the minor element exceeds a critical
concentration where it is capable of forming a passive film independently. In nickel-chromium
alloys, the critical concentration of Cr for passivation at the Ni/NiO equilibrium increases with
decreasing temperature.

Internal oxidation is well-known for Ni-Cr alloys in gaseous environments at temperatures above
~500°C4. For example, alloy 600 has been severely degraded by internal oxidation in methane-
steam mixtures within a few months at 500°C in methane reforming plants. A critical question is
whether the phenomenon can occur at temperatures as low as 300°C in water-hydrogen or steam-
hydrogen mixtures. A study of the kinetics of IG oxidation cracking in nickel alloys as a
function of temperature suggests that it is feasible5. Figure 2 shows the similarity in activation
energies for crack growth of M3AI in air and of alloys 600 and X-750 in PWR primary water or
hydrogenated steam near the Ni/NiO equilibrium potential.

3. APPLICATION TO PWSCC

3.1 Proposed Mechanism

As explained above, a necessary condition for internal oxidation is that the redox potential of the
environment be close to the equilibrium potential of the main solvent metal of the alloy. The
hydrogenated primary coolant of water-cooled nuclear reactors satisfies this requirement for
nickel-base alloys (assuming that hydrogen is the only specie affecting the corrosion potential of
the alloy). Figure 3 shows the redox potential-pH zones corresponding to the CANDU heat
transport system (HTS) and PWR primary water chemistry specifications, on the Pourbaix
diagram for alloy 600 at ~300°C. The figure also illustrates that the region of susceptibility to
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PWSCC from laboratory and field data is bounded by potentials +/-80mV relative to the Ni/NiO
equilibrium potential. The zones indicating susceptibility to cracking and IGA are based on
published laboratory and field data and may not be comprehensive.
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Two previous publications2'5 have demonstrated that the kinetics of PWSCC and its activation
energy were consistent with the IG diffusion rates for oxygen in nickel. Qualitatively, carbide
morphology, plastic strain, and cold work would be expected to influence IG oxygen diffusion in
alloy 600 and hence the PWSCC rate, as is observed.

By analogy with previous work on oxygen embrittlement of nickel alloys at high temperature6,
four different embrittling mechanisms were proposed: oxygen reaction with carbon and carbides
to form CO/CO2 bubbles, oxygen reaction with Cr or other strong oxide formers to form IG
oxides, oxygen reaction with impurity precipitates to release damaging sulfur, and intrinsic
oxygen atom embrittlement of the grain boundaries. Whatever the embrittling species, the
kinetics of oxygen diffusion would be expected to follow a parabolic law and therefore crack
propagation is envisioned to occur in this mechanism in a series of discrete steps as a critical
depth of embrittlement was reached, dependent on the applied stress intensity.

3.2 Experimental Evidence

At least seven laboratories have independently examined this mechanistic hypothesis. At two
laboratories,7"13 thin foils of alloy 600 were exposed to PWR primary water at 360°C or to
hydrogenated steam at 380° or 400° C and subsequently fractured at room temperature.
Precautions were taken to remove absorbed hydrogen to avoid any contribution from hydrogen
embrittlement. Grain boundary embrittlement was observed to shallow depths of up to a few
microns. Figures 4a and b show grain boundary embrittlement to a depth of -ljim in stress-
relieved alloy 600 steam generator tubing after an 8-hour exposure to 400°C steam/hydrogen13.

Figure 4a: SEM micrograph plan view of an
alloy 600 foil showing grain boundary
separation near the fracture surface.

Figure 4b: SEM micrograph edge view of the
fracture in Figure 4a showing one face of a
separated grain boundary.
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Two other investigators have reported similar embrittlement in conventional SCC specimens.7'14

In the first case, small tensile specimens and half sections of steam generator tubes were exposed
to primary water at 360°C, without any stress applied. The tensile specimens were pulled apart
slowly in an electron microscope and the tube specimens were bent into the reverse U-bend
geometry. Intergranular separation was observed, usually of a few \im but up to 10 |im in depth.
In the second case14, tensile specimens were exposed under stress to hydrogenated steam at
380°C. It was reported that the depth of the grain boundary embrittlement in these specimens
went beyond any observable stress corrosion cracks and increased with tensile stress. The
embrittled zone along grain boundaries was associated with dark shadow images observed by
back-scattered electrons in the scanning electron microscope. Some evidence has been obtained
to indicate that such embrittled zones are not simply closed-up cracks although doubts persist in
the absence of positive proof. Similar dark shadow images of grain boundaries have been
obtained in classical internal oxidation studies of stress-free specimens of nickel-chromium
alloys with controlled minor element additions at higher temperatures in air15.

Secondary ion mass spectrometry (SIMS) and Auger analyses,9'16 together with some recent work
using oxygen-18,12 have confirmed the shallow penetration of oxygen into intact grain boundaries
in unstressed alloy 600 foils and SCC specimens exposed to hydrogenated water or steam. One
SIMS study12 identified Cr2C>3 at grain boundaries and also showed evidence for NiO and adsorbed
oxygen in foils to depths corresponding to the observed crack depths after fracture. Kinetic
information from the depths of oxygen penetration after different exposure times was, however,
unable to explain the observed PWSCC crack growth rates. These observations were thought to be
due to the rapid saturation of the depth of embrittlement following parabolic kinetics and the
absence of stress to assist the diffusion rates. Alternatively, an additional contribution from
hydrogen embrittlement of the oxygen-damaged grain boundaries was also proposed. The other
SIMS study of alloy 600 reverse U-bend specimens exposed to hydrogenated water at 365°C
showed IG oxidation to a depth of ~30fim beyond the visible crack tip.16 This depth is rather large
compared to depths observed in other studies, including the work described below. Therefore it
seems possible that it is not all associated with intact grain boundaries.

Further evidence supporting the susceptibility of nickel-base alloys to internal oxidation at
intermediate temperatures comes from corrosion fatigue studies in air at 400° and 550°C.10'n

This work shows a step increase in growth rates occurring at a specific partial pressure of oxygen
which is associated with the transition to IG cracking and the formation of a nickel oxide film on
the fracture surface instead of a chromia film. Although the partial pressure of oxygen in these
tests in a vacuum chamber did not correspond to the thermodynamic equilibrium pO2 for NiO at
the test temperature, further work on Alloy 718 in buffered H2/H2O mixtures at 593°C shows
conclusively that the transition in growth rates and crack path does correspond to the
thermodynamic pO2 above NiO.21 In addition, TEM specimens incorporating the crack tip
revealed the presence of pure Ni nodules embedded in the NiO films on the fracture surfaces
which is one of the indicators for the occurrence of internal oxidation.
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In order to examine IGA and IGSCC characteristics at higher resolution, analytical transmission
electron microscopy (ATEM) has been used to reveal grain boundary and crack-tip
microstructures and microchemistries. A critical aspect of this work is preparation of electron-

1 *7 1 S

transparent cross-section samples by ion milling. ' One laboratory reported only NiO at the
IGSCC crack tip in both alloys 600 and X750 tested in hydrogen-deaerated primary water.19

They did not detect oxides beyond the observable SCC crack. More recent high-resolution
examinations of mill-annealed alloy 600 samples tested in 330°C primary water (1200 ppm boron
as H3BO3, 2 ppm lithium as LiOH and 25-35 ml hydrogen per kg H2O at STP)20 have indicated
that internal grain boundary oxidation does occur under these environmental conditions.
Preliminary observations are summarized schematically in Figure 5 and described in the
following paragraphs.

Crosssection Sample Preparation by Ion Polishing
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U-Bend Sample
330°C Primary Water
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Figure 5: Schematic Illustrating Cross-sectional ATEM Observations of IG Penetration and
IGSCC Crack Tip Regions in an Alloy 600 Sample After U-Bend Testing in 330°C Primary
Water.

An example of the typical crack-tip microstructure is illustrated in Figure 6a showing the open
crack ending in a sharp tip with an uncracked grain boundary extending ahead of the tip. Local
strain concentrations appeared around the SCC crack tips, but it is possible that these strains
arose during preparation of the thin-foil specimen. Careful imaging has revealed a narrow (~2 nm
in width) porous region immediately ahead of the tip. A thin-film of polycrystalline, chromium-
and iron-rich oxide with the NiO structure was identified on the SCC crack walls in the tip region
as illustrated by the insert diffraction pattern in Figure 6b. This figure also presents a dark-field
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image of the grain boundary ahead of the crack tip revealing poly crystalline nm-sized particles.
These fine particles were localized along the grain boundary within -0.3 urn of the crack tip and
could not be easily imaged using brightfield contrast.

Figure 6(a): Brightfield TEM Image of a
Sharp IGSCC Crack Tip in Alloy 600.

Figure 6(b): Darkfield TEM Image of the Grain
Boundary Region Just Ahead of the Crack Tip
Shown in Figure 6(a).

In addition to evidence of local oxidation ahead of an IGSCC crack tip, many grain boundaries
showed obvious IG oxide penetration as documented in Figure 7. These degraded boundaries
were not associated with an active SCC crack, but originated from the primary SCC crack wall
(see schematic in Figure 5). The width (10-30 nm) and depth (up to several um) of the oxidized
regions were significantly greater for the IG penetrations than for IGSCC crack tips. Energy
dispersive X-ray spectroscopy and electron energy loss spectroscopy (EELS) measurements
showed that this IG penetration zone contained localized regions of Cr-rich oxides and porous Ni
metal. EELS analysis of the penetrations showed no detectable boron or enrichment of carbon,
indicating that these regions were isolated from the aqueous crack environment.

Figure 7: Brightfield Image of IG Penetration Region off the Primary SCC Crack as Illustrated in
Figure 5.
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High-resolution cross-section ATEM observations clearly suggest that grain boundary oxidation
can occur in alloy 600 after exposure to high-temperature primary water. Further measurements
are required to confirm these results and establish the role of oxygen penetration in IG
degradation. Internally formed oxides of elements such as Cr, Mn, Ti, Si and Al, which could
form at the equilibrium potential of Ni/NiO, are all credible possibilities for a grain boundary
oxidation mechanism. However, in high temperature oxidation studies15, only Cr and Al
contribute to internal oxidation. This is consistent with the nanoscale measurements above where
chromium-rich oxides and nearly pure nickel sponge has been detected within IG penetrations.
It is important to note that TEM observations of crack-tip regions have not shown IG gas bubbles
and it seems unlikely that this is a dominant contribution to the PWSCC mechanism.

If internal oxidation is confirmed to play a significant role in PWSCC, then the extensive
knowledge of the phenomenon for nickel-chromium alloys at higher temperatures should provide
some helpful guidance. For example, it is known that above a critical chromium content, which
increases with decreasing temperature, a protective chromia film can form which protects the
alloy from internal oxidation. This would explain the observed resistance of alloy 690 to
PWSCC. In addition, iron-base or iron-rich chromium-containing alloys, for example, alloy 800,
are intrinsically less susceptible (but not necessarily immune) to internal oxidation than nickel-
base alloys at redox potentials close to that of Ni/NiO, which is effectively the corrosion
potential for most structural materials in hydrogenated primary water (Figure 3).

4. POSSIBLE APPLICATION TO IGA/IGSCC

Most secondary side steam generator tube IGA/IGSCC has been attributed to either strongly caustic
or strongly acidic solutions accumulated by hide-out in superheated crevices or under sludge piles of
recirculating steam generators. More recent evidence suggests, however, that tube degradation
occurs in a neutral to slightly alkaline environment.3 This is deduced from frequent observations of a
chromium-rich (but poorly protective) oxide film associated with IGA/IGSCC on pulled tubes at
tube-support plate intersections, and the presence of alumino-silicate deposits in the crevices and
adjacent to the heat transfer surfaces of the tubes.22'23 Alumino-silicates are good buffering agents
for caustic solutions implying a pHx of less than 10. In addition, near-neutral or slightly alkaline
solutions are now frequently deduced from MULTEQ calculations and hide-out return studies.24'25

Examinations of complete tube-support plate intersections from retired steam generators have
revealed widespread plugging of the crevice extremities by low porosity magnetite deposits rich in
silica. ' These silica-rich deposits are also observed on the tube surfaces (which is inconsistent
with a strongly alkaline solution in contact with the tube). In the center of the tube-support plate
crevices, magnetite porosities are much higher and the silica levels much lower away from the heat
transfer surface. Such physical plugging of tube-support plate crevices in recirculating steam
generators significantly restricts water flow. This combined with the generally low levels of
adventitious soluble impurities in present-day steam generator feedwaters suggest that such
superheated crevices are most likely steam-blanketed, albeit polluted with impurities. Others
have drawn attention to the same characteristics, emphasizing that there are insufficient soluble
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impurities to fill the available crevices with a concentrated solution at a temperature close to that of
the primary coolant and at the secondary side pressure. Thus, steam-blanketing appears to be
inevitable although a thin film or droplets of concentrated solution may be present. In addition,
heat transfer measurements on tubes removed from PWRs and CANDUs indicate that even free
span deposits on the secondary side must be filled with a steam/water mixture.27

Recently, IGA/IGSCC has been observed in tubes in the superheated steam zone of once-through
steam generators (OTSGs).28 It has been suggested that this degradation may be the result of a
thin quasi-stable alkaline film on the tube surfaces. The heat transfer mode in this OTSG region
is transition boiling, a transient process where liquid droplets entrained in steam can momentarily
wet the tube surface before evaporating. This alternate wetting and drying could, in principle,
concentrate NaOH in a quasi-stable film until its boiling point is elevated to the temperature of
the tube surface. However, this concentration process would be limited by the equilibrium
established by revolatilization of NaOH into the steam phase. This liquid is proposed to
penetrate flaws in the oxide to the underlying metal where caustic attack can then occur. The
observation of chromium compounds on the external and crack surfaces have been proposed to
be either reprecipitated corrosion products after the liquid becomes diluted by contact with the
bulk coolant or the film formed during in-situ annealing of the steam generator. This degradation
process would have to be intermittent to explain the slow kinetics of the field cracking in
comparison with the rapid kinetics of cracking observed in caustic solutions in the laboratory
(where little or no chromium is observed to remain in the oxide films).

The above hypothesis of OTSG steam zone IGA/IGSCC can be compared with observations
made in laboratory once-through loop tests using radioactive tracers.29'30 At realistic feedwater
sodium concentrations (several 10's of ppb of sodium), either an adsorbed monolayer of sodium
forms on top of tube deposits from droplets carried over by the superheated steam splashing onto
the tube surfaces or the sodium is incorporated chemically and irreversibly into the deposits. The
adsorption process is reversible when pure steam flows over the adsorbed layer, with a half life
of about 200 seconds. Only when sodium concentrations exceed the solubility limit in steam
(-100 ppb) do caustic liquid phases form. In this case, the OTSG IGA/IGSCC would be difficult
to explain by the caustic hypothesis because of the implied low concentrations of NaOH.
We suggest that IGA/IGSCC in the steam zone of OTSGs could also be the result of internal
oxidation in polluted or "doped steam", a mechanism which could be equally applicable to steam-
blanketed areas of recirculating steam generators.3 If dry steam pockets are formed in recirculating
steam generators, volatile reducing agents (hydrogen and possibly oxidizable organic species)
could accumulate locally where they would depress the corrosion potential towards the region
associated with PWSCC. This is not possible in the secondary coolant liquid phase where boiling
maintains hydrogen at a few ppb at most, and therefore the corrosion potential is about 150 mV
more positive than for the primary side (see Figure 3)3. Moreover, the presence of impurities such
as chloride, acid sulfate, reduced sulfur, and lead, capable of damaging the passive film on the
tubes, very probably enlarges the potential range over which the passive film can be sufficiently
degraded to allow IGA/IGSCC to occur and at considerably lower stresses than those associated

398



with PWSCC. This is supported by the fact that the well-known "doped steam" test for PWSCC is
much more aggressive towards alloy 600 than the pure hydrogenated steam test at 400°C.

Recent examinations of tubes pulled from OTSGs showing areas of nearly pure nickel beneath a
chromia-rich external oxide film28 is a strong indication of selective internal oxidation as well as
caustic attack. It should also be noted that the tube deposits had an unusually high carbon
content, presumably coming from decomposition of organic materials. As indicated earlier,
catalytic oxidation of hydrocarbons could lead to a depression of the redox potential toward the
Ni/NiO equilibrium.

Further examinations of OTSG tubes using high resolution SIMS at AECL (for EPRI/Duke
Power) have revealed evidence for oxides at grain boundaries beyond the tip of physically open
cracks and at other apparently intact grain boundaries.31 Na+, SiO", and other species indicative
of access by the secondary coolant (or possibly contamination from handling) were only detected
at physically open grain boundaries. Figure 8 shows a metallographic cross section of an IG
crack at the OD surface of a tube section removed from just above the 10th support plate in an
OTSG at Oconee-3. Note that adjacent grain boundaries are apparently intact but show some
definition even in the unetched condition. Such grain boundaries on other areas of the tubing
broke open upon application of tensile stress.

, / "7 &~ '

Figure 8: Metallographic Cross Section of Alloy 600 Steam Generator Tubing with an OD Crack
and Adjacent Grain Boundary Definition, 500X magnification

Figure 9 is a series of SIMS microprobe images of the area in Figure 8 showing C\ H", O", CrO2~,
and NiO" at the open crack but only the oxygen species at adjacent grain boundaries. The
presence of hydrogen and carbon ions at grain boundaries are believed to be evidence for access
by hydrocarbons and/or water. The presence of carbides is revealed by Q.{ secondary ions. In
addition, some evidence for oxidation beyond the visibly open crack was observed. These results
imply that grain boundary degradation, consistent with internal oxidation, has taken place
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without access by the secondary coolant. It has been recommended that this be confirmed by
ATEM examinations.

a)H b)C C)O

d) CrO2 e)NiO

Figure 9: SIMS Microprobe Images for a) H", b) C", c) O", d) CrO2', and e) NiO"

If internal oxidation is confirmed as a viable mechanism for IGA/IGSCC, this would have
important consequences for steam generator secondary water chemistry and life management.
For example, in the chemical industry where such degradation of alloy 600 is seen in methane
reforming plants, the remedy is to make the environment more oxidizing and not more reducing
as is the present trend in the nuclear steam generators. Moreover, replacement alloys such as
alloys 690 and 800 would be expected to be inherently less susceptible to internal oxidation,
although the influence of coolant impurities on their respective passive film stabilities and on the
redox potential would have to be carefully considered in this context.

CONCLUDING REMARKS

Experimental evidence has been obtained to support the mechanism of internal oxidation to
explain PWSCC of alloy 600 steam generator tubes. This suggests that grain boundary oxides
containing Cr and Ni are a probable cause of crack advance. No convincing evidence for gas
bubble formation has been obtained. Further work is required, particularly using high resolution
surface analytical and electron optical techniques, to confirm positively whether the presence of
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oxygen-containing embrittling species beyond the tips of open cracks is generally true for
PWSCC. In this respect, greater emphasis should be placed on examining pulled tubes where
embrittled zones are expected to be better developed than in laboratory specimens from relatively
short-term tests, and on avoiding plastic deformation prior to examination.

Internal oxidation could also be a mechanism of IGA/IGSCC, in circumstances where affected
areas could be steam-blanketed. This is based upon an argument that reducing agents can
accumulate in a steam phase and reduce the redox potential closer to the regime associated with
PWSCC. Aggressive impurities such as lead, acid sulfate, reduced sulfur compounds, and
chloride, capable of degrading the passive film on alloy 600 are expected to increase its
susceptibility to this mechanism. As above, the examination of pulled tubes is likely to be the
most effective way in the short term, to demonstrate whether this mechanism is viable or not.

Intrinsically, if internal oxidation plays a role in the degradation of steam generator tubes, alloy
690 with its higher Cr content and alloy 800 with its higher Cr and Fe contents are expected to be
more resistant. However, the relative roles of concentrated secondary coolant impurities on
passive film breakdown for this mechanism would need to be demonstrated. The water
chemistry management implications of this mechanism would have to be carefully considered.
For example, the installation of reverse osmosis purification systems for the secondary side
feedwater could be advantageous by reducing the silica and organic impurity concentrations in
the steam generators.

A collaborative international program is underway, led by the authors of this paper, to investigate
this mechanistic hypothesis through the careful examination of pulled steam generator tubes as
well as some laboratory cracked specimens.
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DISCUSSION

Authors: T.S. Gendron, P.M. Scott, S.M. Bruemmer, AECL, Framatome, Pacific Northwest
National Laboratory

Paper: Internal Oxidation as a Mechanism for Steam Generator Tube Degradation

Questioner: R.W. Staehle

Question/Comment:

(a) In order for the internal oxidation idea to be viable, it is necessary to explain low potential
SCC of the Fe-Ni binary. It is also necessary to explain that the "U" shaped hydrogen
dependence does not apply at lower temperatures. It is necessary also to demonstrate that
the grain boundary diffusivity of oxygen is consistent. Finally, it is necessary to explain
why the very low oxygen activity at these potentials provides the necessary oxygen,
especially as the potential is further reduced.

(b) With respect to applying this model to the secondary side, it is necessary to explain the fact
that all the secondary side SCC can proceed by a transgranular mode, although this is not
always observed in practice. Further, it is necessary to explain the SCC of binary Fe-Ni
alloys. Finally, it is necessary to explain why the secondary side SCC occurs at
temperatures as low as 100°C.

Response:

It is not our intention to explain SCC of all systems by the internal oxidation mechanism.
However, some of the examples you raised could be consistent with internal oxidation.

The formation of Cr2C>3 at grain boundaries is not necessary to explain SCC by internal
oxidation. In the presentation, I also mentioned that intrinsic oxygen atom embrittlement, the
formation of gas bubbles (CO, CO2), reaction of oxygen with precipitates to release S, and the
formation of the solvent metal sponge have been causes of embrittlement associated with grain
boundary oxygen diffusion in high temperature studies (including, of Ni 200). It is possible that
one or more of these embrittlement mechanisms could be responsible for SCC in Fe-Ni binary
alloys.

The general consistency of grain boundary oxygen diffusivity with PWSCC was demonstrated in
the original paper by Scott and LeCalvar2 (see also reply tc
that better data would be useful to confirm their proposal.
the original paper by Scott and LeCalvar2 (see also reply to Garg). However, it is acknowledged

In a Ni-Cr alloy where Cr oxidation is a suspected mechanism of embrittlement, in principle,
oxidation could take place at potentials as low as the Cr/Cr2O3 equilibrium provided that the
external film allows transport of oxygen through it. Within the lower potential limits of LPSCC
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(i.e. at low oxygen activity and where the 'U'-shaped hydrogen dependence does not apply), Cr
oxidation is still possible. In addition, the other embrittlement mechanisms cited above, except
gas bubble formation may be possible.

The possible contribution of lead to internal oxidation was briefly mentioned in the paper. In the
follow-up work described, an example of in-service lead-induced cracking of a steam generator
tube is planned in which we will be looking for similarities with previously described examples
of internal oxidation..

Questioner: J. Gorman

Question/Comment:

Most pulled Alloy 600 tubes show widespread IGA on the primary side. Have you had an
opportunity to investigate the crack top region of primary side IGA to help determine the
mechanism involved?

Response:

In the pulled-tube specimens we have examined to-date, primary side IGA was believed to be
associated with pickling procedures during fabrication. Examination of these areas was not
within our scope of work.

Questioner: B. Michaut, Framatome, Lyon, France

Question/Comment:

From many experiments on PWSCC, it was shown that the crack growth stops when hydrogen is
eliminated and increases again when hydrogen is established again. How is this experimental
observation explained with an internal oxidation based mechanism?

Response:

The proposed role of hydrogen in the internal oxidation mechanism is to fix the potential within a
range close to the equilibrium oxidation potential of the alloy solvent metal (Ni in alloy 600)
where the risk of internal oxidation is greatest. Within this range, it is believed that Ni cannot
contribute significantly to the formation of a sufficiently protective external film, allowing
transport of oxygen to the alloy surface and subsequent diffusion down grain boundaries.
However, we do not rule out hydrogen embrittlement at low temperatures of oxygen pre-
damaged grain boundaries (as has been demonstrated in nickel) or some other symbiotic effect of
hydrogen as a contributor to PWSCC.
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Questioner: A. Mcllree

Comment:

Based on experience with the eddy current response (i.e. voltage increase) to tubes plugged and
then unplugged after some time in SG service, one can postulate that hydrogen diffusion from the
primary side is influencing the redox reactions on the secondary side. So, tubing in service could
be close to the hydrogen line even on the secondary side.

Response:

Thank you for your comment. Hydrogen diffusion from the primary side is one possible source
of hydrogen on the secondary side, as is hydrogen from general corrosion and hydrogen from
decomposition of organic materials.

Questioner: R. Garg

Question/Comment:

Does your work consider predicting the crack growth rate by looking at the O2 ingress in the
metallography structure from the pulled tubes of SG?

Response:

It is believed that examination of pulled tubes would not be an ideal method to establish crack
growth kinetics. Scott and LeCalvar2 explained PWSCC crack growth by an interrelationship
between oxygen diffusivity and fracture of a "process zone". Gendron et. al.12 found that grain
boundary oxygen penetration of unstressed alloy 600 specimens underestimated PWSCC crack
growth rates. A specific study of oxygen diffusivity (perhaps using 18O) in alloy 600 grain
boundaries as a function of alloy microstructure and stress and the determination of the size of
the process zone that fractures under a given stress intensity would be required.

NEXT PAGE(S)
left BLANK
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ABSTRACT

A hot leg section of a steam generator tubing was removed for destructive examination from one
of the steam generators (SG) of the Embalse Nuclear Power Plant. The tube material is Alloy 800
and carbon steel is the tube support plate material. Samples of the deposits were taken at the first
tube support plate and at the top, mid-height and bottom of the sludge pile. Transverse sections
were taken at several locations along the tube length measuring the oxide thicknesses and
studying the morphology of the oxide layer by scanning electron microscopy on the primary and
secondary side at each location. Deposit layers on the outer tube surface revealed iron as major
component and the presence of calcium, phosphorous, zinc and manganese. The oxide scale
thickness at the secondary side in the open area was around 22 to 30 urn.

The oxide thickness grown under isothermal conditions on the corrosion test samples installed in
the autoclaves facilities of the primary circuit of the plant was measured and compared with that
found on the inner surface of the examined tube section. The oxide thickness of the test samples
was around 1-2 jam showing the influence of the deposition of corrosion products from the
coolant. Deposition and precipitation of oxide was also found in the actual tube, where the
common feature was the irregularity of the oxide layer on the primary side and thicknesses values
in the range 4 to 10 urn were measured. The autoclave tests and SG tubing examination permit to
compare the influence of materials and of operating (flow rate, isothermal vs non-isothermal)
conditions on corrosion and deposition.
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Avda Libertador 8250, Buenos Aires, 1429, Argentina
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CORROSION OF ALLOY 800 IN PHWR PRIMARY AND SECONDARY CONDITIONS

A.J.G. Maroto, M.A. Blesa, M. Villegas, A.M. Olmedo, R. Bordoni, M.G. Alvarez, R. Sainz

1. INTRODUCTION

The operating experience of nuclear power plants has shown that the unavailability of steam
generators (SG) is often related to corrosion, mainly due to tube degradation [1, 2]. Failures are
generally originated on the external side of the tubes, usually linked with the existence of deposits
since secondary side fouling implies blockage of support plates, accumulation of sludge piles on
the tubesheet, concentration of impurities in crevices under deposits and a build-up of scale on the
SG tubing itself that affects the heat transfer efficiency. Further to the well known impact of
secondary side deposits, primary side fouling of the tubes has also been related to the increase in
heat transfer resistance [3].

This work compares the composition, thickness and morphology of the primary side scale found in
an actual SG tubing removed from the Embalse Nuclear Power Plant (NPP) with the
characteristics of the oxide layer grown under isothermal conditions on the corrosion test samples
of SG tubing material installed in the autoclaves facilities of the primary circuit during the routine
materials surveillance programme of the plant [4]. The secondary side scale of the tube and
samples of the deposits in the sludge pile and the first tube support plate are also characterized.

2. DESCRIPTION OF THE SYSTEM

Embalse NPP is a 648 Mwe CANDU-600 type pressurized heavy water reactor (PHWR). The
primary heat transport system (PHTS) has two separate heat transport circuits, each one with two
steam generators of the recirculating type with integral preheater. The system is provided with
four in-line autoclaves, located out of core in the primary coolant system, that are used to monitor
corrosion at outlet and inlet SG conditions (265 and 305°C). The autoclaves are made from carbon
steel tube, mounted vertically and provided with stainless steel coupon holders where the

specimens are attached. The coolant is Ethiated heavy water, pH25°c=10.2-10.8, hydrogen content
3-10 cm3/kg D2O.

The steam generators have Alloy 800 tubes and trifoil-broached carbon steel tube support plates.
Chemical control of the secondary side water is performed using All Volatile Treatment (AVT)
with morpholine and hydrazine. Piping is made from carbon steel, the condensers are tubed with
Admiralty brass and lake water is used as source of cooling water.
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3. EVALUATION OF CORROSION TEST SAMPLES DURING PLANT OPERATION

3.1. Weight-gain during exposure

At the start-up of the Embalse NPP in 1983, samples of Alloy 800 and other structural materials
supplied by AECL were installed in the on-line autoclaves. In 1988, coupons of original SG
tubing, nuclear grade Alloy 800 provided by the plant, were also inserted.

The inspection of the corrosion samples is routinely programmed every two years, unless the
corrosion behaviour of the materials during a specific event has to be monitored. The corrosion
coupons are weighed before installation and during each programmed inspection. During the first
routine inspection in 1986, the specimens were weighed and optically inspected to check for crud
deposits and some test samples were removed to evaluate the oxide formation by ultrasonic
cleaning and descaling. Before the second inspection was performed there was a resin ingress to
the primary circuit of the plant. On account of this chemical excursion, four inspections were made
during 1988, another two during 1989, with a conditioning procedure with hydrazine in-between,
and from then on the original time table was resumed [5].
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Figure 1: Weight-gain of corrosion test
samples in autoclave Yl

Figure 2: Weight-gain of corrosion test
samples in autoclave Y4

Figures 1 and 2 show the weight-gain of the samples in the hot leg autoclaves as a function of the
exposure time. Up to 1986, the AECL coupons showed a weight-gain in both autoclaves. In May
1988, the degradation of the mixed resins in the coolant led to a large defilming effect reflected by
the weight-loss of the samples.
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The following inspections indicated the instability of the corrosion film growing on the AECL
coupons, while the plant test samples inserted in 1988 reproduced the corrosion behaviour found
up to 1986, i.e. increasing weight-gain with increasing exposure time. After 1989, the weight gain
of all test samples showed an increasing trend.
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Figures 3 and 4 present the data from the test samples in both cold legs. Contrary to the pattern
from the hot leg autoclaves, the AECL materials and the plant test samples exhibited a different
behaviour. The weight of the AECL materials increased up to 1986 and a weight-loss was
observed in May 1988 after the resin degradation. Weight-gains recorded during 1988 and 1989
indicated the lack of stability of the corrosion film but the values stabilized after the conditioning
of the plant. The plant test samples introduced in 1988 systematically lost weight during the first
15 months reaching near constancy in weight afterwards.

The increasing weight-gain of the specimens in the hot leg autoclaves indicates that more oxide is
accrued on the test sample than that generated by the corrosion process, pointing to the interaction
with the corrosion-product saturated coolant, mass transfer and precipitation processes. On the
other hand, the weight-loss of the coupons inserted in 1988 in the cold legs corresponds to the
dissolution of the outer layer crystals in unsaturated coolant and to continuing corrosion release,
partially offset by some thickening of the film. The different behaviour of the samples in the inlet
and outlet autoclaves could be related to the differences of the overflowing solution, i.e. system
effects, that affect the interaction between dissolved corrosion products and the corroding surface.
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3.2. Morphology of the oxide layers

The morphology of the oxide layers was examined by scanning electron microscopy (SEM). The
morphology of the oxides grown on the test samples is similar to the typical duplex structure that
has been reported for high temperature aqueous corrosion of iron and iron-base alloys [6,7]. The
oxide film is generally described as a uniform inner layer that grows into the metal and an outer
layer formed by a regular deposit of mostly well-defined octahedral crystals enriched in iron.

Figure 5 shows the morphology of the
oxide layer grown on a test sample from a
hot leg autoclave during 1290 days. The
surface of the sample was covered by a
large number of crystallites that hindered
the detection of the inner layer, as was
previously reported for long term static
autoclave testing [8,9]. The crystallites of
larger size, around 2-4 urn, were analyzed
by EDS, the major element identified was
iron.

Figure 5: Oxide film grown in primary coolant
Line 1 jum

3.3. Average thickness of the oxide layers

The coverage of the surface of the
corrosion test samples and the enrichment
in iron of the crystallites were similar for
all the specimens removed from the
autoclaves at the different exposure times.

Oxide thicknesses of the different samples were calculated either from corrosion penetration
or from the weight-loss of the oxidized specimen after chemical descaling (doxid).

Table I. Average thickness of oxide layers grown in exposures at the Embalse NPP

Sample

1-28
1-7
1-27
1-49*
I-ll
1-30

Temperature
(°Q
305
305
305
265
265
265

Time
(days)

600
1290
1290
720
695
1760

dMe

(um)
0.61
0.56
0.61
0.68
1.25
1.50

doxid

(urn)
0.77
1.65
1.77
0.78
0.57
0.75

Sample exposed during the 1983-1986 period
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Table I presents the results obtained for specimens exposed to the coolant in Embalse's autoclaves.
For the specimens from the autoclaves of both hot legs, i.e. inlet SG conditions, d^d is always
larger than dMe- On the other hand, for specimens from the autoclaves located in both cold legs,
i.e. outlet SG conditions, doxid is lower than dMe- An exception to this behaviour was found in the
AECL corrosion samples that indicated weight-gain during the period 1983-1986.

The corrosion rate of Alloy 800 was calculated from the metal-loss of the specimens inserted in
Embalse's autoclaves by regularly descaling sets of samples from all four autoclaves. Either from
the hot or cold legs, the calculated values were in agreement with those reported for Alloy 800
[10], and were not affected by the deposition of corrosion products or by release from the
corroding surface.

3.4. Discussion

The experimental results indicate that the test samples at inlet SG conditions gain weight, have a
larger oxide thickness than that expected from the corrosion process and the deposition of
corrosion products from the coolant leads to the formation of oxide overlayers. On the other hand,
at outlet SG conditions, the samples lose weight and show significant corrosion release. These
results emphasize the influence on the corrosion of the alloy in high temperature water of the
concentration of dissolved corrosion products in the coolant which, in turn, depends on the
contribution of other structural materials as carbon steel to the system. At inlet SG conditions,
where the coolant is pressumably saturated in corrosion products, precipitation of an iron-rich
oxide occurs at the oxide-coolant interface to relieve local supersaturation. Deposition of
corrosion products transported by the coolant is also likely to occur. At outlet SG conditions,
exposure to unsaturated coolant can lead to the dissolution of the iron-rich outer layer and to
continuous corrosion release.

4. EXAMINATION OF A TUBE REMOVED FROM SG N° 4 OF EMBALSE NPP.

Three sections of a hot leg SG tubing were removed for destructive examination from SG N° 4
during a maintenance outage at Embalse NPP after 2750 effective full power days. No leakage of
the tube had been detected during service operation. The three sections spanned the tube sheet,
the sludge pile, the first tube support plate and the open area between the first and the second tube
support plates. Transverse sections were taken at several locations along the tube and the primary
and secondary oxide thicknesses were measured from SEM micrographs. Measurements at each
transverse section were performed at 15°-20° intervals and an average value of the oxide thickness
was obtained. The morphology and composition of both the internal and external oxide layers
were studied by SEM/EDS and concentration profiles of the elements throughout the thickness of
the scale were obtained at different locations.
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4.1. Primary Side

Along the length of the tube, the common feature was the irregularity of the oxide layer. As an
example of the typical pattern observed by SEM in all the locations examined, Figure 6 shows a
cross-section from the open area just below the second tube support plate. The majority of the film
was due to the growth of crystals by precipitation from the coolant. The thin layer detected at the
oxide/metal interface is due to the corrosion process of the base material, the rest of the film
corresponds to the precipitation process.

At different locations, deposition of corrosion products was also found. Figure 7 shows a cross-
section of a sample located in the open area above the sludge pile. Crystals of around 4 um were
observed within an array of smaller size crystals and the thickness of the film was around 10 urn.

Figure 6: Growth of crystals by precipitation
from the primary coolant.

Figure 7: Deposition of corrosion products
from the primary coolant.

The oxide film on the inner tube surface contains mainly iron. A significant increase of the iron
concentration, as detected by EDS, was found in going from the oxide/metal interface to the
oxide/coolant interface associated with the precipitation and deposition of corrosion products
from the coolant. Chromium and nickel were present in the inner 4 -5 um of the film, starting at
the metal/oxide interface with values close to those of the alloy material up to a thickness of
around 2 um. From then on, their relative concentration decreased when approaching the middle
section of the scale. The EDS analysis were performed on crystals of around 8-10 urn.
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The presence of an oxide layer formed by iron, chromium and nickel at this interface is a
consequence of the interaction of the alloy surface with the primary coolant medium that gives rise
to the growth of a protective layer constituted by chromium and/or nickel ferrites. The growth of
these films has been reported [8] in high temperature laboratory tests simulating primary
conditions as well as in Alloy 800 tubes, pulled out from operating steam generators of different
nuclear power plants, where the thickness of the film was about 4 urn and the outer part of the
primary side scale was formed by chromium and/or nickel ferrites [11]. These results correspond
to plants built with stainless steel piping, the iron enrichment in the outer part of the primary side
scale of the Embalse tube can be attributed to the corrosion products from the carbon steel feed-
train piping.
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Figure 8: Primary and secondary oxide
thicknesses below the second TSP

The average values of the oxide thickness
measured at different locations were in the
range 4 to 10 |j.m. Figure 8 presents
maximum, minimum and average values of
the oxide thickness at the open area just
below the second tube support plate, the
corresponding morphology was shown in
Figure 6. At this location, the average value
was 7.1 um.

The above observations show that the
thickness and morphology of the oxide layer
inside the tube resemble those of the hot leg
corrosion test samples in spite of the
influence that the flow rate and the heat
exchange through the tube wall may have on
the formation of the film, stressing thus the
relevance of the concentration of corrosion
products in the coolant.

4.2. Secondary side

When comparing the scale formed on the outer surface of the tube with that from the primary side,
several distinctions were found: the external oxide is more porous, exhibits at some locations a
layered structure and the layer created by the corrosion process of the base metal is not clearly
detected at the oxide/metal interface. The thickness of the oxide scale in the open area was around
22 to 30 urn, as is shown in Figure 8, but a thickness of about 100 um was found immediately
over the section covered by the sludge pile. It was only in a section of the tube where no contact
with the secondary coolant takes place, such as the region of tube-tube sheet intersection, that the
external oxide exhibits the same characteristics and thickness values than those observed on the
inner surface of the tube.
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SEM/EDS analysis of cross-sections at different locations of the tube identified iron as major
component of the deposits but in-depth analysis detected the presence of calcium, phosphorous,
zinc, silicon and manganese. The concentration profiles of the elements in the deposits had similar
characteristics at all the locations corresponding to the open area. For all cross-sections examined,
zinc was detected through-out the thickness of the scale while calcium appeared in localized
zones. Whenever calcium was found, it was located near the scale/alloy interface, in the inner
5-10 um of the film As an example, Figure 9 presents the concentration profiles of these elements
in a location above the first tube support plate, the corresponding cross section is shown in Figure
10. A common observation is that an increase in the calcium concentration is always related to a
marked decrease in the iron concentration. Calcium predominates in the dark areas of Figure 10
while iron predominates in the light ones. The distribution of phosphorous closely follows that of
calcium while zinc, although mostly concentrated near the scale/alloy interface, is relatively shifted
beyond calcium. Traces of manganese are evenly distributed across the deposits.

% WEIGHT

0L

5 10 15 20 25
DISTANCE FROM OXIDE SURFACE [um|

Figure 9: Concentration profiles across the Figure 10: Cross section of the secondary
secondary oxide scale. oxide scale.

On the other hand, the concentration profiles obtained at locations immediately over the section
covered by the sludge pile showed that although in the 100 Lim-thick oxide the same elements
were present, the distribution of these elements through-out the thickness of the deposit changes
when EDS analysis across the scale is performed at different rotating angles from the same axial
position. An optical micrograph at this location shows clearly a layered structure, see Figure 11,
and the concentration profiles at two different zones of this oxide scale presented in Figures 12
and 13 indicate the heterogenous composition of the deposit. The concentration of calcium and
iron follow the pattern previously described for the open area scale while zinc appears to be
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present mainly in the iron-rich areas. For the whole external surface of this cross-section, the oxide
layer immediate to the base alloy, of about 10 ]xm, was enriched in iron.

Tube Alloy

Figure 11: Cross-section of the deposit immediately over the sludge pile (120X)
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Figure 12: Concentration profiles from the Figure 13: Concentration profiles from the
scale over the sludge pile. Zone 1. scale over the sludge pile. Zone 2.
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Spalling of the deposit was observed in different zones of the outer surface. The metallographical
examinations showed that a thin layer of iron-rich oxide of about 2 jam remained on the tube
surface. Nickel and chromium due to the base metal were also identified. No evidence of base
metal attack was found.

4.3. Chemical composition and morphology of sludge samples

Samples of the deposits were taken at the first tube support plate and at the top, medium height
and bottom of the 15 cm sludge pile at the tubesheet/sludge interface. Chips of the samples were
examined using SEM/EDS. The rest of the samples was dissolved with aqua regia and chemically
analized. The bulk composition obtained by the chemical procedure followed a similar trend to the
composition yielded by the surface analytical technique (EDS). The major elemental constituent of
all samples was iron, owing to the corrosion of the carbon steel feedtrain piping. Using either
technique, the amount of iron increased from the sample at the tube support plate down to the
sample over the tubesheet/sludge interface. The relative bulk concentration of iron ranges from
around 35% at the tube support plate to over 50% at the bottom. Significant concentrations of
species resulting from brass condenser corrosion and cooling water in-leakage, such as copper,
zinc, calcium, magnesium, manganese, silicon and aluminum were also found. Calcium was the
predominant element after iron and the bulk copper content was always less than 10%.

Analysis by SEM/EDS reflects the heterogenous nature of the morphology and composition of the
samples that vary both in-depth and over the surface of each sample. Agglomerates of iron rich
crystallites (95%), ranging in size from 1 to 15 UJII, were observed next to regions with large
crystalline particles of different size, shape and composition. The morphological observations
indicated clusters of larger, well-shaped crystals from the mid-height to the bottom of the sludge
pile.

4.4. Discussion

The morphology and composition of the oxide film found on the inner surface of the tube reflect
not only the corrosion process of the base material but also the interaction with the primary
coolant that results in growth of crystals and deposition of corrosion products. On account of both
these processes, the thickness of the film along the length of the tube varies, as is shown in Figure
8, related with variables such as the concentration of iron in the coolant and the solubility of
magnetite, temperature, local water chemistry, etc. The thicknesses measured at different locations
of the tube and the iron enrichment at the oxide/coolant interface are in agreement with the oxide
layers found in the corrosion test samples from the hot leg autoclaves.

Analysis of the scale on the outer surface of the tube shows the contribution of corrosion products
from the feedtrain components and impurities due to in-leakage of lake water. Iron, as expected, is
the major component of the film but calcium, zinc, phosphorous and manganese are also present.
As is shown in the concentration profiles from the open area, see Figure 9, the salts with inverse
temperature solubility, such as those formed by calcium, will precipitate close to the base alloy
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interface where boiling is occurring. The same elements form the 100-um scale deposited on the
tube over the sludge pile where, although iron is still the main component, the contribution of the
other elements to the scale is significant and their distribution pattern is heterogenous. This is also
the case for the samples of the deposits at the first support plate and the sludge pile. The presence
of larger crystals predominating from the mid-height to the bottom of the sludge pile is in
accordance with the precipitation and recrystallization processes due to boiling at this region,
close to the rubesheet, under the deposits.

5. CONCLUSIONS

- The different behaviour of the Alloy 800 corrosion test samples exposed at inlet and outlet SG
conditions is clearly related to the degree of saturation in corrosion products of the coolant. The
level of corrosion products in the overflowing solution has a strong influence on the thickness and
the structure of the oxide film formed on Alloy 800 in lithiated high temperature water. Thus, even
allowing for such differences as flow rate and heat transfer conditions, primary side fouling of SG
tubing is likely to occur.

- In agreement with the results and assumptions from the corrosion monitoring programme, the
morphology and the thickness of the oxide found in the primary side surface of the hot leg section
of a SG tubing removed from the Embalse NPP showed that growth of crystals by precipitation
and deposition of corrosion products take place to a large extent.

- Significant deposition of corrosion products was found on the secondary side surface of the tube,
which exhibited an oxide scale layer ranging from 30 um in the open area to 100 |im over the top
of the sludge pile. The main constituents of the deposits are feedtrain corrosion products and
species resulting from in-leakage of cooling water.

- The deposits at the tube support plate and the sludge samples consisted mainly of iron but a
significant concentration of species resulting from the condenser corrosion and lake water in-
leakage was found.
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Paper: Corrosion of Alloy 800 in PHWR Primary and Secondary Conditions

Questioner: J. Nickerson, AECL

Question/Comment:

What was the sludge pile indicated from the pulled tube? And does the plant have any plan to
remove the sludge pile?

Response:

The sludge pile was 15 cm deep when the tube was removed. I am not aware of future plans of
the plant concerning the removal of the sludge pile.

Questioner: M. Brett, Ontario Hydro

Question/Comment:

Did you find Pb in the secondary side deposits of the pulled SG tube?

Response:

No, Pb was not detected either in the deposits on the outer surface of the tube or in the samples
taken from the first tube support plate and the sludge pile.
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TOP OF TUBESHEET CRACKING IN BRUCE ANGS STEAM GENERATOR
TUBING - RECENT EXPERIENCE

M. A. Clark, O. Lepik, M. Mirzai,* and I. Thompson

ABSTRACT CA0000223

During the Bruce A Nuclear Generating Station (BNGS-A) Unit 1 1997 planned outage,
a dew point search method identified a leak in one steam generator(SG) tube.
Subsequently, the tube was inspected with all available eddy current probes and removed
for examination. The initial inspection results and metallurgical examination of the
removed tube confirmed that the leak was due to intergranular attack/stress corrosion
cracking (IGA/SCC) emanating from the secondary side of the tube at the top of the
tubesheet location. Subsequently, eddy current and ultrasonic indications were found at
the top of the tubesheet of other Alloy 600 SG tubes. To investigate the source of the
indications and to validate the inspection probes, sections of 40 tubes with various levels
of damage were removed. The metallurgical examination of the removed sections showed
that both secondary side and primary side initiated, circumferential, stress corrosion
cracking and intergranular attack occurred in the BNGS-A SG tubing. Significant
degradation from both mechanisms was found, invariably located in the roll transition
region of the top expansion joint between the tube and the tubesheet on the hot leg
(304°C) side of the tube. Various aspects of the failures and tube examinations are
presented in this paper, including presentation of the cracking morphology, measured
crack size distributions, and discussion of some factors possibly affecting the cracking.

Ontario Hydro Technologies
* Ontario Hydro Nuclear
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TOP OF TUBESHEET CRACKING IN BRUCE ANGS STEAM GENERATOR
TUBING - RECENT EXPERIENCE

M. A. Clark, O. Lepik, M. Mirzai, and I. Thompson

1.0 INTRODUCTION

During the planned 1997 outage of Bruce NGS Unit 1, a low level primary to secondary
side leak was located in a SG tube (in steam generator 3,BO3) by a helium/dewpoint leak
detection procedure. Eddy current (ECT) inspections of the suspected leaking tube and
several adjacent tubes detected possible degradation of the Alloy 600 tube material in
the vicinity of the top of the tubesheet (TTS) on the hot leg side. The leaking tube and
one adjacent tube (with a significant indication) were removed in July 1997 and submitted
to Ontario Hydro Technologies (OHT) for identification and analysis of the degradation.
Preliminary results indicated that through wall intergranular cracks were present in both
tubes.

After the discovery of through-wall TTS cracking in the first two tubes from Ul BO3,
the inspection scope was expanded to 100 % of the tubes in BO3 and BO5. Similar TTS
crack indications were detected in 59 tubes from BO3 and 25 tubes from BO5. Since the
initial results suggested that these were the steam generators most affected by the
cracking, tubes for removal were selected from these two steam generators. As results
from these removals became available, Units 3 and 4 were shut down and an inspection
program initiated. Eventually a 100 % inspection of the hot leg TTS region was
performed in all 16 steam generators from Units 3 and 4. Cold leg inspections were
carried out in two of the steam generators but detected no defects. Tubes were
removed from the two Unit 4 steam generators with the largest number of significant
indications. Only one TTS indication was detected in Unit 3, therefore, no tubes were
removed from Unit 3. Eventually regulatory permission was obtained to restart Units 3
and 4. The final results of all the 1997 inspections are summarized in Table 1.

Table 1 - Summary of 1997 ECT Inspection Results

SG

1
2
3
4
5
6
7
g

TotaJs .

Unitl

135,500 Operating hours
No of tubes

inspected
with C3/4

probe
64
0

4118
3210
4119

0
3956

0
fS038

No of TTS
crack

indications

0
-

59*
10

25*
-

11
-

m

Unit 3

136,600 Operating hours
No of tubes

inspected
with C3/4

probe
4200
4170
4199
4200
4199
4198
4197
4197

33S&8

No of TTS
crack

indications

0
0
0
0
0
0
1
0

+H

Unit 4

133,800 Operating hours
No of tubes

inspected
with C3/4

probe
4196
4198
4172
4199
4200
4170
4198
4199
3354$ ;

No of TTS
crack

indications

5
4
0

48*
7*
2
0

6*
71

* tubes removed from these steam generators
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2.0 HISTORY

Design

Bruce A NGS consists of four 760 MWe reactor units, each equipped with eight
recirculating steam generators (SGs) and four separate preheaters. Each SG has 4200, 0.5
inch (12.7 mm) nominal OD U-bend tubes. The hot leg inlet operating temperature is
304°C (580°F). The tubing material is mill annealed Alloy 600 with nominal carbon
contents in the range of 0.03 to 0.06 wt%. A final hydrogen furnace anneal was
conducted at 1093°C (2000°F). The annealed tubes were then straightened, OD surface
ground, cold bent, and assembled into the tube bundle. Tubes were mechanically rolled at
two locations with the upper joint located just below the secondary face of the tubesheet
(Figure 1). The tubes were seal welded to the primary side of the tubesheet with a fillet
weld. The completed tube bundles were heat-treated to relieve the stresses at the carbon
steel shell closure welds at a nominal temperature of 607°C (1125°F). Heat was applied
to the lower half of the vessel while the upper portion of the bundle shell was insulated/1/.
The hard rolled joints saw a partial stress relief as part of this operation, and tubing
microstructure was moderately sensitized at the tubesheet region (as confirmed by ASTM
G28 testing).

Early History

Between 1978 and 1983, there were a total of eight tube leaks in Units 2, 3 and 4, all
located in the large-radius U-bends at either the top horizontal support plate (the 7th

support plate), or the 40° hot-leg U-Bend (HLUB) support. Metallurgical examination of
removed leakers identified high cycle, low-stress amplitude fatigue with flow-induced
vibration as the most likely cause of failure. In recent years, leaking SG tubes resulted in
significant unavailability of the BNGS-A Units. The major degradation was identified as
OD-initiated circumferentially oriented stress corrosion cracking (SCC) of the tubes in the
40° HLUBS/2/. In 1986 a lead shielding blanket, inadverently left after a maintenance
outage in one of the Bruce Unit 2 SGs, dissolved in the secondary side water and
exacerbated the SCC problem in one bank of SGs. The severity of the SG tube cracking
contributed to the shutdown and lay-up of BNGS-A Unit 2 in October 1995.

Recent History -top of tubesheet

An in-service Inspection (ISI) program has been in place to provide information on the
overall condition of the SGs and to assist in the early identification and ongoing
monitoring of SG tubing degradation mechanisms. Until recently, only a small sampling of
tubes in any steam generator had been inspected for potential TTS degradation but none
had been detected. Several survey tubes had been removed from the top of tubesheet area
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for metallurgical characterization. No significant damage other than some slight
intergranular attack on the OD was discovered.

In 1995, the ISI program did detect TTS defects in the form of general wall loss/pitting
just above the tubesheet. One tube was removed from Unit 1 BO5 to explore the source of
these indications. The source of the signals was found to originate with OD initiated,
general corrosion and pitting in a band about 12-15 mm above the top of the tubesheet to
a maximum depth of 22 % through wall (TW). The tube also was found to contain
multiple, shallow, intergranular circumferential cracks in the top roll transition region to a
maximum depth of 10% TW. In response to these findings, a partial TTS inspection
program with three tube removals was performed in Unit 3 in 1996, but no significant
corrosion or cracking was detected.

3.0 METALLURGICAL EXAMINATION METHODOLOGY

A total of 40 tubes sections were removed and examined from Units 1 and 4 in 1997.
The purpose of the examinations was:

1. To identify the degradation mechanism (s),
2. To provide information to assist in the root cause determination of the

degradation mechanism(s), and to
3. To characterize and measure the extent of the degradation for nondestructive

inspection probe evaluation and detection/sizing validation.

All tube sections were removed from the primary side of the steam generators with the
tubes being cut about 75 mm above the TTS and pulled through the tubesheet after
relaxing of the rolled joints and removal of the seal weld. The rolled joint relaxation was
accomplished by the TIG (tungsten inert gas) process. This process essentially applies a
small weld bead to the inside surface of the tube within the rolled joint in a helical pattern.
The heat associated with the welding effectively relaxes the residual stresses in the rolled
joint permitting extraction of the section. The process was generally controlled to be
confined to the rolled joint region so that the welds did not usually intersect the area of
interest (the upper roll transition region).

A schematic of the tubesheet area of the steam generators is shown in Figure 1. In all the
tubes, the degradation was located either in or just above the upper transition region of
the upper roll expansion (Figure 1). This transition region is formed by the upper tapered
portion of the rollers used to form the expansion joint. The top of the roller leaves a
distinct burnish mark that is readily discernible on the ID surfaces. This mark was used as
a reference for the axial location of the defects. The last point of contact between the
tube and the tubesheet hole was not always apparent on the outside surface.
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The examination procedures employed the basic metallurgical techniques of
metallographic sectioning and fractography, augmented by other techniques such as
chemical analysis, microhardness testing, energy dispersive X-ray analysis (EDX) in the
scanning electron microscope (SEM) or secondary ion mass spectroscopy (SIMS). For
each tube, a detailed quality assurance (QA) test plan was developed and implemented
prior to any work being done. The degree of sensitization of the material was assessed
using the ASTM G28 method.

4.0 RESULTS

ODSCC

The first two tubes from Unit 1 were removed and examined to investigate the source of
the identified leak and the nature of ECT signals in an adjacent tube; these were tubes
R16C90 (suspected leaker) and R18C90 from Unit 1 SG3.

After removal, visual examination showed that both tubes contained apparent
circumferential cracks on the outer surfaces in the rolled joint region. In R16C90, two
large circumferential cracks were found located between the end of the contact region
with the tubesheet hole and the top of the rolled transition region (Figure 2). The cracks
were offset from each other about 1 mm axially but were overlapped circumferentially.
The total circumferential extent was about 190°. In R18C90 the cracks were finer and
slightly less extensive (100°) but had also progressed through the tube wall over part of
the length. In addition to the cracks, the OD surfaces in the area of the roll transition and
slightly above had some wall loss in the form of general corrosion and minor pitting attack
in a band around the circumference and extending from 2-5 mm above the last contact
point. Typical general wall loss was about 5% with pit depths to about 12% through
wall (TW).

Metallographic and fractographic examinations were used to characterize the crack
features. The cracks were progressing by an intergranular path accompanied by extensive
intergranular attack (IGA) around the main cracks. The IGA was contained in narrow
bands that were 1-2 mm wide in axial extent. General metallographic features are shown
in Figure 3 which illustrates the intergranular attack and grain dropping as well as the axial
location of the defects.. The IGA was located between the burnish mark made by the
rollers and the contact point of the roll expansion i.e. in the roll transition region. The
degradation mechanism was established in these first tubes as secondary side intergranular
attack and stress corrosion cracking (OD IGA/SCC) in the upper roll transition region.
This form of degradation is also known as top of tubesheet (TTS) cracking.

After these initial examinations, a further 21 tubes were removed from Unit 1, primarily
for NDE probe validation. They were selected, based on the NDE results, to provide a
range of defect sizes for probe validation. Fifteen of the 21 tubes had cracks or IGA of
depths varying from 33 to 100% TW. Only four contained no IGA or cracks. Similar
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damage was also found in 17 tubes later removed from Unit 4. The measured crack depths
in all these tubes are summarized in Figure 4. In most of these tubes, in addition to the
IGA/SCC, the band of general corrosion and pitting damage, above the roll transition
region, was apparent to a maximum depth of about 20% through wall (TW).

The degradation features were similar to the first two tubes and were characterized by
extensive IGA, grain dropping and circumferential cracking. In some cases, the end result
of the degradation was not really crack-like but a wide-mouthed trough with a rounded
bottom or tip. In other tubes, the IGA formed symmetric elliptical-shaped patterns
(Figure 5). In all cases, the IGA areas and cracks were located in the roll transition, i.e.
below the burnish mark but above the tubesheet contact point. The other significant
observation from this set of tubes was the circumferential extent of the damage.
Circumferential extents in some cases were up to 340°.

PWSCC

As a result of the discovery of OD-initiated IGA/SCC in Unit 1, the other two operating
Bruce A units were shutdown for inspection to ascertain if similar damage was present.
Unit 4 was shutdown initially because it also had a very low level chronic leak in one
steam generator (SG8). The inspection program quickly identified several potential
defective tubes as candidates for removal. Eventually a total of 72 tubes were found with
TTS indications in Unit 4.

The initial two tube removals from this steam generator included one tube (R23C35) that
fractured during the tube removal attempt. Examination of the fracture surface indicated
that the small remaining ligaments were located on the OD. Sectioning and fractography
of the other tube (R18C3O) confirmed that a through-wall crack was present for about 80°
of the circumference but in the remainder of the circumference the crack clearly initiated
from the ID surface (Figure 6). In both tubes, the crack path was intergranular but was
not accompanied by the extensive IGA found on the OD of the Ul tubes. After this initial
discovery of circumferential cracking in the first two tubes, 15 additional tubes were
removed from Unit 4. These tubes were again selected to verify the probes, but now for
ID initiated indications.

Examinations of the additional tubes showed that the ID-initiated, intergranular cracking
was present in 7 of the 9 tubes from SG8 and 5 of the 6 tubes from SG4. None of these
cracks were through-wall and depths ranged from 11 to 94% (Figure 7). Circumferential
extents of the ED cracking could be up to 360 °. The crack features and locations
suggested that the ED cracks were due to primary water stress corrosion cracking
(PWSCC).
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OD initiated cracking was also present in several of the tubes (7 of 15 ) but was generally
offset axially from the primary side cracking, being slightly higher up in the roll transition
region. In one case the ID and OD cracks were in the same axial position (Figure 8). The
depth of the OD cracking seemed to be generally less than the ID cracking although one
tube had an OD crack depth of 85%. OD damage in the form of general corrosion and
pitting was also present in these tubes with wall losses up to 29% in some cases in the
same area as the ID cracks. These results show that both OD and ID degradation
mechanisms are affecting the tubes from the Unit 4 steam generators and can, in fact, be
present in the same tube.

DISCUSSION

The ISI program on three Units and the series of tube removals from four Bruce A steam
generators in two Units has shown that two main degradation mechanisms are affecting
the steam generator tubes :

• Top of tube sheet OD initiated intergranular attack and stress corrosion
cracking (OD IGA/SCC)

• Top of tubesheet ID initiated cracking (PWSCC).

The degradation is confined to the top transition of the upper expansion joint on the hot
leg side of the tubes. The ODSCC mechanism has been confirmed in two units (Unit 1
and Unit 4); the third unit (Unit 3) appears not to be affected at this time (Table 2).

Table 2 - Summary of Removed Tubes, Bruce A, Units 1 and 4

Unit and
Steam
Generator
U1SG3

Ul SG5

U4SG8

U4SG4

TOTALS

Number of
Removed Tubes

13

10

11

6

40

Purpose

Identify leaker and
mechanism, probe
validation
Probe validation

Identify mechanism and
probe validation

Probe validation

Mechanisms

OD IGA/SCC
OD corrosion and pitting
PWSCC?
OD IGA/SCC
OD corrosion and pitting
PWSCC?

PWSCC
ODSCC

PWSCC
ODSCC
OD corrosion and pitting

Initially it appeared that the PWSCC was present only in Unit 4 tubes, however this may
only be a result of the sequence of events. The initial removed tubes from Unit 1 were
selected based on analysis of ECT signals for OD defects. The laboratory examinations
were also focussed on OD defects. One tube from Unit 1 did contain an ED crack but it
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was attributed, at the time, to the TIG tube removal process. After the initial discovery of
PWSCC in Unit 4, emphasis shifted to ID defect detection and the subsequent tube
removals were selected for ID probe validation. It is now felt that both mechanisms are
probably operative in tubes from both units.

A preliminary investigation of contributing factors was initiated as soon as the top of
tubesheet ODSCC mechanism was identified. The focus was on obtaining information on
the three main factors important to any SCC mechanism: material, stress and environment.
The thrust of the initial investigations was to identify possible contributing factors so that
the scope of the inspection program might be restricted with the aim of returning the units
to service as soon as possible. It was hoped that an "area of risk" might be defined by
such an analysis. For instance, it is likely from the axial location of the cracking that either
residual stresses or cold work from the rolling process were important contributors. If the
manufacturing records could show that some tubes had been over-rolled or re-rolled so
that residual stresses were altered or more cold work was introduced, the apparent
confinement of the cracking to certain tubes might be explained. Several of these
manufacturing variables were analyzed but yielded no clear contributing factors. Similarly,
heat treatment histories of the various steam generators were obtained but no definitive
differences were found that could account for the restriction of damage to specific steam
generators.

The initial observations of OD damage suggested that the secondary side environment
was important in the mechanism. The locations of the damaged tubes in Unit 1 relative to
the typical sludge pile are shown in Figure 9. The majority of the damaged tubes were
within the sludge pile which suggests that the sludge pile environment or the interaction
stresses between the sludge pile and the tubes might be important. As the sludge piles
contained significant concentrations of copper, which as CuO is known to increase the
propensity and depth of SCC in mill annealed Alloy 600131, it is likely that this sludge
constituent played a significant role in the observed OD IGA/SCC.

Material factors such as material bulk composition, microstructure (ie. grain size, carbide
distribution, grain boundary microchemistry and orientation), strength, and cold work are
known to be important to the SCC mechanism. Analyses of some of these material factors for
selected tubes removed from Units 1 and 4 revealed no appreciable differences in bulk chemical
composition, microstructure (grain size and carbide distribution), degree of sensitization and
hardness in the roll transition. In general, the tube material exhibited a grain size less than
ASTM 8 and partial to near-continuous grain boundary carbide decoration with few
intergranular carbides - both of which are known to confer a lower susceptibility to PWSCC.
The work hardening brought about by the roller expansion process increased the hardness of
the tube material in the roll transition region. The maximum hardness measured in the roll
transition ranged from 211 to 303 VHN, compared to a hardness in the base metal that ranged
from 165 to 198 VHN. This elevation in cold work is known to increase the material's
susceptibility to SCC, however no definitive differences could be discerned between each
removed tube. Other material factors such as grain boundary microchemistry and orientation
are presently being explored in an ongoing program.
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SUMMARY AND CONCLUSIONS

Two main degradation mechanisms are affecting the steam generator tubes at the TTS in
Bruce A:

• Top of tube sheet OD initiated intergranular attack and stress corrosion
cracking (OD IGA/SCC)

• Top of tubesheet ID initiated intergranular cracking (PWSCC).

The degradation is confined to the top transition of the upper expansion joint on the hot
leg side of the tubes. The OD IGA/SCC mechanism has been confirmed in two units (Unit
1 and Unit 4); the third unit (Unit 3) appears not to be affected at this time.

The PWSCC degradation has only been found in the Unit 4 tubes, but it is suspected that
it is also present in Unit 1 tubes as well.

Some relatively minor general corrosion and pitting attack also is occurring on the OD
surfaces in the same locations and can extend further up the tube above the tubesheet. The
relationship between this degradation and the top of tubesheet IGA/SCC is not known but
implies that the corrosive environment in this location is a key contributing factor.

The location and characteristics of the IGA/SCC degradation are similar to that
experienced by PWR's tubed with Alloy 600 and, as such, is a consequence of this
material's inherent susceptibility to stress corrosion cracking in this environment.

The details of the factors, i.e. stress, corrosive species and material susceptibility, which,
in combination, produced the degradation are not yet well understood and have only been
assessed in a preliminary fashion in the removed tubes, but will be the subject of ongoing
work.
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Figure 3 Features of damage in upper roll transition in tube R18C90
removed from Unit 1, SG 3
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Figure 4 Distribution of maximum depths of OD initiated cracks in 40 tubes
removed from Units 1 and 4
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Figure 5 Features of OD corrosion in tube R30C56 removed from Unit 1, SG 5
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Figure 6 Features of ID corrosion in tube Rl 8C30 removed from Unit 4, SG 8
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Figure 7 Distribution of maximum depths of ID initiated cracks in 17 tubes
removed from Unit 4
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Figure 8 Features of corrosion in tube R32C78 removed from Unit 4, SG4
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DISCUSSION

Authors: M.A. Clark, O. Lepik and I. Thompson, Ontario Hydro Technologies

Paper: Top of Tube Sheet Boiler Tube Cracking at BRUCE-A NGS - Recent Experience

Questioner: R.W. Staehle

Question/Comment:

(1) With respect to the BASCC observation, you might consider (a) effects of surface
preparation (similar to Berge suggestions) and (b) stress ripple (high R ratio effects).

(2) With respect to OD SCC, a major part of the "cause" is lack of definition of the effects of
principle variables. In general, the regions of SCC are narrow especially in the pH and
potential domains. Therefore, "surprises" often occur when the local environments impinge
on these narrow zones.

Response:

We are planning to explore the effect of residual cold work on the PWSCC which may be a
surface finish or "preparation" effect. We will also consider your comments in attempting to
better define the local OD environments.

Questioner: R.F. Voelker, Lockheed Martin

Question/Comment:

Could you clarify what the relationship between sludge buildup at the tubesheet and tube stress
levels is?

Response:

We are not certain about the details of stresses but they may be due to interaction with the first
horizontal support plate and/or thermal expansion/contraction differences between the tubes and
hard sludge.

Questioner: M. Wright

Question/Comment:

Listing possible sources of axial stresses, you didn't mention forces resulting from degradation of
the C-steel support structure at the U-bends - have you been able to rule this out?
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Response:

It was considered as a factor but the inspection results showed that ODSCC was present in tubes
not passing through the U-bend supports as well as supported tubes; therefore, any effect seems
unlikely.

Questioner: J. Gorman

Question/Comment:

(1) Has denting at ITS been investigated as a possible contributor?

(2) Is the microstructure typical of sensitized tubes?
(3) How will you determine the extent of problem - number of tubes affected with small cracks

- if decide to restart?

Response:

(1) Denting was considered early on in the investigation. Preliminary assessment from eddy
current probes indicated no denting. Metallographic examinations also showed no
evidence of major denting.

(2) Yes, fairly high percentage of intergranular carbides, also GB sensitization testing indicated
partial sensitization.

(3) This will be done on a probabilistic basis. The assumption will be that everything larger
than 50% TW cracked has been removed. The probe detection limits are about -50%.
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LEAD-INDUCED SCC OF ALLOY 600 IN PLAUSIBLE STEAM GENERATOR
CREVICE ENVIRONMENTS

M D Wright*, A Manolescu** and M Mirzai***
CA0000224

ABSTRACT

Laboratory stress corrosion cracking (SCC) test environments developed to simulate
representative BNGS-A steam generator (SG) crevice chemistries have been used to determine
the susceptibility of Alloy 600 to lead-induced SCC under plausible SG conditions. Test
environments were based on plant SG hideout return data and analysis of removed tubes and
deposits. Deviations from the normal near neutral crevice pH environment were considered to
simulate possible faulted excursion crevice chemistry and to bound the postulated crevice pH
range of 3-9 (at temperature). The effect of lead contamination up to 1000 ppm, but with an
emphasis on the 100 to 500 ppm range, was determined. SCC susceptibility was investigated
using constant extension rate tensile (CERT) tests and encapsulated C-ring tests. CERT tests
were performed at 305 °C on tubing representative of BNGS-A SG U-bends. The C-ring test
method allowed a wider test matrix covering three temperatures (280, 304 and 315°C), three
strain levels (0.2%, 2% and 4%) and tubing representative of U-bends plus tubing given a
simulated stress relief to represent material at the tubesheet.

The results of this test program confirmed that in the absence of lead contamination, cracking
does not occur in these concentrated, 3.3 to 8.9 pH range, crevice environments. Also, it appears
that the concentrated crevice environments suppress lead-induced cracking relative to that seen in
all-volatile-treatment (AVT) water. For the (static) C-ring tests, lead-induced SCC was only
produced in the near-neutral crevice environment and was more severe at 500 ppm than 100 ppm
PbO. This trend was also observed in CERT tests but some cracking/grain boundary attack
occurred in acidic (pH 3.3) and alkaline (pH 8.9) environments. The C-ring tests indicated that a
certain amount of resistance to cracking was imparted by simulated stress relief of the tubing.
This heat treatment, confirmed to have resulted in sensitization, promoted transgranular cracking
in contrast to the intergranular cracking observed in as-received tubing. However, CERT tests on
as-received tubing also promoted transgranular cracking, indicating that the cracking mode is
dependent on deformation behaviour rather than on grain boundary Cr-depletion.

*AECL, Chalk River Laboratories
Chalk River, Ontario K0J 1 JO

**Ontario Hydro Technologies
800 Kipling Avenue
Toronto, Ontario M8Z 5S4

***Ontario Hydro
700 University Avenue
Toronto, Ontario M5G 1X6
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LEAD INDUCED SCC OF ALLOY 600 IN PLAUSIBLE STEAM GENERATOR
CREVICE ENVIRONMENTS

M D Wright A Manolescu and M Mirzai

INTRODUCTION

Leaking Alloy 600 steam generator (SG) tubes have resulted in significant unavailability of the
Bruce-A Units. The major degradation mode has been identified as stress corrosion cracking
(SCC) of the tubes at the 40° hot leg U-bend support (HLUBS). The introduction of lead
blankets to one of the BNGS-A Unit 2 steam generators in 1986 exacerbated the problem in one
bank of steam generators and resulted in shutdown and layup of BNGS-A unit 2 in September
1995. As part of the development of generic CANDU® steam generator fitness-for-service
guidelines1 an experimental program2 was established and sponsored by the CANDU Owners
Group (COG) which included work on lead-induced SCC of Alloy 600.

The possibility of lead-induced SCC occurring in Alloy 600 (76 Ni/16 Cr/8 Fe) steam generator
tubing was first established in the 1960's3, and secondary side SCC attributed to lead contamination
has since been widely reported.4"7 Laboratory studies of lead-induced/lead-assisted SCC have
tended to concentrate on comparisons between Alloy 600 and alternative SG tubing materials >8?9

and on determining the cracking mechanism9*13. These studies suggest that SCC susceptibility is
lower in nickel alloys with higher chromium contents e.g.,Alloy 800 (33Ni/22Cr/45Fe) and
Alloy 690 (60 Ni/30 Cr/10 Fe)14 and that cracking can be linked to the selective dissolution of
nickel. However, although the relative susceptibilities of the nickel base Alloys 400, 600, 800 and
690 are reasonably well documented, the envelope of environmental, material and mechanical
conditions for cracking are still poorly defined. This is especially true for the near-neutral high-
temperature pH conditions where most SGs operate and non-lead secondary side SCC is
suppressed.15 With only a few exceptions,14'16 most testing has been performed with unrealistically
high lead levels and/or in highly acidic or alkaline solutions.

The work reported here was intended to more clearly define threshold conditions for lead induced
stress corrosion cracking of Alloy 600 under realistic SG crevice conditions. Laboratory SCC test
environments were developed to simulate representative BNGS-A SG crevice chemistries2 and
these have been used to determine the susceptibility of Alloy 600 to lead-induced SCC under
plausible conditions. A detailed description of the development of the test environments is
given in reference 2.
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EXPERIMENTAL PROCEDURE

Materials

An important consideration in this program was that testing should be performed on material that
was as representative as possible of actual Bruce A tubing, which is mill annealed Alloy 600 with
carbon contents as high as 0.05wt%. Tubes were subjected to a final hydrogen furnace anneal at
1093°C (2000°F). During fabrication of the SGs, tube bundles were also heat-treated to relieve
the stresses at the carbon steel closure welds. However, heat was only applied to the lower half
of the vessel and tube temperature at the U-Bend region did not exceed 538°C (1000°F).

CERT testing was performed on Alloy 600 tubing, supplied to ASME-SB163 from heat number
NX8688, considered to be representative of Bruce A material. This tubing has a relatively high
carbon content and is high temperature annealed, resulting in a grain size of approximately
ASTM 7 (20 to 40 ^m grain diameter). The chemical composition is given in Table 1. This
table also provides information on two sample lots of archived Bruce B Alloy 600 tubing which
were available for SCC tests. These were used for capsule tests at OHT and some preliminary
CERT tests at AECL. All the tubing was confirmed to be non-sensitized in the as received
condition using ASTM G28 and A262 (C) tests. The relatively low carbon Bruce B material
used for capsule tests at OHT was tested as-received and after being sensitized by heat treating at
607°C for 5 hours. This resulted in a corrosion rate of 822 )im/month in a G28 test. In the as-
received condition the corrosion rate was 52 |im/month.

Table 1: Chemical Composition of Alloy 600 Tubing Materials

Example
Bruce A*
Archived**
Bruce B (med C)
Archived***
Bruce B (low C)
NX8688
HTMA

Chemical Composition wt%
C

0.05

0.026

0.017

0.04

Mn
0.25

0.275

0.23

0.21

s
0.007

<0.001

0.004

0.001

Cu
0.1

0.036

0.05

0.11

Al

0.26

0.26

Ni
76.7

76.0

75.4

75.3

Cr
14.7

15.0

14.8

16.0

Fe
5.8

9.2

9.36

8.0

* Tube R58-S42 Unit 1 Boiler 3 report ref. OHT 88-20-K, ** archived at AECL, *** archived at OHT

Summary of Test Environments

Laboratory test environments were developed to simulate representative Bruce-A SG crevice
environments based on the results of the assessments and analysis described in reference 2.
Deviations from the normal near-neutral crevice pH environment were to simulate possible
faulted excursion crevice chemistry and to bound the postulated crevice pH range of 4-9 (at
temperature). Deaerated conditions were used for the tests. MULTEQ code (Version 2.22,
database V 2.77) was used to predict the pH, solution chemistry and precipitate species of the
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laboratory test environments at both 25°C and 305°C. Table 2 provides a summary of the test
environments. The initial laboratory test pH measured at 25°C is also included for comparison.

Table 2: Summary of Simulated Crevice Environments
Crevice Environment

Simulated

1. Neutral crevice pH
with lead

BNGS-A normal
crevice)

2. Alkaline crevice pH
with lead

3. Acidic crevice pH
with lead

Composition

0.15MNa2SO4 0.3MNaCl
0.05 MKC1 0.15MCaCl2

- 0.5 mole SiO2 ~ 100 ppm Pb
(added as PbO)

as above in #1 but with addition of 0.4 M
NaOH

as above in #1 but with addition of
0.05 M NaHSO4

as above in #1 but with addition of 0.05
M NaHSO4 and 500 ppm Pb (as PbO)

MULTEQ
Predicted

pH: 25/305°C *
8.97/5.60

12.58/8.86

2.44/3.28

2.48/3.36

Initial Measured
TestpHat25°C

8.01

12.89

1.5

1.7
* -Neutral pH @ 305 °C is 5.18

Stress Corrosion Cracking Tests

CERT Tests

Constant extension rate tensile (CERT) tests were performed using Cortest CERT load frames.
These have a maximum load capacity of 2500kN. Single leg CERT specimens of 12.7 mm
gauge length were machined from Alloy 600 tubing by electrical discharge. Within the gauge
length the cross-sectional area is approximately 3.8 mm2. In plan view the cross section is a
slightly curved rectangle, 3 mm x 1.2 mm (tube wall thickness). Three separate CERT load
frames were employed, all with Hastelloy C static autoclaves fitted with 316 stainless steel liners.

A limited number of CERT tests were performed in a lead-free simplified crevice environment
before the more complex lead contaminated environments were used. This was to establish
whether cracking was likely in the absence of lead at the pH limits proposed. These tests were
performed using the medium carbon content archived Bruce B Alloy 600 tubing. Tests in the
final crevice environment were all performed on the Alloy 600 representative of Bruce A
material (NX8688). The test temperature for all the leaded crevice environment tests tests was
305 °C and a relatively low strain rate of 2E-7S"1 was employed. Three levels of lead (PbO)
contamination were evaluated; 100, 500 and 1000 ppm for each of the crevice environments
(acidic, neutral and basic). Each environment was also tested with no lead added. It should be
noted that due to contamination of the autoclave these environments could not be considered lead
free. Measurements of residual lead levels in previous tests17 suggest up to 2 ppm should be
expected.
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Capsule Tests

To simulate the metallurgical condition of SG tubes from BNGS-A U-bends, corrosion coupons
were prepared from the low carbon (Table 1) archived Alloy 600 steam generator tubing sections in
the as-received condition.

C-ring specimens were prepared from each material (as-received and heat-treated) according to the
ASTM Designation G38-73 "Standard Practice for Making and using C-ring Stress-Corrosion
Specimens". Three levels of deformations were used, 0.2%, 2% and 4% strain, for each material.
Sets of six C-rings were assembled on each loading rod. The main parts of this experimental
assembly and most of the capsules used for testing were made of Alloy 600 to prevent galvanic
effects. Carbon steel capsules were used in the tests performed in the least aggressive conditions.
The testing temperatures were 280, 304 and 315°C . A furnace block was used to expose
simultaneously 15 capsules at each testing temperature. Test solutions were the neutral and acid
faulted crevice environments described in Table 2. The effect of varying lead contamination was
evaluated by testing in solutions containing 0,100 and 500 ppm PbO. The exposure time was six
months for all tests.

Examination Procedure

SCC susceptibility was assessed by examining the cross-sectioned and metallographically-prepared
specimens using optical and scanning electron microscopes. Crack depth and crack morphology
were noted together with the extent of secondary cracking along the gauge length of CERT
specimens. In some cases SEM/EDX and SIMS analyses were used to characterize elemental
composition and distribution of contaminants within the corrosion scale and cracks.

RESULTS

CERT Tests

Results of the CERT tests performed in a non-leaded initial crevice environments are given in
Table 3. The results show that these simplified concentrated crevice environments with no lead,
do not cause cracking.
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Table 3: Results of CERT Tests With Archived Bruce B Alloy 600 in the Initial Simplified
Concentrated Crevice Environment

Environment, (all 305°C)
0.15MNa2SO4

0.3M NaCl

0.4M KC1

O.OIMH3BO3

no additions

+0.1MNaHSO4

+0.25M NaOH

No Boric acid

Strain Rate (xloV1)
9.7

Total Elongation(%)
72
72
77
74

Cracks/IGA
No
No
No
No

Results of the CERT tests performed in the leaded complex crevice environments are given in
Table 4 and photomicrographs are shown in Figures 1 to 3. From the results of these tests it
appears that the concentrated crevice environments suppress cracking relative to that seen in lead
contaminated AVT water. It is not clear from these tests alone whether this is due to inhibition
of initiation or reduced crack growth rates. The results in Table 4 and Figures 1 to 3 also indicate
that although Pb levels as low as 100 ppm in AVT water result in cracking in CERT17, this limit
increases to -500 ppm in concentrated crevice environments. It is also noteworthy that only the
neutral crevice environment produced cracks with a similar morphology to that seen in an AVT
environment and that cracking was most severe in this near neutral environment. This is of
particular significance because modifying SG water chemistry to maintain near neutral crevice
pH values is thought to prevent cracking in Alloy 60015 in the absence of lead.

Table 4: Summary of CERT Test
environments with Lead

Results for Alloy 600 (NX8688) in BNGS-A SG crevice
Contamination. Test temperature 305°C, Strain Rate 2xlO'7s-1

Environment

NoPbO

100 ppm
PbO

500 ppm
PbO

1000 ppm
PbO

Neutral
Acidic
Basic
Neutral

Acidic

Basic

Neutral

Acidic

Basic

Neutral

Acidic
Basic

Predicted pH
25C/305°C

2.44/3.28

8.97/5.6

2.48/3.36

12.58/8.86

Measured pH
@25°C

6.52
1.58

12.26
8.2

1.51

12.87

9.52

1.67

13.03

9.75

1.58
12.7

Cracking,
TG or IG

pitting
minor TG intrusions
TG attack /pitting
no cracking

some TG and IG
attack
some IG attack

TG cracking (fine)

TG cracking (coarse)

TG cracking

TG cracking (fine)

TG attack (coarse)
No Cracks

Crack
Depth
<20um
20 urn

<20nm

< 20 fim

< 20 Uin

-100 um

-100 urn

<20um

-200 |im

<50um

Comments

Ductile failure 71%
elongation
Test stopped at 41%
elongation
Test stopped at 41%
elongation
Sample failed at 49%
elongation
Sample failed at 50%
elongation
Sample failed at 52%
elongation
Test stopped at 45%
elongation
Test stopped at 43%
Test stopped at 49%
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No PbO Added

Neutral Acidic Basic

Figure 1: Micrographs showing ductile failure in CERT specimens tested in the concentrated
crevice environments with no PbO added.

100 ppm PbO

Neutral Acidic Basic

Figure 2: Micrographs showing damage along the gauge length of CERT specimens tested in
concentrated crevice environments with 100 ppm PbO. No cracking was observed in
any of these tests.
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500 ppm PbO

Neutral Acidic Basic

Figure 3: Micrographs showing CERT specimens tested in concentrated crevice environments
with 500 ppm PbO. Cracking is most severe in the neutral environment and only very
minor cracking is seen in the basic environment.

Capsule Test Results

Table 5 gives a summary of all the tests performed and indicates testing conditions which induced
SCC. Details of maximum crack length where cracking occurred are also given. For simplicity the
effects of chemistry (amount of PbO and type of crevice), heat treatment of tubing material, stress
(level of deformation) and temperature on lead SCC susceptibility of Alloy 600 are summarised as
follows:

PbO Concentration: No cracks were observed in tests without PbO; the SCC
susceptibility increases with the amount of PbO. After the tests, the lead was found within
the oxide scale and cracks; lead appears to influence the incubation time/mechanism for
cracking. This observation is consistent with behaviour in AVT environments17.

Heat Treatment: Archived Bruce-B tubing in the as received condition, simulating Bruce-
A U bends, displayed greater SCC susceptibility than heat-treated material simulating
Bruce-B tubing; only the higher temperatures (304,315°C) and the greatest lead
concentration (500 ppm PbO) induced cracking in the heat treated material. All non-heat
treated samples cracked in an intergranular mode with some minor transgranular cracks, as
shown in Figure 4. Conversely for the heat-treated material, cracking was transgranular as
shown in Figure 5.
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Chemistry: The near-neutral (lead contaminated) crevice environment did induce
cracking; no cracking was observed under acidic conditions. However, some very limited
cracking was observed in the acidic crevice environment in one test which was performed
with no SiC>2 added.

Stress: Lead-induced SCC susceptibility increases with the level of deformation; but under
aggressive environmental conditions samples cracked even at the lowest strain level (0.2%).

Temperature: Increasing temperature from 280 to 304/315°C significantly increases SCC
susceptibility; however, under all conditions investigated the cracking susceptibility at
304°C was the same as that at 315°C.

iS'-v-v'*

Figure 4: Intergranular cracking in as-received
archived Bruce B Alloy 600. C-ring
specimen tested at 315°C in neutral
crevice environment with 500 ppm
PbO.

Figure 5: Transgranular cracking in heat treated
archived Bruce B Alloy 600. C-ring
specimen tested at 315°C in neutral
crevice environment with 500 ppm
PbO.
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Capsule
Went

20

20

3

3

3

5

5

5

15

6

6

33

33

33

35

35

35

45

45

36

Table 5:
Material
Condition

As-Rec

As-Rec

As-Rec

As-Rec

As -Rec

As-Rec

As-Rec

As-Rec

As-Rec

HT

HT

As-Rec

As-Rec

As-Rec

As-Rec

As-Rec

As -Rec

As-Rec

As-Rec

HT

Pb-Assisted SCC of 1600 Maximum Cradk
Stress

%Strain
Max

Med

Max

Med

Min

Max

Med

Min

Max

Max

Med

Max

Med

Min

Max

Med

Min

Max

Med

Max

Temperature
°C
280

280

304

304

304

304

304

304

304

304

304

315

315

315

315

315

315

315

315

315

Chemistry

NC

NC

NC

NC

NC

NC

NC

NC

AC

NC

NC

NC

NC

NC

NC

NC

NC

AC

AC

NC

: Length
PbO
ppm

500

500

100

100

100

500

500

500

500

500

500

100

100

100

500

500

500

500

500

500

Max. Crack
Length Tm

78

90

87

84

66

205

198

176

24

70

66

75

86

67

210

189

150

27

31

72

Where:
As-Rec.: As-received archive BNGS-B 1600 SG Tubing
HT: Heat treated archive tubing
Max.: maximum deformation (4% strain) NC: Neutral crevice
Med.: medium deformation (2% strain) AC: Acidic crevice
Min.: minimum deformation (0.2% strain)

DISCUSSION

It was noted in the introduction to this paper that most SCC testing with lead were performed in
highly contaminated acidic or alkaline solutions, with pH values significantly higher or lower
than used in this work. For these more extreme environments, SCC/intergranular attack is
possible even in the absence of lead, and it has been suggested that for Alloys 800 and 690 the
role of lead is merely to enhance an existing cracking mechanism.5'1' The results of this work
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summarised in Table 3,4 and 5, show that in the absence of lead the concentrated crevice
environments do not produce cracking of Alloy 600 under CERT or C-ring test conditions.
Although no cracking was observed, some slight pitting and/or IGA was seen in the CERT in
acidic, basic and neutral environments showing all to be relatively corrosive. This tends to
confirm that in the absence of lead, even concentrated crevice solutions and acid or base
excursion in the pH 4 to 9 range, will not cause cracking of Alloy 600.

If lead contamination is present, this work indicates that the concentrated crevice environments
suppress lead-induced cracking relative to that seen in AVT water.14'16'17 For the (static) C-ring
tests, lead-induced SCC was only produced in the near neutral crevice environment and was
more severe at 500 ppm than 100 ppm PbO. Comparable C-ring tests in AVT, show cracking
with less than 1 ppm PbO.14 An apparent increase in the lead threshold for cracking was also
observed in the CERT tests but in this case the effect is less noticable because in CERT tests the
threshold in AVT is -100 ppm.17 As stated above, in the C-ring tests cracking was only observed
in the near-neutral crevice environment and not in the acidic environment, where increased
susceptibility might be expected. This was also observed in the CERT tests where cracking was
most severe in the neutral environment although some cracking/grain boundary attack was
observed in acidic (pH 3.3) and in alkaline (pH 8.9) environments. Thus, the lead-induced SCC
susceptibility of Alloy 600 in concentrated crevice environments appears greatest under near-
neutral conditions and is lessened under mildly acidic and alkaline conditions. The relative roles
of the concentrated salts and the lead under these conditions is presumably a complex one and
may be different for static and dynamic tests, as suggested by this work. It has been noted before
that cracking of Alloys 60017 can be retarded/suppressed by chloride and sulphate in static tests.
This is a possible explanation for the discrepancy between experimental crack growth rate data
generated in simple AVT environments and service experience.

The C-ring tests indicated that a certain amount of resistance to cracking was imparted by heat
treatment of tubing that resulted in sensitization. The beneficial effect of thermal treatment (TT)
that results in grain boundary precipitation of Cr carbides has been reported previously.14'18'19 It
was also observed that after heat treatment cracking was transgranular in contrast to the
intergranular cracking observed in as-received tubing. However, the fact that CERT tests on as-
received non-sensitized tubing also promoted transgranular cracking, suggests that the cracking
mode is dependent on deformation behaviour, inflenced by carbide precipitation rather than grain
boundary Cr depletion. This is consistent with the reported change in cracking mode from
intergranular to transgranular after higher temperature thermal treatments (TT)14>18>19 that result
in grain boundary carbides but not in Cr depletion.

CONCLUSIONS

Laboratory SCC test environments developed to simulate representative BNGS-A SG crevice
chemistries have been used to determine the susceptibility of Alloy 600 to lead-induced SCC
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under plausible conditions. The results of this test program allow the following conclusions to
be drawn:

(1) Cracking does not occur in the concentrated, 3.3 to 8.9 pH range, crevice environments
investigated in the absence of lead contamination.

(2) The concentrated crevice environments suppress lead-induced cracking relative to that
observed in AVT water.

(3) For the (static) C-ring tests, lead-induced SCC was only produced in the near-neutral
crevice environment and was more severe at 500 ppm than at 100 ppm PbO.

(4) In the CERT tests cracking was most severe in the near-neutral crevice environment at all
lead levels tested but some cracking/grain boundary attack was observed in acidic (pH 3.3)
and alkaline (pH 8.9) environments.

(5) The C-ring tests indicated that a certain amount of resistance to cracking was imparted by
simulated stress relief of tubing.

(6) Temperature has a dramatic effect on the cracking susceptibility of Alloy 600 in C-ring tests;
at 280°C the susceptibility of SG tubing was remarkably lower that at 304/315°C but there
was no change in SCC susceptibility between 304 and 315°C.
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DISCUSSION

Authors: M.D. Wright, A. Manolescu, M. Mirzai, AECL and Ontario Hydro Technologies,
Ontario Hydro

Paper: Lead-Induced SCC of Alloy 600 in Plausible Steam Generator Crevice
Environments

Questioner: R.W. Staehle

Question/Comment:

This program represents an enormous effort. I have several comments:

(1) The effect of potential needs to be clarified since the potential is affected by hydrogen,
hydrazine and the Pb/PbO equilibria. This variable is especially important with respect to:

(a) Accumulation of hydrogen in autoclaves with respect to reduced hydrogen in steam
generators.

(b) Effects of hydrogen additives
(c) Shut-down oxygen
(d) The pH cell where higher pH produces lower potentials than more neutral cells.

(2) The effect of hydrazine and ammonia may be important from the point of complexing lead.
The fact that lead is observed in crack tips suggests that lead is a negatively charged
complex.

(3) You might review the EPRI work of Miglin et al. with respect to the occurrence of Pb-SCC
in steam.

(4) With respect to your electrochemical work,

(a) You might also review the work of Kilian at Siemens.
(b) You need to be careful with electrochemical studies since lead is deposited from

solutions at low potentials and would provide additional current as well as a higher
Eoc. This deposited lead will oxidize as the potential is increased and will, therefore,
give misleading currents.

(5) The EPRI curves of da/dt are absolutely misleading with respect to expectations as you will
note. The real implication of the EPRI curve is that little work has been done in the mid-
range of pH.

452



(6) The fact that 690 sustains SCC in Pb solutions, sometimes at much higher rates, also
provides an important clue to the role of lead. This pattern is somewhat different from the
effects of other species such as Cl", S2\ etc.

(7) You should consider looking at Pb effects at lower temperature in view of possibly
important contributions of shutdown effects.

Response:

Thank you for your comments. We do intend to investigate the effect of potential in a systematic
way. The possible effects of complexing are about to be looked at. In this respect, we hope to be
able to use an imaging XPS system to illuminate this.

Questioner: J. Gorman

Question/Comment:

(1) What examination techniques should be used for pulled tubes to check for lead?
(2) How can one estimate the concentration of lead in crevice solutions?
(3) How have controlled potential tests been done to explore ECP effects?

Response:

(1) No one technique is adequate but we think SIMS offers the most reliable results in terms of
detection limits and we would caution against relying on SEM/EDX.

(2) We had information on lead concentrations in sludge, in tube deposits and on the
distribution of lead within cracks from the failure investigations. We compared this with
equivalent data from lab test in AVT and PbO and concluded an appropriate PbO
concentration to be 100 to 1000 ppm.

(3) No, not yet but this is the next stage.

Questioner: Y.C. Lu, AECL

Question/Comment:

Roger Staehle mentioned that the accumulation of hydrogen in the static autoclave tests will
change the ECP of the alloy and influence the lab SCC tests. But from ECP measurements done
in static autoclave, we did not observe any continuous ECP decrease during the autoclave tests.
If hydrogen was accumulating substantially, influencing the ECP of tube alloys, it should have
been observed.
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SECONDARY SIDE IGA/IGSCC OF SG ALLOYS 600, 690 AND 800 :
R&D PROGRAM IN EDF LABORATORIES

F. VAILLANT1, O. DE BOUVIER1, M. BOUCHACOURT2, A. STUTZMANN3, P. LEMAIRE4

ABSTRACT

Many steam generators (SGs) equipped with "mill-annealed" (MA) Alloy 600 tubings suffer significant
secondary side corrosion. Until now, no degradation has been observed with either Alloy 600 TT or
Alloy 690 for new SGs. The understanding oflGA/SCC of Alloy 600 MA in plants and the development
of predictive models have become an important challenge to assess the life span and to reduce the
maintenance costs of SGs.
As degradation occurs in crevice environments which are varied and little known, EDF has undertaken
an important program to improve the knowledge of crevice environments which lead to cracking.
Corrosion tests are performed on Alloys 600 MA (also on 600 TT) in various environments in order to
reproduce the deposits and the cracking observed on pulled tubes in laboratory conditions. Other
corrosion tests are conducted in environments containing some pollutants identified by analyses of
secondary water after hideout-return (sulfates) or oxidizing compounds,... : the influences of pH and
potential are evaluated on Alloy 600 (MA or TT) and also on Alloys 690 and 800.
A comprehensive model is proposed using IGA/SCC results of Alloy 600 in caustic environments. The
thermomechanical parameters of the tubes and the field environmental conditions, introduced in the
model, confirm some important features of SGs tubings. The model will be improved to include other
detrimental environments. It will provide a usefull tool to predict the life span (then steam generator
replacements) and to optimize the maintenance policy of SGs still equipped with Alloys 600 MA and
particularly with 600 TT (frequency and best locations of inspections). Margins will also be assessed for
new SGs equipped with Alloy 690, and a comparison will be performed with Alloy 800.

1 - EDF, R&D Division, Les Renardieres, 77818 - Moret-sur-Loing, France
2 - EDF, Engineering and Construction Division, 69628 - Villeurbanne, France

3 - EDF, Power Generation Division, Central Laboratories, 93206 - Saint-Denis , France
4 - EDF, Power Generation Division, Maintenance Department, 93207 - Saint-Denis, France
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SECONDARY SIDE IGA/IGSCC OF SG ALLOYS 600,690 AND 800 :
R&D PROGRAM IN EDF LABORATORIES

F. VAILLANT, O. DE BOUVIER, M. BOUCHACOURT, A. STUTZMANN, P. LEMAIRE

OBJECT
Hot legs of mill-annealed (MA) Alloy 600 tubings are affected by Intergranular General Attack (IGA)
and Intergranular Stress Corrosion Cracking (IGSCC) on the secondary side of EDF steam generators.
Some transgranular cracking has also been observed in relation to lead. All the cracks occur in flow-
restricted areas (crevices between tubes and drilled tube-support plates (TSPs) in the sludge pile above
the tubesheet (TS) or under the top of the TS) where chemical compounds are able to concentrate.
The local environment is varied and little known, so the influence of the main chemical parameters on
the different types of corrosion is misunderstood. The crack propagation rates - which are of major
concern for the maintenance policy of SGs - are also not clearly determined particularly for
circumferential cracking at the TS, since plugging is carried out as soon as a crack is detected.
With regard to SGs equipped with tubings in thermally-treated (TT at 700°C) Alloy 600, no cracking has
been reported but the margins in preliminary laboratory tests with respect to MA-Alloy are not so
important and some corrosion could occur in the future.
Since 1984, the new SGs hace been equipped with Alloy 690 TT (30% chromium) : no corrosion was
reported from field experience. Other countries use Alloy 800 (40% iron, 33% nickel, 20% chromium)
successfully. With regard to Alloy 600 MA, the margins with these alloys are of course substantial in
terms of initiation for corrosion but they cannot be quantified since no cracking has been observed in
any plants.
So EDF has undertaken an important R&D program in order to help to :
-plant operation by identification of crevice environments responsible for IGA/SCC of tubes in Alloy
600 MA and by a contribution to the improvement of water chemistry requirements (sulfates...,
hydrazine).
- the optimization of the maintenance policy by reduction of costs for SGs equipped with 600 MA or TT
(location and frequency of controls, sludge lancing, planification of steam generator replacements
(SGRs)).
- the assessment of the margins in terms of life duration with Alloys 690 and 800.

CURRENT STATUS ON SECONDARY SIDE IGA/SCC
A general overview [I] has been performed, including field experience (chemistry and corrosion),
corrosion tests in laboratory during the last 20 years - the greatest part involving experiments in caustic
environments - and a first step of a model for initiation and propagation has been proposed from tests in
caustics. The results of the model have been compared to SGs behaviour [2].

Field experience
Secondary side corrosion on Alloy 600 MA occurs in flow-restricted areas where pollutants could
concentrate. The local environment is varied and little known. During the first years of the operation
with the oldest SGs, the local enironments in the crevices were thought to be mainly alkaline. But the
improvement of the water chemistry - AVT treatment, no regeneration of resins, use of mixed beds for
water purification - has led to less caustic environments (analyses of secondary water after hideout-
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return (HOR) at Saint-Laurent Bl, the most affected unit by IGA/SCC before SG replacement [3]).
Analyses of deposits and films on pulled tubes have revealed that corrosion could be related to
aluminosilicates in the deposits together with a brittle underlying chromium-rich layer [4].

Laboratory tests
Most of the corrosion tests were conducted in caustic environments. Though some questions may arise
about their representative of local chemistry, these conditions have reproduced the main degradations
and material effects observed in service. It was found that the lower the yield stress of the tube the
higher the sensitivity to IGA/SCC in caustic solutions, as it has been observed in Saint-Laurent Bl
(figure 1, [3]). Tests in sodium hydroxide have also proved the beneficial effect ofTTat 700°C [5,6].
Alloys 690 and 800 had a higher resistance to SCC in caustic environments than Alloy 600 and lead was
always detrimental [6].
Complex acidic environments (pHr < 5) could also induce severe cracking of Alloys 600 and 800, while
Alloy 690 had the best resistance to corrosion in non-oxidizing conditions [6, 7].
But very few results were available for pHr 5 to 9, (figure 2), [I, 8J. The local chemistry was probably
very complex ; some cracking has been reported in laboratory with Alloy 600 in environments
containing pollutants observed in SGs (aluminosilicates with organic species and phosphates) [4].
These degradations are still poorly understood, not easy to reproduce and the behaviour of Alloys 690
and 800 in these conditions are not known.

First proposed model of IGA/SCC
There are two possible ways for the development of predictive models of IGA/SCC applied to plants.
The first relies on the observation of damages as measured by inspections (eddy currents) on Alloy 600
MA at TSP elevations. A wide range of numerous damages (in millivolts) is required to get a
conservative prediction of corrosion. This approach is of course not possible on Alloys 600 TT and 690
(no detected damage in SGs) or when the kinetics of corrosion cannot be measured (circumferencial
cracking at the TSon 600 MA).
The other, a mechanistic model, relies on the corrosion behaviour in laboratory. The initiation time and
the crack propagation rates are a function of pH, temperature, stress and tube characteristics as
determined by laboratory tests. The first approach based on results in caustic environments is very
attractive [2J. CGRs deduced from the model are consistent with CGRs from plants at pHr about 10 for
IGSCC (at TS and TSP elevations) and atpHT about 10.5 for IGA at TSP elevation. In these conditions,
the location and the orientation of the cracking, the influences of the yield stress and TT(700°C) are
explained, and the location of first possible cracks of Alloy 600 TT can be predicted. This model will be
fully predictive when the improvement resulting from the proposed program has been achieved.

R&D PROGRAM

Help to plant operation
Identification of the environments responsible for the cracking in SGs
Chemistry in flow-restricted areas can hardly be obtained from in-situ measurements. Only indirect
information is available from analyses of deposits and films on pulled tubes and from analyses of
secondary water after HOR.
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Reproduction in laboratory of deposits, films and corrosion damages observed in SGs
The program proposes reproducing in laboratory conditions the aluminosilica gel with the underlying
brittle Cr-rich layer and the cracking observed on pulled tubes. Complex environments are fabricated
with the main pollutants (silica, alumina, phosphates, acetates as a result of thermal decomposition of
morpholine) which could be detrimental to Alloy 600 MA or sensitized according to [4].
- The conditions leading to the formation of the deposits and of a brittle Cr-rich on Alloy 600 MA are
investigated (pH, temperature, water treatment (morpholine or ammonia together with hydrazine)). The
influence of pollutants is examined separately or with interactions during short-term tests (200 h). The
ability of a crevice environment to destroy a protective film (preformed in pure ammonia) is also
studied. During the surface analysis, the ratio Ni/Cr in the film is examined in relation to pH and redox
conditions.
- Corrosion tests (2500 h) are also performed on C-rings stressed at 0.8YS, YS and more than YS in
static autoclaves at 320°C, particularly in environments which have produced the deposits and the
brittle Cr-rich layer. Alloys 600 MA, TT or sensitized and 690 are investigated. The matrix of the
deposits and corrosion tests is provided in table 1.

Effect on IGA/SCC of the main chemical species identified by analyses after HOR

The detrimental effect of sulfate - which is one of the main pollutants at the blowdown of SGs after
HOR1 - is investigated on Alloy 600 MA : this species could not be observed on deposits and films, due
to its solubility at low temperature. Some interactions with different redox conditions are also examined.
They could lead to surface films and damages different from those examined in 3.1.1.1. Surface analyses
(Ni/Cr ratio) and corrosion tests of 2500 h on C-rings are performed at 320°C in static autoclaves at
corrosion potential in the following conditions :

- Sulfates : The influences on IGA/SCC ofpHr and sulfate concentration are investigated at pHj
of 5, 6, 8 and 9.5 and sulfate concentration 100, 5000 and 57000 ppm. The highest concentration is
calculated code from HOR concentration in secondary water using MulteQ code.

Available results demonstrate that Alloy 600 (MA or TT) is very sensitive to IGSCC above 5000
ppm in some conditions, Alloy 800 is susceptible to IGSCC at pH 5 and 6 at 57 000 ppm and Alloy 690
is immune to SCC in all the investigated conditions.

- Reduced-S species as a consequence of the reduction of sulfates into thiosulfate and sulphide by
hydrazine2) : corrosion tests on C-rings (as previously) are performed at pHr = 5 and 8, 320°C. The
thermodynamical stability of the different S-species are examined as a function of the potential.

- Sulfates + oxidizins species : in order to examine whether oxidizing conditions during start-up
after shutdown could explain the damages observed in SGs, corrosion tests on C-rings are conducted in
a weakly detrimental solution (5000 ppm sulfate) containing Cu or Cu(NHs)/+ or CuO or magnetite),
table 2.

Help to the chemical requirements of secondary water

Hydrazine is added in the feedwater of SGs in order to obtain reducing conditions : its content is limited
to 25 ppb for plants with copper alloys, but it can be higher for plants without copper. Nevertheless, the

1 Lead is one of the most detrimental pollutants in plants with respect to IGA/SCC at any pH. In order to avoid hidden effects
with other pollutants, lead is not introduced in this program. In addition, the study will not account for any specific effect of
sodium, since it has been widely investigated during the two past decades.
2 An increase of hydrazine content in secondary water is investigated in order to obtain reducing conditions in plants. A
decrease of the amount of sludge is also expected from this increase of hydrazine, but other studies are also performed to
assess the influence of hydrazine on flow-assisted corrosion on carbon steel in SGs.
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hydrazine content has to be limited because flow-assisted corrosion could occur on the TSPs in carbon
steel.

The program contributes to determine the maximum concentration of sulfates together with hydrazine
content in order to avoid SCC of Alloy 600 with reduced-S species. Tests are performed in autoclave
with a refresh device to control the hydrazine content. Of course, the results will require a validation in
representative conditions in the future.

Optimization of maintenance ; life span
A precise model for initiation is necessary to assess life span ofSGs equipped with Alloy 600 MA or TT.
In the case of Alloy 600 TT, a predictive approach from field experience is not possible since corrosion
has not been observed until now. Moreover, a model for propagation would be useful to help with the
operation and maintenance ofSGs.
The development of the corrosion model will use the laboratory data generated in 3.1, and will require :
- a comprehensive study of IGA/SCC to allow the determination of the parametric functions in
laboratory conditions,
- a thermomechanical analyse ofSG tubings,
- the development of the model itself in order to ensure that the life duration of remaining SGs in Alloy
600 MA and the more recent SGs in Alloy 600 TT will be at least 40 years. Margins will be assessed
with Alloys 690 and 800.

Comprehensive study of IGA/SCC
Environmental conditions (potential, pH, concentration) : The question arises as to whether the
detrimental effect of the various pollutant is the result of potential or pH. This approach is useful in
order to conclude whether cracking in SGs was mainly the consequence of the start-up conditions, until
the oxidizing compounds were consumed. The corrosion tests at free potential with the investigated
pollutant are described in 3.1 and the potential of the specimen is measured. Then this potential is
applied on a C-ring without the pollutant at 320°C; the CGRs with and without pollutant are compared
to conclude on a purely potential effect.
The influence of the concentration of pollutant (sulfates, ...) and pH will be assessed using the
measurement of the dissolution rate by polarization resistance. This approach will be very usefull to take
into account the great variability of local chemistries in plants. It will also save some long-term tests of
corrosion.
Material parameters : One basic objective of this program is to assess the life span of SGs equipped with
600 TT, in comparison with 600 MA. Safety margins with Alloys 690 and 800 are also evaluated. In any
case, initiation time and crack growth rates are measured together on each alloy during the tests
performed in 3.1. The detrimental effect of a low yield stress will be examined on Alloy 600 MA in 2
typical environments.
Stress : During the tests performed in 3.1 at 320°C, the stress levels are 0.8YS, YS and higher than YS
for Alloy 600, YS and higher than YSfor Alloys 690 and 800. The stress intensity factor threshold K1Scc
is also assessed in two typical environments in order to reach the critical size defect* (transition between
slow propagation rate to rapid propagation rate).

3 The critical size defect is related to the stress intensity factor threshold K!SCc- It is defined as the crack depth transition
between the slow (stable) propagation rate and the rapid propagation rate.
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Temperature : The influence of temperature on IGA/SCC is evaluated by a few corrosion tests on C-
rings from each alloy at 290°C in 2 environments found to be very detrimental to Alloy 600 MA
(minimum duration 3000 h).

Development of the corrosion model
This is the main objective of the present program in order to propose help with maintenance ofSGs.
Improvement of the first approach of the model
The first approach of the model [2] based on corrosion tests in sodium hydroxide solutions includes :
- the parametric Junctions of corrosion (IGA and IGSCC) in laboratory condition : initiation (time and
stress threshold), slow-propagation rate and critical size defect versus temperature, stress, environment
parameters (pH, potential) and material parameters (Alloys 600 MA and TT).
- an thermomechanical analysis of the tubes at the crevice locations (TSP, TS) during operation for each
alloy/SG system.
- a predictive application of the model : local pH calculated from analyses after HOR, stresses and
temperature of the main investigated locations will be introduced in the model for the remaining SGs
with Alloy 600 MA and particularly for locations without CGRs from field experience (circumferential
cracking under the top of the TS). The predictive approach will be performed also on Alloys 600 TT4 and
690.
- a probabilistic approach will improve the model by including distributions of YS from plants and of
stresses in operation.
- a software application will facilitate the use of the model based on caustic environments.
Extension of the model to other environments
A second important improvement of the model will be realized, similarly based on corrosion data from
laboratory performed in neutral to mildly alkaline environments.
Global model
The global model will provide initiation, slow CGRs and critical size defects in all the environmental
conditions mentioned above. The environmental conditions in SGs will be introduced with calculatedpH
after HOR and the main concentration of pollutants. The CGRs will be expressed in micrometers per
hour (or angular sector/h) and an attempt to get a translation into millivolt per operating cycle will be
proposed in case ofvalidation.
The model will be improved by including a statistic / probabilist approach to account for the variety of
field experience (materials (YS), stresses,...). A software application from this model will be developed
for users.

CONCLUSION
An important R&D program to investigate IGA/SCC of steam generator (SGs) tubings is under way for 3
years. The main results of this program will provide a better understanding of crevice environmens and
will contribute to the future improvement of the chemical requirements of the secondary water.
It will also provide a useful tool for operation and help with the maintenance policy of SGs : life span of
SG (essential for scheduling of SG replacements) and crack propagation rates (for prediction and

4 Life duration will be assessed as the time to reach a crack depth of 400 nm for a circumferential crack, on the basis of
examinations of pulled tubes in Alloy 600 MA. This crack depth is suitable to ensure the mechanical resistance of the tube
with safety margins.
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control of corrosion) as a function of the main environmental and thermomechanical operating
conditions ofSGs equipped with Alloy 600 in the MA and TT conditions.
Margins with Alloy 690 will be assessed, and a comparison will be performed with Alloy 800.
At the end of the 3 year-period, the predictions of corrosion evolution from the developed mechanistic
approach and from inspections of the tubing in Alloy 600 MA will be compared. If the approaches are in
accordance, they could be linked together. Another prospect could be a coupling of a corrosion code
with a chemistry code - as MulteQ - in order to obtain a direct input of the crevice chemistry of a given
unit into the predictive model of corrosion.

REFERENCES

1. "La corrosion secondaire des tubes de generateurs de vapeur", EDF report, J.M. Gras ed, 1996.
2. M. BOUCHACOURT, J.M. BOURSIER, D. BUISINE, F. VAILLANT, P. LEMAIRE, "Modelling

the occurence of the IGA/SCC in French PWR Steam Generator", to be published in 4th
International Sympsosium "Contribution des expertises sur materiaux a la resolution des problemes
rencontres dans les reacteurs a eau pressurisee", Fontevraud IV, September 1998.

3. F. VAILLANT, B. PRIEUX, F. CATTANT, A. STUTZMANN, P. LEMAIRE, "Saint-Laurent Bl :
expertises, chimie en fonctionnement et essais de corrosion", 3rd International Sympsosium
"Contribution des expertises sur materiaux a la resolution des problemes rencontres dans les
reacteurs a eau pressurisee", Fontevraud III, September 1994, pp 383-393.

4. B. SALA, M. ORGANISTA, K. HENRY, R. ERRE, A. GELPI, F. CATTANT, M. DUPIN,
"Laboratory Study of Corrosion of Steam Generator Tubes : Preliminary results", 7th International
Symposium on Environmental Degradation of Materials in Nuclear Power Systems - Water
Reactors, Breckenridge (CO), vol 1, august 1995, pp 259-275.

5. R.J. JACKO, "Corrosion Evaluation of Thermally-Treated Alloy 600 Tubing in PWR Faulted
Secondary Environments", EPRI report NP-6721, June 1990.

6. F. VAILLANT, D. BUISINE, B. PRIEUX, " Comparative Behaviour of Alloys 600, 690 and 800",
7th International Symposium on Environmental Degradation of Materials in Nuclear Power Systems
- Water Reactors, Breckenridge (CO), vol 1, august 1995, pp 219-231.

7. L. zur NEDDEN, J. STUBBE, E. PIERSON, "Effect of Simulated Outage Conditions in Acid
Environment Containing Copper on Corrosion of Steam Generator Tubes", 8th International
Symposium on Environmental Degradation of Materials in Nuclear Power Systems - Water
Reactors, Amelia Island (FA), vol 1, august 1997, pp. 91-107.

8. "PWR Secondary Side Water Chemistry Guidelines", rev 3, EPRI TR 102134, may 1993.

460



Table 1 - Reproduction in laboratory of deposits / films and cracking observed on pulled tubes :
matrix of the tests

Objectives
Effect of

pollutants

Effect of
preoxidation

in AVT
Effect of pH

Effect of water
treatment

Reference
environm1

= R

R +
A12O3

R +
Ca3(PO4)2

R +
acetate

R + AI2O3
+Ca3(PO4)2

+ acetate

R + AI2O3
+Ca3(PO4)2

+ acetate
+ sulfate

morpholine
+ silica

Nature of the tests
-deposifilm
- IGA/SCC

deposVfilm

-depos/film
- IGA/SCC

**

-depos./film
- IGA/SCC

**

-depos./film
- IGA/SCC

**

-depos./fllm
- IGA/SCC

-depos./film
- IGA/SCC

-depos./film
atpH5,6,8

—

depos./film

* reference environment: AVT (ammonia + 2 ppm hydrazine PH20 9.3) + 2 g/1 SiC>2, 320°C
** corrosion tests with Alloy 600 only

Table 2 - Matrix for the tests performed with oxidizing compounds

Environment

Electrochemical
tests

Corrosion tests
(C-rings)

Reference R'
: sulfates

(5000 ppm),
pHT5

yes

yes

R' +
Cu

yes
(galvanic

effect)
yes

R' +
Cu(NH3)4

2+

yes

yes

R' +
0.01%Cu2O +

0.01% CuO

yes

yes

R' +
1 % C U 2 O +

1% CuO

yes

yes

R' +
Fe3O4

yes

yes
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DISCUSSION

Authors: F. Vaillant, O. de Bouvier, M. Bouchacourt, A. Stutzmann, P. Lemaire, EDF

Paper: Secondary Side IGA/IGSCC of SG Alloys 600,690 and 800: R&D Program in
EDF Laboratories

Questioner: J. Gorman

Question/Comment:

Will lead be included in your model? If not, why not?

Response:

We do not intend to include lead in our model in a first approach, because we do not wish to
modify the response of other parameters that could be hidden due to the high detrimental effect
of lead in many environments.

Though lead could be present in several circumstances in SGs, very few cases were attributed to
Pb SCC in EDF plants. Transgranular or mixed cracking were scarcely observed (Bugey 3 Unit).
In most of the investigated conditions in laboratory, lead has induced TG or mixed cracking or
deep general corrosion. Environments without lead have generally induced IGA/IGSCC.
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CORROSION-PRODUCT TRANSPORT,
OXIDATION STATE AND REMEDIAL MEASURES

Jerzy A. Sawicki, Michael E. Brett* and Robert L. Tapping

ABSTRACT

The issues associated with monitoring and controlling corrosion-product transport (CPT) in the
balance-of-plant (BOP) and steam generators (SG) of CANDU stations are briefly reviewed. The
efforts are focused on minimizing corrosion of carbon steel, which is used extensively in the
CANDU primary and secondary systems. Emphasis is placed on the corrosion-product oxidation
state as a monitor of water chemistry effectiveness, and as a monitor of system corrosion effects.
The discussion is based mostly on the results and observations from Ontario Hydro plants, and
their comparisons with PWRs. The effects of low oxygen and elevated hydrazine chemistry are
reviewed, as well as the effects of lay-up and various start-up conditions. Progress in monitoring
electrochemical potential (ECP) at Ontario Hydro plants and its relationship to the oxidation state
of corrosion products is reviewed. Observations on corrosion-product transport on the primary
side of steam generators are also discussed.

* Corporate Nuclear Engineering Support Division, Ontario Hydro, Toronto, ON M5G 1X6

AECL
Chalk River Laboratories
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CORROSION-PRODUCT TRANSPORT,
OXIDATION STATE AND REMEDIAL MEASURES

Jerzy A. Sawicki, Michael E. Brett* and Robert L. Tapping

1. INTRODUCTION

The principal objective of the steam generator (SG) owner-operator is to keep the SG in service
as long as possible with as little maintenance as possible. The SG is the ultimate repository of
any poorly chosen chemistry or of any breakdown in water chemistry, and the consequences can
be corrosion or fouling or both. Corrosion-product particulates originate from various sites in the
primary and secondary system of nuclear reactors and are transported and deposited in the SGs.
These particulates can cause a variety of problems, such as decrease of heat-transfer capability
through deposition on tubes, a limitation of flow in some restricted areas (for instance, tube-to-
tube support plate crevices), and an acceleration of corrosion in crevices, either in deep sludge
piles or at blocked tube supports. The influx of oxidized corrosion products may have a
particularly adverse effect on the redox environment of SG tubing, thereby increasing the
probability of localized corrosion, such as pitting, intergranular attack and intergranular stress-
corrosion cracking.

Operationally, fouling and corrosion are controlled by the rigorous application of appropriate
chemistry specifications. Ideally, water chemistry should be based on electrochemical potential
(ECP) data, but this information is as yet virtually unavailable. However, the iron oxidation state
can provide clues to the effectiveness of feedwater (FW) chemistry control strategies in
maintaining reducing conditions in the secondary cycle. A reducing bulk water SG chemistry for
a mixed feedtrain should result in copper metal and cuprous oxide being found in the SG, along
with magnetite.

It is apparent that not only the quantity of corrosion products but also their redox nature may
influence corrosion processes in the steam SGs. In particular, control of the oxidation state of
iron-based corrosion products, for example, Fe2+ vs. Fe3+ species may minimize the risk of SG
corrosion if the transport of reducible oxides is limited, e.g., by use of elevated hydrazine
concentrations. One way to reduce susceptibility to intergranular attack may be to minimize the
introduction of oxidizing agents such as ferric (Fe3+) oxides, especially oc-Fe203, a-FeOOH and
y-FeOOH. At reducing conditions, these species are partly reduced to magnetite in FW
environments. Also, the removal of copper-bearing alloy condenser and FW tubes allows not
only total corrosion-product transport (CPT) reduction by allowing higher pH operation in the
balance-of-plant (BOP), but this removal also eliminates the transport of oxidized Cu2+ species.

Systematic surveys of the corrosion-product species transported in Ontario Hydro CANDU
reactors started in 1990. The results of secondary-side surveys were earlier reviewed in
References 1 to 4., and a detailed summary of primary-side study is given in Reference 5. The
surveys helped to mediate corrosion and transport of oxidized paniculate corrosion products, by
design changes and by improvements in operational procedures.
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Regular FW corrosion-product monitoring is also important for performance indicator reporting,
such as the OHN Steam Generator and Reactor Chemistry Index (SGRCI) and the World
Association of Nuclear Operators (WANO) index for pressurized-heavy-water reactors.

2. CORROSION PRODUCTS

The corrosion products are analyzed using X-ray fluorescence (XRF), X-ray diffraction (XRD),
and Mossbauer spectroscopy. Details of these analytical procedures are discussed in Reference 6.
Table 1 lists the corrosion-product species identified in CANDU primary and secondary water
systems.

Table 1: Corrosion-Product Species Identified in CANDU Reactors.
ROH = reactor outlet header, CEP = condensate extraction pump, FW = feedwater, BLD = boiler blowdown

Chemical
Formula

a-Fe
Fe3O4

Fej.xO

cc-FeOOH

Y-FeOOH

a-Fe2O3

Y-Fe2O3

NiFe2O4

ZnFe2O4

CuFe2O4

Cu
Cu2O
CuO
3-Zn(OH)2

Zn2SiO4

ZrO2

Mineral
Name

metallic iron
magnetite

wiistite
goethite

lepidocrocite
hematite

maghemite

trevorite
franklinite

copper ferrite

metallic copper
cuprite
tenorite

zinc hydroxide
willemite
baddeleite

Oxidation
State

Fe(0)
Fe(n),2Fe(m)
Fe(ID
Fe(III)
Fe(IH)
2Fe(m)
2Fe(m)

Ni(n),2Fe(m)
Zn(II),2Fe(in)
Cu(n),2Fe(III)

Cu(0)
2Cu(I)

cu(n)
Zn(II)
2Zn(H)
Zr(IV)

ROH

-
major

-
minor
minor
major

-

-
-
-

-
-
-
-
-

minor

CEP

minor
major
minor
major
major
major
minor

-
-
-

-
-
-
-
-
-

FW

minor
major

-
major
major
major

-

-
-
-

minor
minor
minor

-
-
-

BLD

minor
major

-
-

minor
major

-

-
major
minor

minor
minor
minor
minor
minor

-

SG
Sludge

-
major

-
-
-

minor
-

major
major
major

major
minor
minor

-
minor

-

The insoluble corrosion products are largely iron oxides and oxyhydroxides in all-ferrous
feedtrains and a mixture of iron and copper oxides in mixed feedtrains. The presence of metallic
iron is sporadic and is ascribed to the physical erosion of carbon steel components, especially in
fast wet steam flows. The reduced iron oxides are predominantly magnetite (Fe3O4), and wiistite
(Fei.xO), which is rarely observed. The reducible iron oxides and oxyhydroxides observed are
predominantly hematite (a-Fe2O3), goethite (cc-FeOOH) and lepidocrocite (y-FeOOH). Mixed
oxides (spinels) are common in mixed feedtrain units; for instance, nickel ferrite (NiFe2O4) is
found in the Pickering Nuclear Generating Station (PNGS) SGs. The presence of NiFe2O4 in
boiler deposits has been linked to oxidizing conditions in the low-temperature region of the
feedtrain, which can result in the transport of Cu(II) species to the SGs. Cu(II) is a strong enough
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oxidizing agent to oxidize NiO and Fe3O4 to NiFe2O4, whereas Cu(I) is not [7]. Zinc is often
found with copper because many of the copper alloys are brasses, and zinc oxides and ferrites
may be present. Although oxide films form on SG tube surfaces, these alloys generally do not
corrode sufficiently that the oxides become a significant contributor to the SG oxide corrosion-
product inventory.

3. SECONDARY-SIDE SURVEY

On the secondary side, iron oxide sludge is mostly generated by corrosion of carbon steel piping
surfaces—especially in regions of lower pH, such as the wet steam downstream of the high-
pressure turbine—and in the condenser. Flow-assisted corrosion (FAC) may be a significant
contributor to CPT, especially in areas where water is unsaturated in iron, for instance, in wet
steam lines, lines where flashing can occur, components that are exposed to significant
turbulence (valves, etc.) and areas where significant flow and temperature changes occur
(reducers, elbows, tees).

All sources of CPT are a concern because the deposition of corrosion products in the SG can lead
to various undesirable phenomena:

• reduced heat transfer (i.e., increasing reactor inlet header temperature, RIHT). However,
Ontario Hydro's experience with the removal of copper-containing secondary-side tube
deposits at PNGSs A and B and at Bruce Nuclear Generating Station A (BNGS A) indicated
that this removal has not produced any improvement in RIHT.

• increased impurity hideout in fouled areas such as the tube-sheet sludge, i.e., end-tube support
plates and even tube free-span surface deposits, which can lead to localized corrosion.

• thermohydraulic instability because of significant blockage of upper bundle tube support plates
(as observed at BNGS A). Transport of copper and zinc to SGs may also cause considerable
hardening of the deposited sludge. In addition, fouling in the balance-of-plants has reduced the
efficiency of secondary system components such as flow Venturis in US pressurized-water
reactors (PWRs).

Generally, it is understood that SG tubing is susceptible to secondary-side corrosion under
oxidizing conditions (hence the drive to maintain reducing conditions and to limit total oxidant
ingress), and is susceptible to corrosion under deposits and in crevices (hence the drive to
minimize the total fouling burden to the SG and also impurity ingress). Deposits exacerbate all
types of localized corrosion by making existing crevices and junctions between supports and tube
walls less open and more able to concentrate ionic impurities to aggressive levels. Corrosive
impurities include oxygen, ferric and cupric ions, chloride, reduced sulphur species (sulphides,
thiosulphates), and acid sulphates.

To suppress the formation and transport of corrosion products to the SGs and to maintain
minimum corrosion potential in the boiler FW, an all-volatile chemistry is used with hydrazine
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(N2H4) treatment of the FW. Ontario Hydro CANDU stations operate at > 100 ppb FW
hydrazine. Hydrazine is a strong reducing agent at FW and boiler temperatures, especially in the
pH range 9 to 10.5. Typically, in CANDU reactors, hydrazine is added between the deaerator
(DA) and the DA storage tank, to control FW oxygen. The thermal decomposition of hydrazine
generates ammonia, which helps sustain a high pH. For carbon steel protection (as well as SG
tube protection) the pH (25°C) is maintained at 9.5 or greater for an all-ferrous BOP, or in the pH
range 8.8 to 9.3 (or sometimes higher) for a mixed copper-ferrous BOP. High pH reduces FAC
also, but FAC is more likely to occur under reducing conditions (dissolved O2 less than some
critical value, probably <5 ppb, but probably temperature-dependent) than under oxidizing
conditions. Hence the SG and BOP requirements for oxygen may be different and conflicting,
depending on the degree of, or concern about, FAC in the secondary piping. There are several
other similar conflicts for mixed ferrous-copper systems. For instance, increased oxygen in-
leakage requires increased use of hydrazine to maintain reducing conditions in the SG. Residual
hydrazme in the SG decomposes to produce ammonia, which, in the presence of oxygen, can lead
to increased corrosion of copper-bearing alloys in the condenser and low-pressure (LP) heaters.

Steady-state CPT

Corrosion products are sampled regularly (weekly at OHN plants) from unit FW and are analyzed
to provide an assessment of secondary water chemistry and, less frequently, they are sampled
from condensate extraction pump (CEP) and at boiler blowdown (BLD), to provide an
assessment of condensate and SG chemistry. This sampling enables a direct assessment of total
CPT burden to the SGs, which provides the fouling rate and an indirect assessment of SG bulk
and crevice chemistry, and hence secondary and SG water corrosivity to tubes, shell, support
structures and other SG internals.

CEP
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<i--rFeOOH

a-Fe
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(PRIMARY
SOURCE)
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Figure 1: Main sources and chemical form of iron crud in the secondary water system of
CANDU reactors. CEP is the condensate extraction pump, DA is the deaerator,
SG is the steam generator, and BLD is the blowdown.

The major iron oxide sources and phases are shown in Figure 1. The figure shows that
condensers are a major source of corrosion products and that the corrosion products there and in
the FW are highly oxidized. The principal sources of oxygen are from poor air-extraction, air in-
leakage, oxygenated makeup and other oxygen-rich streams, such as the gland seal water-
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recovery tank, which feeds back into the condenser. The relative significance of the sources can
vary considerably with condenser design, especially inlet locations (e.g., above or below the
water line) for feedback streams.

Boiler blowdown as a means of iron crud removal generally appears to be quite inefficient.
Ontario Hydro's plant estimates of removal of iron crud have ranged from 5% to 25%.
Blowdown sampling typically shows a higher percentage of magnetite (although usually not
100% for CANDU plants) than does FW sampling, which indicates that the SG chemistry is
indeed more reducing than elsewhere in the FW system. This trend is consistent with general
PWR experience [8]. It is interesting to note that Gentilly-2 (Hydro-Quebec) does not add
hydrazine and has significantly more oxidized blowdown corrosion products (only 45% to 50%
Fe as magnetite) than the Ontario Hydro units have.

The percentage of magnetite is a strong function of sampling location. As Figure 2 shows,
corrosion products in CANDU FW are more oxidized than those in the condensate in contrast to
corrosion products in FW of Japanese and US PWR units, where it becomes more reducing than
in the condensate. This oxidation of corrosion products occurs even though CANDU systems
employ a DA and inject hydrazine between the DA and the DA storage tank, which is something
that the PWRs stations generally do not do.

The kinetics of iron oxide reduction by hydrazine are relatively slow (about 4 h to convert
lepidocrocite of various morphologies to 100% magnetite at 150°C [9]]), especially relative to
the secondary-system cycle time. Also, iron oxides remaining in the SG are likely more reduced
than those produced by BLD sampling (the latter may also be precipitated from solution as a
result of sample cooling). This observation is consistent with phase analysis of deposits from SG
deck plates, cyclone separators, U-bends, and tube sheets, which often indicate a lower hematite
fraction than BLD filters do.

The corrosion products in PWR FW are likely more reduced than in the condensate because of
the relatively large contribution of corrosion products from high-temperature drains, which
contribute approximately 30% to the total FW flow, and add ~8 to 10 ppb Fe, mostly in a form of
magnetite. These drains are a relatively minor source of corrosion products for CANDU
reactors, where high-temperature drains contribute -15% of total FW flow, at Fe concentrations
not very much above those in the main stream. In CANDU plants, the DA serves to provide a
residence time of several minutes for the FW in the circuit. The residence time for paniculate
species may be even longer, during which time the corrosion products will tend towards
thermodynamic equilibrium. Under these conditions, even 5 ppb dissolved oxygen produces
hematite as the thermodynamically stable product [10]. It is probable that the corrosion products
sampled from the FW after the DA storage tank are a mixture of partially oxidized species that
have passed through after a somewhat extended residence time and completely oxidized material
re-entrained from the vessel's internal surfaces. Thus a net conversion from magnetite to
hematite is observed across the DA and DA storage tank in CANDU plants.

Although the pH requirements for the SG and BOP are generally mutually consistent, this is not
necessarily the case for the dissolved oxygen requirements. Low oxygen (<5 ppb) is required in
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the SG to protect the tubes, and FAC of carbon steel components in the SG is not expected to be
a concern under normal all-volatile treatment (AVT) conditions (although thinning of support
plate ligaments at Gravelines, Electricite de France, has been attributed [11] to FAC in units
operating with an ammonia-only chemistry). However, in the BOP, especially areas susceptible
to FAC, higher oxygen concentrations
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Figure 2: Fractions of Fe3O4 in CEP, FW and BLD in PWR and CANDU
secondary-side, based on Mossbauer analyses at CRL.
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Figure 3: Fraction of BLD Fe3O4 as a function of FW hydrazine-to-CEP oxygen
ratio based on many averaged data from OHN CANDU stations and PWRs.
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(>5 ppb) may be required to maintain the protective oxide surface. Although high oxygen
concentrations in the BOP likely result in more highly oxidized iron-based corrosion products,
the issue of whether this results in a net increase in the ingress of oxidant to the SGs is currently
under investigation.

High (>100 ppb), or even very high (>200 ppb), hydrazine chemistry control is practised by a
number of PWRs. A minimum value for FW hydrazine for all-ferrous systems is either >8 times
condensate oxygen concentration or >20 ppb, whichever is greater, as specified in recent EPRI
guidelines (Revision 4) [12]. However, it is stressed that in PWRs, hydrazine should be
maximized, with a possible range of 100 to 500 ppb in FW to maintain >95% magnetite in the
SG BLD corrosion products.

The rationale for this is based on the data shown in Figure 3, where the percentage of magnetite
in the SG blowdown is plotted as a function of the ratio FW N2H4/CEP O2. CANDU data are
based on over 90 measurements—and PWR data on over 30 individual measurements—
performed at CRL up to 1998 April. In general, the data indicate that increasing values of the
ratio favour magnetite formation, which implies a reducing chemistry in the SG.

For CANDU stations, increasing the ratio did lead to an increase in Fe3C>4 up to a ratio of -30,
but all further increases in the ratio have shown a decrease in the FesCU. However, there are very
few CANDU data for ratios higher than 30, and these were achieved for short time periods at
high N2H4 concentrations. It appears to be difficult to produce >80% magnetite in a CANDU SG
blowdown. This trend may be a consequence of a number of factors related to the kinetics of
oxide conversion, such as lower SG operating temperatures for CANDU plants (lower by ~20°C
to 25°C than in PWRs) and BOP design differences giving rise to different particle residence
times, in particular, the greater opportunity for hematite production in the DA.

BOP Survey

A survey of general corrosion deposits performed in BNGS B, Units 5 to 8, helped to identify the
origin, evolution and inventory of corrosion products along the secondary system of CANDU
reactors [2]. Various locations along the secondary system were inspected, and about 80
specimens were taken by scraping or abrasion. The data from Unit 8 were especially valuable
because they represent the status of the secondary system after operating for -700 consecutive
days. The sample locations of special interest were (1) the sides of the condensers above and
below the water line, on areas of fresh corrosion; (2) suction piping and discharge piping between
the condensate pump and first heater; (3) the low-pressure heater tube side; (4) the side of the DA
storage tank, relief valve line, and feed-pump recirculation line; (5) the boiler feed-pump
discharge before the high-pressure heater; (6) areas between the high-pressure heater and the
preheater; (7) the shutdown cooling loop between the preheater and boiler; (8) the high-pressure
heater shell-side drains between the drains pump and the DA; (9) the steam discharge to the
condenser; and (10) the high-pressure turbine exhaust line before the moisture separators.

A variety of corrosion products were identified including magnetite, hematite, maghemite,
goethite, lepidocrocite and wiistite. Very high percentages of magnetite were observed on
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components exposed to steam, whereas large amounts of hematite were found in the DAs and on
associated piping. Maghemite was found only in areas exposed to temperatures below 30°C to
40°C. Low-temperature phases, such as goethite and lepidocrocite, were largely absent from
components exposed to temperatures higher than 100°C to 150°C (i.e., in FW and SGs).

Several trends were apparent. Deposits from high-temperature drains or areas generally
associated with steam were almost 100% magnetite, which corresponded well with results from
filtered corrosion products. This finding is reasonable because corrosion products from other
parts of the secondary system (such as the condensate) are not carried over into these streams,
and hence the internal pipe surfaces in these regions are the only source for the release of
corrosion products. In the main feedtrain, corrosion products may be formed in one location and
swept forward before being sampled, and hence may not reflect local conditions at the sampling
location. Deposits from the DA storage tank and in valves downstream of this vessel contained
hematite in proportions ranging from 80% to 100%. The contribution to the filtered FW deposits
from these sources of hematite may account for the fact that FW corrosion products are more
oxidized than those sampled at the CEP in CANDU plants.

Startups

Considerable corrosion-product generation can occur during unit shutdowns or layups. This
situation is a consequence of air ingress, and it may be a major factor in transient crud bursts.
Thus measures need to be taken to minimize air ingress, especially on wet components, or to
reduce humidity below 35% in vessels and piping drained and open to air. Plant measurements
to isolate the major factors affecting startup and crud bursts are needed. High y-FeOOH levels
observed during unit startup suggest that active corrosion is occurring at this stage.

The transients, such as unit startups, unit trips or rapid power reductions, as well as valving out a
bank of FW heaters, generate large corrosion-product bursts, relative to stable at-power
operation. The contribution of startup to the total sludge burden and oxidation state is variable.
Because startup crud bursts generate 100 to 200 times larger corrosion-product concentrations
than steady-state operation does, it is estimated that 50% or more of the total CPT could arise
from transients. In addition, startup can inject considerably larger fractions of oxidized species
and, especially, y-FeOOH. Field data suggest that during startup, y-FeOOH transported from the
condensate does not have sufficient time to decompose to any great extent before entering the
SG. Figure 4 compares 2 different BNGS B startups with associated transients in dissolved
condensate oxygen, FW hydrazine, and FW iron oxides concentrations. It is evident that in
startup with initially low and slowly increasing hydrazine dosing, there was a prolonged transport
of y-FeOOH and that the reducing conditions in FW were only achieved in 5 days. More data
about startup crud bursts are presented in Reference 6.

A better understanding of startup crud bursts and the overall significance of the ingress of more
highly oxidized iron species is imperative in the context of hydrazine optimization to minimize
environmental emissions. Efforts to chemically reduce the iron oxides (e.g., by excess hydrazine
dosing consistent with environmental discharge limits (currently 50 mg/kg for OHN), especially
during the period when the secondary system is hot but flow is low, thereby generally increasing
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the time available for reaction) and to physically remove loose crud generated during shutdown
and layup are expected to be beneficial.
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Figure 4: Crud transport during startups of BNGS B Units 5 and 6 at drastically different
hydrazine dosing modes.

The ECP Program

Corrosion is an electrochemical process, and the driving force for it is based on redox potentials,
established between the component material and the environment. Electrochemical potential is
an important parameter in assessing the susceptibility of SG tubing to corrosion, and it is
expected that maintaining a reducing condition in the SG bulk water will provide an ECP in the
correct range in the crevice to minimize corrosion of SG tubes. It is not yet known what the
values of the potential are in the susceptible areas of the SG (i.e., in crevices), or whether the
chemistry required to obtain this ECP range will also produce a minimum CPT rate. The ECP
tests at OHN (BNGS B, Unit 7; PNGS A, Unit 4; and BNGS A, Unit 4) and correlations between
ECP and the redox state of corrosion products are described in Reference 3. The typical values
of steady-state ECP measured vs. standard hydrogen electrode (SHE) are listed in Table 2.
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Table 2: Electrochemical Potential in Ontario Hydro CANDU Plants

Sampling Site

BNGS B, Unit 7 Feedwater
PNGS A, Unit 4 Feedwater
BNGS A, Unit 4 Condensate

Electrode Potential (mV vs. SHE)
Pt

-510 to -530
-470 to -490
-60 to -70

1600
-590 to -600

—
-100 to-110

M400
—

-480 to -500
—

Carbon Steel
-560 to -580
-630 to -640
-260 to -270

Recent measurements at several CANDU stations show that hydrazine additions have little effect
on the secondary-system oxide-phase composition. These measurements were correlated with
ECP measurements [3], which were also found to be less sensitive to oxygen and hydrazine
concentration changes than were ECP measurements in PWRs. This difference can possibly be
ascribed to the use of DAs in CANDU systems. This finding is contrary to recent laboratory
experiments, where a strong relationship between magnetite fraction and ECP was observed at
FW conditions [13]. In these experiments, the effect of oxygen and hydrazine changes was more
visible on Pt and Alloy 600 electrodes than on a carbon steel electrode.

4. PRIMARY-SIDE SURVEY

The two major primary-side chemistry control requirements of CANDU reactors are the
maintenance of low concentrations of dissolved oxygen (DO2 = 3 -10 cc/kg) to ensure low rates
of zirconium alloy and carbon steel corrosion, and appropriate alkalinity (pHa = 10.3 -10.7) to
ensure acceptable low rates of carbon steel corrosion.

Primary-side CANDU SG thermal degradation manifests itself mainly by a rising reactor inlet
header temperature (RIHT). It is ascribed primarily to fouling of the primary side of the SG
tubes and leakage from divider plates. Primary-side fouling effects are related to thermal
resistance associated with deposits and increased hydraulic resistance caused by decreased SG
tube volume.

A systematic survey of primary-side CPT is being performed at Darlington NGS Units 1 to 4 [5].
The D2O from reactor outlet headers is cooled to 50°C and sampled using 0.45-p,m membrane
filters The deposits contain Fe, mostly from carbon steel corrosion, and some Zr (~5 to 20 wt %
Fe), from the wear of Zircaloy fuel bundle pads and Zr2.5Nb pressure tube fretting.

In the beginning of the survey in 1994 and 1995, the crud bursts were as high as 8 mg/kg D2O
and contained up to 70% to 80% Fe in the form of oxidized iron species (hematite, lepidocrocite,
goethite and ferrihydrite). The steady-state crud concentrations were then often as high as 20 to
30 H-g/kg D2O, with only 40% to 60% Fe in a form of magnetite. In recent steady-state runs, as a
result of better oxygen control during layups (nitrogen blanketing) and better pH control (lower
and more stable values), the crud transport was lowered to 3 to 5 (ig/kg D2O, mostly as
magnetite (60% to 80% Fe) and hematite (20% to 40% Fe).
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It was found that the crud concentration increases markedly with pHa in the range pHa = 10.3 to
10.7 [5]. This value agrees with the trend predicted by flow-assisted solubility of magnetite in
lithiated water at ~300°C, and it is generally in accord with the model of dissolution, transport,
and redeposition of iron in the primary-heat-transport system of CANDU reactors [14].
Operation at the lower end of the pHa range has recently been recommended to the OHN stations
[15].

5. RECOMMENDATIONS

Not only the quantity, but also the redox state, of corrosion products transported to the SGs can
have an effect on their long-term performance. A number of design and operational options exist
to minimize the transport of corrosion products and other oxidizing species to the SGs during the
different unit operating states. The design options are not discussed here, but some operating
recommendations are presented:

• Maintain iron levels in FW during steady-state conditions at less than or equal to 2 ppb, in
agreement with current Ontario Hydro practice.

• Compare predictions of total SG sludge loading obtained from CPT data with the results of in-
service inspections, such as visual, eddy current or ultrasonic inspections or tube removals.
Obtain sludge from well-defined areas of the SG, where possible, for phase characterization.

• Operate with a sufficient hydrazine-to-oxygen ratio so that the blowdown sludge is
predominantly (>75%) magnetite.

• Perform routine CPT monitoring of FW. Consider the use of alternate amines, such as ETA, if
CPT iron levels remain higher than specified. The major sources of corrosion products and the
areas where pHt is maximized are critical to the evaluation of various pH control options.

• Perform periodic monitoring of the oxidation states of corrosion products, especially in SG
blowdown. The trends are useful to establish the optimum level of hydrazine. To determine
the magnetite fraction, Mossbauer spectroscopy is the method of choice.

• In preparation for unit startup, minimize the time spent before startup with the secondary
system hot but with high oxygen. Where discharge restrictions and secondary-system
materials allow, dose with a large excess of hydrazine to lower dissolved oxygen, reduce
oxidized iron oxides, and hence minimize the total oxidant transport to the SGs.
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DISCUSSION

Authors: J.A. Sawicki, M.E. Brett, R.L. Tapping, AECL and Ontario Hydro Nuclear

Paper: Corrosion-Product Transport, Oxidation State and Remedial Measures

Questioner: J. Gorman

Question/Comment:

How important do you think oxidizing conditions at the top of tubesheet caused by ingress of
oxidizing corrosion products (hematite and copper oxide) are to the occurrence of IGA/SCC at
that location?

Response:

It is difficult to comment on the relative significance of one contributing factor to top of
tubesheet IGA/SCC versus the others. The presence of oxidizing species will tend to raise the
ECP. Copper species appear to raise potential more than the reducible iron oxides such as
hematite. Also, soluble oxidized copper species are more likely than insoluble species to be able
to migrate to areas of concern, such as top of tubesheet when a sludge pile is present. It is less
clear how relatively insoluble species such as hematite would contribute to the ECP locally in
this case. Nevertheless, the influx of oxidants to the steam generators generally appears likely to
be a contributing factor to IGA/SCC. In the specific case of Bruce-A, it seems highly likely that
oxidant ingress, including oxygen, has played a major role in the degradation observed at that
station.

Questioner:

Question/Comment:

Is the major source of corrosion products the condenser in all the cases you have looked at,
including all-ferrous feedtrain with high pH?

Response:

All of our studies at OHN have shown the condensate as the largest single contributor, even
when copper does not contribute. Low temperature drains will contribute somewhat to the
amount measured at the CEP discharge. However, they are difficult to sample individually. Our
studies indicate that the concentrations of species in the high temperature drains may be higher
than in the main circuit, but that the drains flow rate is such that the total mass transport
contribution is small. It seems reasonable to suggest that the low temperature drains contribution
is also small by implication. In addition, Ken Burrill has performed some work using carbon
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steel from the condensers removed from Pickering-B to look at the contribution of corrosion of
condenser internals to condensate CPT. The condenser has a large carbon steel surface area.
Ken's estimated transport numbers from corrosion of the condenser material alone are consistent
with the values measured at the CEPD during our CPT surveys at Pickering. This work has been
published as COG report COG-96-516.

Questioner: L. Green, AECL

Question/Comment:

Major source of corrosion products (reported to be lower temp part of feedtrain)
• for low pH, mixed feedtrain or for high pH, all-ferrous?
• what is the fraction contributed by the various drains?

Response:

Statement refers to high pH, all-ferrous system. Condensers are the major source, with drains
contributing a significant, but minor fraction.

Questioner: P. Millett

Question/Comment:

Do you feel that the magnetite is being oxidized to hematite in the deaerators? Is this
thermodynamically favourable?

Response:

The exact mechanism to explain the appearance of hematite at the deaerator storage tank is
difficult to pin down. It may be that under the pH/redox conditions, hematite is
thermodynamically stable. Hematite may also have precipitated from solution. In general, it
appears that in the secondary circuit, at least up until our high-pressure heater outlets
(approximately 160°C) under our typical conditions, it is more easy to oxidize corrosion products
than to reduce them.
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STEAM GENERATOR LOCAL WATER CHEMISTRY AND SCC
OF AUSTENITIC STEEL

K. Splichal, AJBrozova, VI. Krhounek, M. Ruscak, * K. Pochman

ABSTRACT

The titanium stabilized austenitic steel similar to the type of 321 is sensitive to the stress corrosion
cracking under horizontal steam generator operating condition. SCC was observed under crevice
corrosion parameters and has resulted in the transgranular or intergranular cracking at the both,
components primary collectors and heat exchange tubes. The crevice environment is characterized
by aggressive impurities and "non aggressive" compounds. Sulfates and chlorides as aggressive
species and silicates and alumino-silicates as "non aggressive" species on the other hand are present
in significant amount in the crevice environment under operating condition. Local water chemistry
parameters were evaluated with MULTEQ Code. As input data the measured operational values of
local and bulk environments have been used. The determined parameters were compared with the
results of thread hole environment analyses and tube surface investigations respectively. Results of
the hideout return profiles measurement showed an increase of sulfate concentration by one order of
magnitude. Increase of the chloride content was not been observed, its value remains at operation
levels. Examination of surface layers showed the preferential accumulation of sulfates, silicates and
alumino-silicates in the deposit at tube support plates and in thread holes comparing relative to free
span surfaces. The content of species in the water and deposits and the crystallographic structure of
deposits correspond to MULTEQ results.

Rising displacement tests were carried out with 0.5T CT specimens at a temperature 275 °C in the
model water environment which simulated the crevice conditions. The experimental values are
presented for crack growth rate versus stress intensity factor.

Corrosion damage of the titanium stabilized austenitic steel is likely to be determined by the
presence of sulfates and chlorides and other aggressive agents, as Cu. It is supposed that other
decisive factor is the presence of silicate-base compounds which impacts pH values and take part in
the corrosion processes indirectly.

Nuclear Research Institute Rez pic. 250 68 Rez
* NPP Dukovany, 675 50 Dukovany, Czech Republic
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STEAM GENERATOR LOCAL WATER CHEMISTRY AND SCC
OF AUSTENITIC STEEL

K. Splichal, A.Brozova, VI. Krhounek, M. Ruscak, K. Pochman

INTRODUCTION

Corrosion damage of WWER 440 steam generators takes place in secondary circuit regions under
crevice conditions. In most cases the stress corrosion cracking (SCC) is initiated on the tube
outer surface at tube support plates and in threaded holes of the primary collector flanges. Such
damage to the tubes results in the need for tube plugging. This is aimed at reducing the
possibility of unstable crack propagation and the consequential release of radioactivity. Excessive
damage to threaded holes can lead to the need to replace the upper part of a primary collector.

CORROSION DAMAGE

The WWER 440 steam generators are horizontal structures with two cylindrical primary
collectors for primary water inlet and outlet. The heat exchange tubing, tube support plates (TSP)
and primary collectors are made of titanium-stabilized austenitic stainless steel, similar to AISI
321.

712 mm

4£0 mm

ccconday
water

Fig. 1. WWER steam generator tube support plate and primary collector thread hole
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Corrosion damage of tube outer surfaces indicated on the Fig. 1 and primary collectors thread
holes (TH) is affected by the local parameters of the secondary environment, the surface
condition, the deposit layers, as well as the thermal and mechanical stresses. Individual steam
generators and nuclear power plant (NPP) units exhibit a different extent of SCC of their tubes.
About 90 to 95 % of defects indicated by the eddy current method take place at tube support
plates, in most cases in hot sections of the tubes (Fig.2). The SCC of tubes results in formation of
cracks, preferentially oriented in the longitudinal direction and initiated either directly on the
outer surface or in the lower part of corrosion pits. The principal mechanism of crack propagation
is intergranular stress corrosion cracking (IGSCC).
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Fig.2. Number of defected tubes of 4 NPP units in dependence on the TSP location.
HL - hot leg, CL-cold leg, HC-hot collector

Corrosion damage of thread holes has been observed only in one of the primary collectors of our
NPP steam generators. The main factor influencing the SCC is the effect of mechanical stresses
which are determined by the extent of prestresses attained predominantly during tightening of
the collector head bolts. The damage was initiated at stress concentrates in the lower part of the
thread hole. The crack propagation through the collector wall was largely transgranular with
crack branching, and the fracture mechanism was quasi-cleavage of the austenitic matrix.
Intergranular cracks were detected only in isolated regions, especially at the tip of a branched
crack.

WATER ENVIRONMENT

Evaluation of the bulk parameters is based on measurements carried out on the feedwater as well
as on the continuous or periodical blowdowns. The local parameters are determined from
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measurements on hideout returns (HOR) and from analyses of deposits formed at tube support
plates and on the free surface of heat exchange tubes. In the case of primary collectors, analyses
of the water environment and of deposits removed from thread holes are employed [1].

Heat exchange tubes

Hideout return profiles for chlorides, sulfates, sodium, calcium and SiO2 and the equivalent ratio
[Na]/[CI]+[SC>4] are shown in Fig.3, together with a plot of the decreasing primary coolant
temperature. As follows from the HOR data, sulfates, SiC>2 and calcium are preferentially
released during the steam generator cooldown, their contents changing by one or two orders of
magnitude; the change of the sodium content in this case was not as pronounced. However, in
some steam generators an increase of sodium content by an order of magnitude has been
observed. No increase of the chloride content has been seen, its level remained at operating
values below 15 ug/kg.

The composition of the concentrated environment at second tube support plate was evaluated
using the MULTEQ Code (Version 2.22, Database V 2.77, Option 4 - remove precipitates true)
[2]; in this way the environment of a crevice was determined from the hideout return profiles. A
bulk water temperature of 260 °C and maximum temperature in the crevice of 297 °C were used.
The value of 5.6x108 was found as the maximum values of the concentration factor. The
calculated compositions of the water environment in neutral and alkaline regions are shown in
Tab. 1 for concentration factors of 4,8x10 and 1,3x10 respectively together with pHj values.

Table 1. Calculated composition of TSP environment [mol/kg].

Concentration
factor

4.8 x 104

1.3 xlO8

Concentration
factor

4.8 x 104

1.3 x 10s

pHT

7.7

10.0

pHT

7.7

10.0

Na

3.7 x 10"3

1.3

NaSO4

9.0 x 10"5

2.0x10"'

Ca

1.0x10"*

3.9x10"'°

Na 2SO4

2.0 x 10-5

1.1

Mg

1.5x10""

6.6 xlO"'5

H3SiO4

5.6 xlO"4

4.5 x 10-'

Cl

1.7 xlO"5

4.5 x 10"2

H2SiO4

2.3 x 10"8

3.0 x 10"'

SO4

1.5 x 10"5

5.0 x 10"'

A1(OH)4

2.9 x 10"5

9.5 x 10"7

It is assumed that TSP with simple crevice geometry and loose deposits in crevices would not
enable concentration of solutions whose concentration factor is higher than lxlO8. The
corresponding calculated pH(T) values would then be lower than 10. As follows from the table,
the composition of a concentrated solution is characterized by a higher content of sulfates,
chlorides, sodium and silicate based compounds. This is in agreement with the above mentioned
HOR results with the exception of chlorides. Other components such as Ca, Mg are present to a
considerably lesser extent.
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Thread holes

The presence of water environment in thread holes is primarily due to repeated boilover of the
bulk water from a region close to the hot collector and or to flooding of steam generators during
the unit shutdown or during a hydraulic test. Characterization of the water environment in the
former case is based on chemical parameters of the blowdown water during operation and in the
latter case on the composition of hideout return at the temperature, when flooding of steam
generators takes place. The water samples taken from thread holes after opening of the hot
collector head were analyzed and the results obtained are listed in Table 2, together with the
hideout return and blowdown data. The table shows the concentrations of species in thread hole
environment and blowdowns, the total cumulative hideout return and the equivalent ratio
[Na]/[C1]+[SO4]. The comparison of the species contents in the thread hole water and blowdown
(BD) proved the significant difference for compounds of SO4, S1O2, and Ca. The ratio SO^TH) /

is by three or one order of magnitude higher than the ratio SiCtyTH) / SIO2(BD) and ratio
respectively. These results indicate different conditions of solute concentration

processes and precipitation of compounds.

Table 2. Bulk and local water parameters

SG

A2

A4

C3,4,6

B2

C4

Dl

D2

A 1-6

B l - 6

C l - 6

D l - 6

Environment

Thread hole

water

Total cumulative

hideout return*

Blowdown
water

Solute concentration
[mg/kg], [g] *

SO4

25.3

9

17.9

56.8

75.0

46.3

58.9

0.015

Cl

4.9

6.5

2.0

1.06

1.3

1.6

2.7

0.013

Ca

3.9

2.6

1.3

27.9

21.2

20.0

31.4

0.020

Na

12.9

5.8

18.8

52.0

12.1

8.1

13.0

0.059

SiO2

0.42

0.78

0.32

175.0

137.5

201.2

0.086

Equivalent

ratio

1.1

0.9

2.1

3.6

0.3

0.4

0.4

3.6

The water chemistry parameter in thread holes was evaluated by means of the MULTEQ Code -
Option 1. Concentration factor values calculated for the temperature difference between the
collector wall (275 °C) and bulk water (259 °C) were determined in the range up to 103,
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corresponding pH values in the range of 6.0 to 10 . As input values for Na, Cl, SO4 and SiO2

average contents of species in blowdowns were used. Calculated pH values do not change even if
the initial sulfate content attains the value of 0.050 mg/kg which is permissible for blowdown
water. The composition of concentrated environment is consistent with the TSP results.
However, determination of the amount and concentration of TH medium under operating
conditions is difficult in view of the fact that these parameters are affected significantly by the
non-uniform boilover, the different bulk water composition in proximity of the hot collector and
undefined conditions for water evaporation from thread holes.

DEPOSITS AND SURFACE LAYERS

For investigation deposits were isolated both from the tube surface and the lower part of thread
holes. Deposits taken from the thread holes and TSP regions contained preferentially Si, Ca, Mg,
Na and Al. In the case of regions at the tube support plates Cu, Pb, Ba and Zn were also
established. The deposits on free tube surfaces consisted mainly of magnetite and spinels with
varying contents of Ni, Zn, Mn and Cr, as well as Cu and Ti. To a much smaller extent silicates
and other impurities such as Ca and sulfates were present. Crystallographic structures of the
compounds correlate well with the results of MULTEQ calculations, taking into consideration a
relatively large variability in the composition of silicate-based compounds (Tab. 3).

Table 3. SEM-EDS analyses and X-ray diffraction analyses

TH

TH

TH

TSP

Chemical composition fwt. %]

Si

6.9

Al

18.3

Ca

3.1

Mg

2.7

Na

2.9

Fe

3.8

Ni

17.4

0

47

Al/Si

2 ; 4.5

X - ray diffraction analysis

CaAl 2Si0 6 ; CaAl2 S iO 8 ; (MgFe)2Al(SiAl)2O5(OH)4 ; (FeCr)2O3FeO ;
Al(OOH)

MULTEQ Code evaluation

CaSiO3

CaSiO3

; Ca2Mg5Si8O22(OH)2; nephelin

; SiO2 ; Ca2Mg5Si8O22(OH)2; Na 2 Si 2 0 5 ; albit

The fracture face of samples cut from the collector flange was analyzed after opening of the
cracks by the application of a tensile force. Oxide films of 4 to 8 urn in thickness, present on the
fracture surface, were subject to an AES analysis carried out at the mouth, middle and tip of a
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23,5 mm long crack. The results are summarized in Tab. 4. and an example of Auger in-depth
composition profile in the region of the crack middle is presented in Fig.4.

Table 4. AES analysis of oxide layers on the fracture face [A.C. %]

AES location

Crack mouth

Crack middle

Crack tip

Fe

deplet.

deplet.

Cr

deplet.

deplet.

deplet.

Ni

enrich.

enrich.

enrich.

Zn

<2

<2

cca 2

S

cca 1 *

cca 1 *

cca 1

Si

7

* up to a maximum depth 1500 A; + up to a maximum depth 300A

Oxide layers observed in these three locations exhibited an identical trend, although the
processes of depletion and enrichment seem to be more rapid at the mouth and the middle of the
crack than at its tip. Oxide layers at the mouth and the middle of the crack were depleted of
chromium and iron and enriched with nickel, whereas at the tip the layers were depleted of
chromium and enriched with nickel, as observed at the middle and the mouth, but did not exhibit
any iron depletion. The chromium depletion could be associated with the presence of a
non-acidic environment. Sulfur was determined along the whole length of the crack, silicon only
at its mouth.
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Fig.4. AES depth profile in the crack middle, Ni, Cr, Fe normalized to 100 %
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SCC TESTS

Material from a removed part of a collector was subjected to corrosion-mechanical tests carried
out in a model corrosion environment at a temperature of 275 °C. To measure the threshold value
K1SCC and the rate of crack propagation by stress corrosion cracking the rising displacement test
(RDT) has been chosen. Pre-cracked 0.5T compact tension (CT) test specimens with side
grooves were employed. The crack length was measured by reversed dc potential drop method.
The specimens were loaded in the corrosion environment with stroke rates ranging from 0,5 to
500 um/h. During the test the applied force, displacement and potential were recorded, the latter
being used to calculate the crack increment. The composition of the model environment was as
follows: SO4 15 mg/1, Cl 5 mg/1, Ca 40 mg/1, SiO2 300 mg/1, Al 40 mg/1.

As a result of the tests J-da curves were obtained for the different stroke rates. The threshold
value Jiscc w a s determined as the minimum value in the plot of the initiating Jj against the stroke
rate (see Fig. 5). The calculated Kiscc value then equaled 18 MPa.m1/2 [3]. The threshold value
Kiscc has been obtained for the state of plane deformation.

As evidenced earlier, the rate of the crack propagation during a RDT test has two additive
components a mechanical component (da/dt)MECH and a component resulting from the corrosion
environment. The rate of the corrosion crack propagation (da/dt^y was determined by
subtracting the mechanical component (da/dt)MECH from the measured total rate (da/dt)xoT
according to the relation [4]:

= (da/dt)TOT -
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Fig. 5. Effect of the stroke rate on the initiating value Jj and the conventional
value JQ.2 of the J-integral
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The resulting dependence of (da/df)ENv values on the stress intensity factor K is shown in Fig. 6.
The results of RDT tests on the collector material are in a good agreement with the data obtained
by the method of active constant loading for the identical steel of a forged nozzle (Fig.7) [3]. In
practice the threshold value KIScc could be lower by a factor of 3 to 4 for shallow cracks with
prevailing plain stress [5].

1.E-07

1.E-08

J , 1.E-09
O
<
LU
T3 1.E-10
15
T3

1 . E - 1 1 •-- .-

1.E-12

H 1.3E-7 m/s

A 1.8E-9 nVs

O 8.8E-10 m/s

10

, . . , I
20 30 40

K [MPamA1/2]

50 60

Fig. 6. The corrosion crack propagation rate in dependence on the stress intensity factor K
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DISCUSSION

Corrosion damage of the titanium stabilized austenitic steel is likely to be determined by the
presence of sulfates and other aggressive agents, such as Cu, Cl, Na or possibly Pb. The other
impurities such as Fe, Mn, Zn, SiC>2, Ca, Mg and Al, can affect the oxidation-reduction
processes, the attainment of the resulting pH values and the compactness of the oxide films. It is
assumed that one of the significant factors is the presence of silicate-base compounds. These
compounds take part in the corrosion processes, indirectly, by their sorption properties and their
buffering capacity [7,8]. Results of the hideout return regions show an increase by one or two
orders of magnitude in the concentration of sulfates, sodium and silicate based compounds in
the blowdown water. No increase has been observed, in the hideout return regions, in the
chloride content which remained at the operational levels, of under 15 ^g/kg. Average pH values
in blowdowns of the 24 NPP steam generators range from 8 to 9. From the results obtained, it
can be concluded that the pHj values in the crevice environment could be lower than 10. This is
as suggested by the results of investigation of the deposit compactness and the AEC analysis,
and, to a certain degree, by the pH of the water sampled from the thread holes.

Using the MULTEQ Code the water chemistry parameters have been evaluated. Composition
and crystallographic orientation of the precipitates are approximately in agreement with the
results of analyses of deposits formed at tube support plates and in thread holes. The calculated
tube support plate and threaded hole water chemistry parameters indicate enhanced contents of
sulfates, chlorides, sodium and silicates. This corresponds well with the composition of water
sampled from the thread holes. However, the values are not in agreement with the observed easy
release of chlorides from crevices on the tube surface. This is likely to be controlled by
uncompacted deposits and the simple geometry of crevices. Another factor influencing the acidity
or alkalinity of the environment is calcium. According to the MULTEQ Code, calcium occurs in the
form of silicates. The presence of CaSCU in the thread hole deposits has not been evidenced either
experimentally or by calculating the composition of precipitates. Precipitation of CaSC>4 predicted
by MULTEQ could take place only if the calcium content in the bulk water increased by two orders
of magnitude.

The fracture mechanism of the crack propagation is transgranular for collector thread hole
conditions characterized by lower value of the concentration factor of cca 8xlO5 and higher level
of mechanical stresses. The crack propagation is intergranular for tube support plate conditions
characterized by higher value of the concentration factor of 5x108 and level of mechanical
stresses [9].

hi the model environment of the thread hole, the collector material was evidently sensitive to
stress corrosion cracking. The KISCc value of 18 MPa.m1/2 and the SCC plateau rate of the crack
propagation, ranging from 9.10"10 to 3.10"9 m/s, have been determined. These values have been
obtained for an environment corresponding to the water sampled from the thread holes, in terms
of chloride and sulfate contents,. That is to the concentration level of 102 or 10J in comparison to
the bulk water.
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CONCLUSIONS

The stress corrosion cracking and pitting in steam generators have been predominantly located in
the tube support plate and in the primary collector thread hole crevices. Both transgranular and
intergranular cracks have been observed. The local water chemistry differs from its bulk
parameters, as demonstrated by deposits in the crevice region, hideout return profiles, as well as
by chemistry of the water removed from the primary collector thread holes. Experimental
investigation of the crack initiation and growth has been carried out to assess the in-service
inspection results as well as the life prediction of steam generator components.
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DISCUSSION

Authors: K. Splichal, A. Brozova, V. Krhounek, M. Ruscak, K. Pochman, Nuclear
Research Institute Rez pic. and NPP Dukovany

Paper: Steam Generator Local Water Chemistry and SCC of Austenitic Steel

Questioner: J. Gorman

Question/Comment:

What is the cracking morphology and the postulated causes?

Response:

Fracture morphology of crack propagations is intergranular for heat exchange tubes and
transgranular for primary collector thread hole area. That was determined for titanium stabilized
austenitic steel. Corrosion damage of this type steel is likely to be determined by the presence
mainly of sulfates and other aggressive agents, such as Cu, Cl, Na or possibly Pb.
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DISTRIBUTION OF AMINES AND ORGANIC ACIDS IN THE SECONDARY SIDE OF

EMBALSE NUCLEAR POWER STATION

H.R.CORTI1, R.JIMENEZ REBAGLIATI1, N.FERNANDEZ2 and W.ALLEMANDI2

ABSTRACT
In this work we summarized the distribution of amines and organic acids generated by the thermal
decomposition of morpholine in the secondary side of Embalse NPP. Sampling and analytical
procedures to determine the concentration of" formic, acetic and glycolic acids, morpholine,
ammonia, methylamine, ethanolamine and 2(2-aminoethoxy)ethanol are described. Two sets of
samples were collected in March 1995 and October 1996 in the following points: main steam line,
composite steam generator blowdown, moisture separator, condensate extraction pump discharge
and outlet feed pump.
The general trend of the product distribution along the secondary side is similar to that reported for
other CANDU NPP. In CNE methylamine and ethanolamine are more abundant than 2(2-
aminoethoxy)ethanol due to faster decomposition of morpholine and less oxidizing conditions.
Ammonia, and methylamine concentrate in the steam because of the lack of a de-areator. The
volalitilty of ethanolamine is low and its concentration in the steam generator is high. It could help
to neutralize acid conditions in crevices and sludges.
The concentration of organic acids in CNE is low as compared with other CANDU NPP, with
formic acid being the predominant species. Differences in the relative concentrations of morpholine
degradation products as compared to other CANDU NPP are discussed.

1) Unidad de Actividad Quimica, Centro Atomico Constituyentes, C.N.E.A.
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DISTRIBUTION OF AMINES AND ORGANIC ACIDS IN THE SECONDARY SIDE OF
EMBALSE NUCLEAR POWER STATION

H.R.CORTI, R.JIMENEZ REBAGLIATI, N.FERNANDEZ and W.ALLEMANDI

INTRODUCTION

Embalse NPP has been running under all volatile chemical treatment (AVT) in the secondary side
since it started up in 1984. This treatment uses morpholine to keep the acidity of feedwater within
specification (pH=9.3), while the oxygen concentration is kept below 5 ppb by adding hydrazine.
Both additives are decomposed under the temperature conditions of the secondary side yielding
volatile products which are distributed throughout the secondary system. Hydrazine produces
ammonia while morpholine suffers complex reactions which lead to the formation of amines,
alcohols, and organic acids with different volatilities. The distribution coefficients of ammonia and
morpholine between water and steam have been measured at high temperature [1,2] but there is a
lack of information on the distribution coefficients of the degradation products of morpholine,
which prevent assessing their concentrations in different parts of the secondary side.
Although the operational experience of the secondary side of Embalse NPP has been good [3], a
better understanding of the secondary side chemistry requires knowledge of the distribution of these
degradation products. The aim of this work is to characterize these chemicals, to measure their
concentration in different points of the secondary side, to estimate their effect on the system
chemistry and to compare with results reported in other CANDU power stations.

SAMPLING AND ANALYTICAL DETERMINATIONS

Two different sets of samples were taken over two day periods: March 28 and 29, 1995 and
October 9 and 10, 1996. Both of them were carried out at five points as indicated in Figure 1,
namely: 1) Moisture separator, 2) Main Steam, 3) Combined steam generator blowdown, 4) High
pressure heater outlet, 5) Condensate pump discharge. One sample of feedwater and others from the
morpholine and hydrazine injection reservoirs were included in the second set of samples.
Two samples were taken at each of the five sampling points, one to determine anions of organic
acids by high performance exclusion ionic chromatography, and the other to determine amines by
high performance liquid chromatography.
The organic anions were concentrated in situ with anionic exchange resin (Lewatit M500-KR), and
then eluted with a solution of sodium carbonate 0.12 M to get final concentrations in the range of
ppm.
The eluted fractions were analyzed by anionic exclusion chromatography, and the three species
acetate, formate and glycolate were measured. Because conventional chromatography was not able
to separate these species [4], Ion Chromatography Exclusion (ICE) [5] has been employed
successfully to analyze samples for organic acids. ICE separations are based on the species ability
to penetrate into the interior of hydrogen form cation exchange resin beds as opposed to the
selectivity which governs conventional ion chromatography separations. Stronger acids are
excluded from entering the resin beds and therefore they move rapidly through the ICE column.
Because of the low flow rates (0.9 cmVmin) employed in ICE separations, analysis times of 30
minutes or longer are typical for the species of interest.
A solution of sulfuric acid adjusted to pH=3 was used as eluent in isocratic mode. A Varian 5000
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Because of the low flow rates (0.9 cmVmin) employed in ICE separations, analysis times of 30
minutes or longer are typical for the species of interest.
A solution of sulfuric acid adjusted to pH=3 was used as eluent in isocratic mode. A Varian 5000
chromatograph with a loop of 200 ui and an anionic exclusion column Wescan 296/006 with a
Peaksimple II data adquisition system were employed.
The samples for the determination of amines were concentrated by a factor 20 by evaporation, after
adjusting their pH to 4.0 with 0.1 M HC1 to avoid volatilization. Then, they were derivatized with
dabsyl chloride (4-dimethylaminoazobenzene-4'-sulphonyl chloride) [6,7] at pH= 9.4 with a
solution of sodium bicarbonate and kept in the dark for a minimun of 12 hours. Finally, the
resulting precolumn derivatives were filtered through Nucleopore 0.45 \im and injected into a 3900
Hewlett-Packard liquid chromatograph. The time lag between samples was 50 minutes.
Ammmonia, ethanolamine, metylamine and morpholine were detected, separated and quantified
using an UV-visible detector at 454 nm, a column Hypersil 100x4,6 mm reverse phase device and
mixtures of methanol-water as eluent. Ethylamine was not found in either samplings and in the
second sampling, ethanolamine could be separated from 2-(2 aminoethoxy)ethanol [8].

RESULTS

Table I shows the amine concentrations for both sets of samples. The samples taken on March 28,
1995 correspond to plant operation with 6.3 ppm of morpholine in the feed water, which was
increased to 7.9 ppm on March 29. The morpholine concentration was constant (5.1 ppm) during
the 48 hours sampling in October 1996, and consequently the concentrations of degradation
products were lower in this case. The concentration of ammonia is much larger than other amines
because it is mainly generated during the decomposition of hydrazine.
Table II shows the concentrations of formic, acetic and glycolic acids found. It can be seen that
concentrations are greater for the 1996 sampling, when a high concentration of these acids in the
feedwater was detected probably because the retention efficiency of these acids by the water
treatment plant [12,13] was not high enough. These concentrations in feedwater were expected to
vary with the season, weather conditions, and with the state of the water treatment plant. Thus, a
sample of feedwater taken in January 1997 had concentrations of organic acids much lower than
that found in October 1996, specially for acetic and glycolic acid. This could account for the lack of
correlation between the concentration of morpholine and organic acids in the steam generator
blowdown sample. This will be discussed later in this work.
Table IE shows the concentration of degradation products obtained in the steam generator
blowdown at CNE and those found at Gentilly-2 by Gilbert et at. and at Bruce A, Darlington A and
Pickering B by McKay [14]. Except for Darlington A which operates with ammonia-hydrazine
chemistry, the rest of the plants run under morpholine-hydrazine chemistry, although Gentilly-2
changed to a morpholine treatment without any hydrazine injection in 1984.
It is particulary useful to compare with the values found at Gentilly-2, because the same
decomposition products were identified and measured. It is possible, by comparing the
measurements of October 1996 for CNE and that of Gentilly-2, when morpholine concentrations
were very similar, to conclude that the total amount of amines produced at both reactors (Gentilly-2
and CNE) is very similar. While at CNE ethanolamine and methylamine are the most concentrated
products in the liquid and vapor phase, respectively, 2-(2 aminoethoxy)ethanol predominates in
both phases in Gentilly-2. Moreover, the presence of a de-areator in Gentilly-2 reduces the
concentration of the very volatile methylamine.
Formic acid and ethanolamine are the most concentrated organic acid and amine, respectively, in
CNE, while in Gentilly-2 the corresponding products are glycolic acid and 2-(2- aminoethoxy)
ethanol. Thus, from Figure 2, we conclude that the concentrations of the more advanced products in
the thermal degradation reaction of morpholine are higher in CNE than in Gentilly-2. Under steady
state conditions and for a given residence time in the secondary side, the concentration of the final
products of the chain reaction will increase with the rate of some particular stages of the reaction
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scheme. For instance, the concentration of acetic acid increases with the rate of ethylamine
hydrolisis and ethanol oxidation.
The high concentrations of ethanolamine reported in Pickering B and Bruce A have been attributed
to contamination in the addition tanks [14]. This contamination could also account for the presence
of 2-(2-aminoethoxy) ethanol, not reported in those NPP.
If the final products of the decomposition reactions shown in Figure 2 are compared, it is found that
acetic and glycolic acids are much more abundant in others CANDU NPP than at CNE. The fact
that there is a higher concentration of glycolate at Gentilly-2 could be related to the aforementioned
kinetic factor and, additionally, to the greater oxidizing conditions in this plant as compared to
CNE. Such conditions favour the formation of the final products corresponding to reaction pathway
2 (Figure 2), while the final products of reaction pathway 1 would be predominant at CNE. McKay
[14] suggested that the ratio of blowdown glycolate to feedwater morpholine may be taken as an
indicator of the oxidizing condition, and is in agreement with our results. The catalytic effects of
copper oxides might also affect the kinetics of these reactions [14] and consequently their relative
concentrations around the secondary circuit.
The very high acetate concentrations reported at Bruce A [14] are surely related to the high levels
of contamination found in the chemical addition tanks. This is certainly true at Darlington A where
morpholine has never been used. Thus, the high temperature degradation of morpholine is not the
unique source of organic acids in the secondary side.
Table II also shows that at CNE there is a significant concentration of organic acids, especially of
formic acid, in feedwater. Probably this is due to low uptake of low molecular weight and non
dissociated organic acids by the water treatment plant. This effect is not observed at Gentilly-2
where the concentrations of organic acids in feedwater are less than 2 ppb.
It is clear that the high level of formic acid at CNE, especially if it is compared with other plants,
could be explained by the contributions from feedwater and probably some contamination coming
from the morpholine and hydrazine addition tanks.
The relative volatility of morpholine and its degradation products can be analyzed in terms of their
distribution coefficients between the steam and water phases, defined by [9]:

KSG = CS

CSGCB

for the steam generator, and by:

K
CMS

for the high-pressure turbine. Cs, CCSGB and CMS are the concentration of a given species in steam,
combined steam generator blowdown and moisture separator, respectively.
The values obtained from the concentrations reported in Tables I and II are summarized in Table
IV. It is observed that for ammonia KSG is greater than two, while KHP is slightly below one The
values of KSG and KHP for morpholine are slightly greater than unity in both sampling. These results
are similar to that found in other CANDU NPP [9,10,14].
Methylamine is very volatile, with KSG between 1.8 and 2.6, similar to that reported in Gentilly-2
[10]. On the other hand, KHP for methylamine is very close to unity in the moisture separator at
CNE, which would indicate that this amine is retained in the moisture separator more efficiently
than it is at Gentilly-2.
Analytical separation of ethanolamine and 2-(2 aminoethoxy) ethanol, achieved before the second
sampling, allows us to verify that the concentration of 2-(2 aminoethoxy) ethanol in the steam
generator is greater than that of ethanolamine. The distribution coefficient KSG of the latter at CNE
is 0.20, similar to the value reported for Gentilly-2 [10].
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Thus, ethanolamine concentrates in the steam generator, while 2-(2 aminoethoxy) ethanol having
KSG and KHP above one, concentrates in the steam. The low concentration of ethanolamine in steam
and in the moisture separator prevent reporting reliable results for KHP.
The distribution coefficients for organic acids at CNE exhibits differences with those reported for
Gentilly-2. Formate and glycolate are not as concentrated in the steam generators at CNE as is
found at Gentilly-2 [10], but the main difference is that while acetate concentrates at the steam
generator at CNE, and in other CANDU NPP [14], the results for Gentilly-2 [10] showed an
unexpected high volatility of acetate in the boiler.
The distribution coefficients of organic acid in the moisture separator of CNE fluctuates too much
from one sampling to other. The values are slightly below and above the unity indicating higher
volatilities for the three acids at CNE as compared to other CANDU NPP.

CONCLUSIONS

The distribution of morpholine and its degradation products at CNE follows the same pattern
behaviour as at other CANDU NPP.
At CNE, methylamine in the steam and ethanolamine in the liquid phase are more abundant than 2-
(2 aminoethoxy)ethanol because the decomposition of morpholine is shifted toward the final
products of reaction pathway 1 due to kinetic factors and redox conditions. The most volatile
compounds are methylamine and ammonia which concentrate in the steam. Ethanolamine, on the
other hand, concentrates in the steam generator and due to its higher concentration could have a
beneficial effect in neutralizing the organic and inorganic acids at crevices and sludges [15].
Formic acid is the most abundant organic acid. It is not clear yet if this is due to the faster
decomposition rate of morpholine or to contamination in the makeup water and chemical addition
tanks. Organic acids are concentrated in the steam generator.
The absent of a de-aerator at CNE makes the concentration of most volatile species, methylamine
and ammonia, greater than in other CANDU NPP having deaerator, such as Gentilly-2. This NPP
operates with a modified AVT treatment because the de-aeretor works with low oxygen levels
whithout the addition of hydrazine, but it is clear that chemical conditions are more oxidizing than
at CNE and probably for this reason the reaction pathway 2 is favoured.
The low concentrations of organic acids at CNE as compared to others CANDU NPP is remarkable
and it has probably contributed to the 15 years of good operating experience with the steam
generators. The secondary chemistry could be even improved if the concentration of formic acid in
the makeup water is reduced and, if posible, contamination in additive tanks is controlled. It should
be noted that formic acid is the strongest of the organic acids found in the steam generator, making
an important contribution to the cationic conductivity of the steam-water cycle. Hence the effect of
lake water chemistry and the operation of the water treatment plant on the makeup water quality
should be closely monitored.
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TABLE I

Concentrations of amines (mg/dm3) in the secondary system at Embalse NPP.

Sample

FP

S

CSGB

MS

CEP

Date

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

28/03/96

Morpholine

5.1

6.3

7.9

4.7

6.6

9.4

4.1

5.7

7.0

4.3

6.5
7.4

4.8

6.3

9.5

Ammonia

0.44

0.60

0.51

0.39

0.36

0.53

0.15

0.10

0.11

0.45

0.63

0.62

0.55

0.51

0.42

EA AEE

0.02 0.03

0.10"

0.16"

0.04 0.05

0.14*
0.20*

0.20 0.04

0.16*
0.16*

<0.01 0.08

0.14*

0.18*

0.02 0.03

0.14*
0.18*

MA

0.09

0.12

0.12

0.07

0.13

0.15

0.04

0.05

0.06

0.08

0.13

0.13

0.09

0.12

0.16

EA: ethanolamine. AEE: 2(2-aminoethoxy) ethanol. MA: methylamine. CSGP: combined steam
generator blowdown. S: main steam. MS: moisture separator. FP: feedwaterpumps. CEP:
condenser extraction pumps.
(*) These values correspond to EA + AEE concentrations.
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TABLE II

Concentrations of organic acids (jig/dm3) in the secondary system at Embalse NPP.

Sample

FP

S

CSGB

MS

CEP

Makeup
water

Date

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

28/03/95

29/03/95

10/10/96

27/01/97

Formic

42

23

30

31

20

29

43

42

32

26
22

39

24
20

27

21

13

Acetic

27

5

19
25

5
11
44

16

8

11
8

8
12
7
7

10

3

Glycolic

14

5
10
11

7
7

22

11

6

7
7

8
5
7
14

18

5
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TABLE III

Concentration of amines and organic acids in the steam generator blowdown of CANDU
NPP

PRODUCT

Morpholine (ppm)

Ammonia (ppm)

Methylamine (ppb)

Ethanolamine (ppb)

AEE (ppb)

Acetate (ppb)

Formate (ppb)

Glycolate (ppb)

CNE

4.1

0.06-0.17

51-64

200

40

8-15

32-42

6-11

G-2a

4.79

0.011

24

51

198

15

10

69

BRUCE Ab

5.5

0.4-0.5

50

307-392

302-338

11-13

67-68

PICK. Bc

2.8-3.5

0.12-0.19

50

155-707

15-204

4-27

9-152

DAR. Ad

1.4-1.6

62-129

3

12-15

a) Data from Ref. 10.
b) Data from Ref. 14 (Contamination with acetate (ca. 1 ppm), ethanolamine (0.2-0.5 ppm),

glycolate (50 ppb) and formate (0.5 ppm) in additives injection tank).
c) Data from Ref. 14 (Contamination with ethanolamine (ca. 700 ppb) in morpholine injection

tank).
d) Data from Ref. 14 (Contamination with formate (180 ppb), acetate (750 ppb) and glycolate

(700 ppb) in additives injection tanks).

CNE : Embalse NPP; G-2: Gentilly-2 NPP; PICK.B: Pickering-B NPP; DAR.A: Darlington-A
NPP; AEE: 2-(2- aminoethoxi) ethanol
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TABLE IV

Distribution Coefficients of Morpholine and its Degradation Products in CANDU NPP

PRODUCT

Ammonia

Morpholine

Methylamine

Ethanolamine.

AEE

Glycolate

Formate

Acetate

R SG

CNE

2.6-4.8

1.1-1.3

1.8-2.6

0.2

1.25

0.5-1.2

0.5-0.9

0.3-1.4

G-2a

3.64

1.10

2.33

0.27

0.97

<0.03

<0.2

1.27

OTHERS"

1.4-4.3

0.9-1.4

0.17-0.4

0.02-0.3

0.13-0.75

0.1-0.7

CNE

0.6-0.9

1.0-1.3

0.9-1.2

1.25

0.9-1.6

0.7-1.2

0.6-2.3

KHt"
G-2a

0.8

0.87

1.75

0.17

1.22

<0.5

<0.33

0.17

OTHERS'

0.7-1.2

1.0-1.5

0.5-0.6

a) Data from Ref. 10.
b) Data from Ref. 14 for Bruce A, Pickering B and Darlington A.
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FIGURE 1: Schematic diagram of the Secondary Side of Embalse NPP showing the
sampling points. (1) Moisture separator, (2) Main steam, (3) Combined steam genarator

blowdown, (4) High pressure heater outlet, (5) Condensate pump discharge.
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FIGURE 2: Reaction scheme for the thermal decomposition of morpholine according to
Gilbert ^ a
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INFLUENCE OF FEED WATER DISTRIBUTION PIPE REPLACEMENT ON THE
WATER CHEMISTRY IN THE STEAM GENERATOR AT LOVIISA NPP

M. Halin, B. Elsing, S. SaVolainen, T. Buddas
Imatran Voima Oy, Loviisa Power Plant

P.O. Box 23, FIN-07901 LOVIISA, FINLAND

ABSTRACT CA0000229

Imatran Voima Oy , (IVO) operates two Russian designed nuclear power plants of type
VVER440/213. Unit 1 has been operating since 1977 and unit 2 since 1981. First damage
of feed water distribution (FWD) pipes was observed in 1989. In closer examinations
FWD-pipe T-connection and distribution nozzles suffered from severe erosion corrosion
damage. Similar damages have been found also in other WER-440 type NPPs.

In 1994 the first FWD-pipe was replaced by a new design mounted over the tube bundle
instead of the old FWD-pipe, which was located inside the tube bundle.

The purpose of this paper is to describe the new FWD-pipe and discuss its effects on the
steam generator chemistry.
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INFLUENCE OF FEED WATER DISTRIBUTION PIPE REPLACEMENT ON THE
WATER CHEMISTRY IN THE STEAM GENERATOR AT LOVIISA NPP

M. Halin, B. Elsing, S. Savolainen, T. Buddas, Imatran Voima Oy, Loviisa Power Plant

INTRODUCTION

Horizontal steam generators are one of the typical features of Russian designed pressure
water nuclear reactor power plants of type VVER-440. In VVER-440 type reactors the
original FWD-pipe is manufactured of carbon steel and located in the middle of the heat
exchanger tube bundle. The design of the VVER-440 horizontal steam generator is
illustrated in Figure 1.

The first damage of the FWD-pipes in Loviisa NPP was observed during the 1989
refuelling outage. The FWD-pipe T-connection had suffered from severe erosion
corrosion failures, Figure 2. Similar damages were found also in other VVER-440
plants before. During the outage the damaged FWD-pipe was repaired temporarily.
Also the feed water distribution nozzles of the steam generator YB11 were inspected,
but no signs of damage or erosion were detected. In connection with the repair work of
the FWD-pipe T-connection in 1992, damaged nozzles were found in steam generators
at both units.

In autumn 1992 various options to repair the damaged FWD-nozzles were studied.
Since the old distributor is situated inside the heat exchanger tube bundle it was
determined to replace it with a new design.

In 1991 two new feed water distributors, designed by Vitkovice company, had been
assembled at Dukovany NPP. Additionally, OKB Gidropress, Russia, the designer of
the steam generator, had presented their design for a new FWD-pipe. FVO was also
planning its own FWD-pipe construction.

In spring 1994 all the six steam generators of Rovno NPP unit 1, Ukraine, were
replaced with FWD-pipes designed by OKB Gidropress. After the installation of the
new FWD-pipes an experimental program during start up and operation of the plant was
carried out. Due to the successful experiments at Rovno NPP Unit 1, it was decided to
implement the 'Gidropress solution' into the steam generator YB52 at Loviisa Unit 2
during the 1994 refuelling outage. The Loviisa specific distribution pipe was designed
by OKB Gidropress together with Loviisa NPP and IVO Power Engineering.

The new feed water distributor, first version, is illustrated in Figure 3.

DESIGN OF THE NEW FEED WATER DISTRIBUTION PIPE

The new FWD-pipe differs radically from the old design. The concept of this new design
in which the feed water is injected over the tube bundle, was proven in the Russian
WER-1000 steam generators. Ill
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The main features of the new design are described below:

• In the old design the feed water distribution pipe was located in the middle of the tube
bundle and the water was injected into the hot side of the tube bundle. The new FWD-
pipe is located above the tube bundle. The feed water is distributed from above the
tube bundle into the hot part of the heat transfer tubes.

• In the old design the number and location of distribution nozzles were symmetric to
the hot primary collector, and along the distribution pipe, the The nozzles on the new
FWD-pipe are located unsymmetrically. The water distribution is in proportion 2:1 to
the hot side of the steam generator.

• The density of the nozzles in the distribution pipe is higher close to the hot primary
collector. Only a few nozzles are located at the end of the distribution pipe.

• The material of the FWD-pipe is changed from carbon steel to stainless steel.

The reasons for these changes are as follows:
• By injecting feed water close to the hot collector the swell-level is pushed down

toward the hot collector.
• By injecting feed water to the hot side of the steam generator the intention is to

concentrate the impurities at the cold end of the steam generator, which make it
possible to remove the impurities by the blow-down system.

For Loviisa NPP, our own design was needed because:

• The lay out of the steam generator room differs from other WER-440 plants because
of the steel containment, which means that the FWD-pipe may only be installed in
parts no longer than one meter.

• The need to install the different parts by flange connections to reduce the time
spending inside the steam generator resulting in a reduction of the radiation exposure.

After successful experiments with the basic design of new FWD-pipe at Rovno NPP a
final decision was made to replace the first distribution pipe at steam generator YB52 at
Loviisa 2 during the annual refuelling outage 1994.

The Finnish regulatory body, STUK, gave a conditional permission for the new design
FWD-pipe requiring IVO to study water hammer phenomenon inside the FWD-pipe,
and the heat transfer rube's response to cold emergency feed water injection.

PERFORMANCE TEST AT THE LOVIISA NPP

In addition to the experiments and test done at Rovno NPP, Loviisa NPP also introduced
a test program to prove the design of the new FWD-pipe. The performed tests were as
follows:

• Measuring the distribution of impurities in the blow down pipe line and from installed
sampling lines in the steam generator.

• Measuring the vibration of the new FWD-pipe.
• measuring the steam moisture.
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A test program for the heat transfer tube response to cold emergency feed water was
developed by the VTT Energy and IVO Power Engineering. Experiments using the
PACTEL test facility were done in co-operation with Lappeenranta Technical
University in spring 1995. The PACTEL steam generator was retrofitted with original
exchanger tubes for the experiments. The experiments were successful and the results
were verified by calculations.

The tests at the plant were done during start up and operation. During the normal start up
test of the feed water system a possible water hammering was observed by vibration
measurements. After these observations large scale experiments on condensation
induced water hammers were decided to be carried out. The performance and results of
these experiments are presented and described elsewhere .121 Based on the results of
these experiments the feed water nozzle design was changed, see Figure 4.

DISTRIBUTION OF IMPURITIES MEASUREMENTS

The measurements of impurity concentrations in other WERs have shown that the
highest levels of impurities in horizontal steam generators are about 300 mm below the
water level. Therefore this level was chosen also in Loviisa. Sampling lines were installed
in the steam generator (SG A) with the new feed water distributor and for the reference in
a steam generator (SG B) with old feed water distributor.

The sampling lines were installed at both ends (hot and cold) and in the middle of the
steam generators, Figure 5. The terms hot and cold refer to the nearest primary coolant
collector.

The measurements from other VVER-plants have also shown that the impurities will
concentrate at the cold end in steam generator with feed water distributor of the new
design.

Sodium-, iron- and ammonia concentrations from the steam generators (SG A and SG B)
were measured and the results are shown in Table 1. Despite quite low concentrations of
sodium a concentration gradient towards the cold end was revealed for both types of feed
water distributor. This gradient was more pronounced in SG B. The same kind of gradient
was observed for iron. No real differences in iron concentration were observed between
the two steam generators.

A possible reason for the lower sodium concentrations in SG A is that the feed water is
distributed mainly to the hottest part of the SG and is in considerable amount carried with
the steam 131.

The behaviour of ammonia is the opposite to that of sodium and iron as it concentrates at
the hot end. This is possible due to the volatility of ammonia 131. The results for ammonia
from the new sampling lines show that there is no big difference between the described
feed water distributor designs. However, additional measurements revealed that the
amount of ammonia which concentrations in the blow-down water from SG A is much
lower than the corresponding value in SG B. This can be due to the location of the feed
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water distributor above the tube bundle in SG A compared to SG B, where the feed water
distributor is in the middle of the tube bundle /3/.

Table 1 Sodium, iron and ammonia concentrations in steam generators A and B

Sample
hot
middle
cold
blowdown

SGA SGB
Na jig/kg
1.0
2.6
3.0

2.1
2.9
7.2

SGA SGB
Fe p.g/kg
17

56

15

43

SGA SGB
NH3 ug/kg
220
160
50
170

200
150
50
130

STEAM MOISTURE MEASUREMENTS

A project for uprating the units at Loviisa started in 1996. The aim of the project is to
uprate the units to 109 %. One part of this project was to determine how the uprating will
influence the steam moisture. Therefore moisture measurements were performed at
different power levels , i.e. 103,105,107 and 109 % 141.

The determination was performed by injecting lithium hydroxide into the feed water.
Lithium was then analyzed in the steam generator water, steam and blow-down water.
The moisture content in the steam was calculated in two different ways 1) using the
lithium concentration in the steam and 2) using the lithium concentration decrease in the
steam generator water. In Table 2 the moisture content in the steam is shown calculated
according to the methods mentioned above.

Table 2 Moisture content in steam

Power stage
103 %
105 %
107 %
109 %

Moisture content %
Method 1
0.09
0.10
0.09
0.11

Method 2
0.13
0.09
0.09
-

Beside the moisture content in the steam the performed measurements gave interesting
information on the behaviour of lithium in the steam generator. The measurements were
performed in SG A, a steam generator with the new type of feed water distributor.

From Figure 6 can be seen that lithium shows a behaviour similar to that of ammonia, i.e.
the lowest concentration is found in the cold end of the steam generator and the highest in
the hot end. According to the results in Table 1, sodium concentrates at the cold end. The
reason for the observed differences in behaviour of sodium and lithium still needs to be
interpreted in more detail.
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The blow-down water is sampled from the bottom in the middle of the steam generator.
If the results from this sampling point in the upper part is compared the conclusion can be
drawn that lithium is equally distributed in depth, Figure 7.

Just after the injection of the needed lithium hydroxide amount the lithium concentration
was slightly above 100 ug/1 which corresponds very well with the calculated value.
During the first 24 h the lithium concentration drops mostly due to hide-out in the steam
generators. For calculation of the moisture content in the steam, the results from the
"middle phase" i.e. a time between 30 - 50 h have been used. This is based on the
assumption that the decrease of lithium during this phase depends on carry-over of
lithium with the steam.

If the lithium in the steam generator is normalized one can compare the hide-out rate for
the different power stages. It is clearly shown in Figure 8 that at higher power the hide-
out rate is higher. The effect of the hide-out on the performance of the steam generators
from a chemical point of view will be monitored in the future.

CONCLUSIONS

The corrosion damage of the feed water distribution (FWD) pipes and nozzles
necessitated the replacement of the FWD-pipes. A new design required that the
replacement FWD-pipe was located inside the tube bundle. The results of the tests and
experiments show that the implementation of a new radically changed FWD-pipe design
is also possible in operating plants. An extensive research and test program was
performed for to fulfil the requirements for operation and safety. The operating
experience we have had with the new FWD-pipe since 1994 shows no deterious effects
on the operation of the steam generator.
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Figure 1 WER-440, steam generator, old feed water distributor
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Figure 2 Corrosion damage at T-piece
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Figure 3 New feed water distributor, first version

Figure 4 New feed water distributor, final version
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Figure 6: Tracer Concentration in SG A
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DISCUSSION

Authors: M. Halin, B. Elsing, S. Savolainen, T. Buddas, Imatran Voima Oy

Paper: Influence of Feed Water Distribution Pipe Replacement on the Water Chemistry
in the Steam Generators at Loviisa NPP

Questioner: J. Gorman

Question/Comment:

(1) What material experienced erosion-corrosion, and what was used for replacement?
(2) Have you observed any influence of hydrazine on FAC?

Response:

Old FWD pipe - carbon steel
New FWD pipe - stainless steel

The changeover from neutral chemistry has so far been seen in a decreasing iron concentration in
the feedwater, 20-50 -> 5-10 jag/1.

Questioner: PJ. Prabhu

Question/Comment:

I did not quite follow your explanation of why the Li tracer concentration decreased at a faster
rate at higher power levels. Could it be due to higher moisture carry-over at higher power?

Response:

It can, but this is not supported by the moisture results. On the other hand, we have not
interpreted the results in more detail.
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CA0000230

INFLUENCE OF STARTUP OXIDIZING
TRANSIENTS ON IGA/SCC IN PWR STEAM GENERATORS

J. A. Gorman,1 A. R. Mcllree,2 T. Gaudreau,2 L. Bjornkvist,3 and P.-O. Andersson3

ABSTRACT
There is a considerable amount of evidence that oxidizing conditions during and
following startups are an important factor in the intergranular corrosion/stress corrosion
cracking (IGA/SCC) of mill annealed alloy 600 steam generator tubes. This evidence
includes plant data that indicate that the growth of IGA/SCC correlates better in some
cases with numbers of startups than with time at power, laboratory tests in several
plausible crevice environments that show that small amounts of copper oxides accelerate
the rate of IGA/SCC, laboratory tests that show that elevating the electrochemical
potential (ECP) increases the rates of IGA/SCC in many chemical environments, and
laboratory tests that show that copper oxides, hematite, and other oxidized corrosion
products can raise the ECP of several solution chemistries into aggressive ranges. Some
preliminary data also exist that show that some amounts of oxidized species are produced
during typical layup and startup conditions, but data for the subsequent reduction of these
oxides are largely lacking. The purpose of this paper is to review the available evidence,
to arrive at conclusions regarding the probable importance of oxidizing conditions during
startup on occurrence of IGA/SCC, and to identify needed research to better quantify the
situation.

1. Dominion Engineering, Inc., McLean, Virginia, USA
2. Electric Power Research Institute, Palo Alto, California, USA
3. Vattenfall, Ringhals plant, Varobacka, Sweden
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INFLUENCE OF STARTUP OXIDIZING
TRANSIENTS ON IGA/SCC IN PWR STEAM GENERATORS

J. A. Gorman, A. R. Mcllree, T. Gaudreau, L. Bjornkvist, and P.-O. Andersson

INTRODUCTION

Secondary side intergranular attack/stress corrosion cracking (IGA/SCC) of mill annealed
alloy 600 tubes is a major problem in pressurized water reactor (PWR) steam generators.
For units operating on all volatile water chemistry, this mode of tube degradation was
first noted in about 1971 in two early European plants, Beznau 1 and Obrigheim.1'2 It
was first seen in the USA in about 1977 in units with deep tube sheet crevices.3 Since
that time IGA/SCC has been increasing steadily around the industry despite extensive
research into possible causes and many remedial actions. It is currently the dominant
reason for tube repair and steam generator replacement in the United States.4

Remedial measures taken against IGA/SCC have included implementing stringent
secondary water chemistry controls that have resulted in large reductions in the ingress of
impurities into the steam generators. Many other remedies have also been implemented,
including (1) increases in concentrations of oxygen scavengers and elimination of copper
alloys from secondary systems in efforts to try to ensure that aggressive oxidizing
potentials do not develop in the steam generators, (2) use of buffers such as boric acid
and inhibitors such as titanium dioxide to minimize corrosion due to caustics that might
develop in crevices, and (3) control of molar ratios of cations and anions in the feedwater
in efforts to ensure that impurities that concentrate in crevices do not form strong caustics
or acids. It is believed that application of these remedies has helped to reduce the rate of
IGA/SCC in many plants. However, despite these efforts, the IGA/SCC problems
continue to increase.

The balance of this paper reviews the factors involved in IGA/SCC, evaluates those that
could be causing the continued occurrence of IGA/SCC despite application of remedial
measures, and discusses the evidence that indicates that oxidizing conditions occurring
during startups and early periods of operation after shutdowns may be an important factor
in this corrosion.

CAUSES OF IGA/SCC

The causes of IGA/SCC in mill annealed alloy 600 tubing are generally evaluated in
terms of the classical three factors of stress corrosion: material, environment and stress.
The results of extensive research regarding these three factors for mill annealed alloy 600
tubing of the type used in steam generators are briefly summarized below, together with
brief discussions of implications for thermally treated alloy 600 tubing.

522



Material Susceptibility
Laboratory tests indicate that the susceptibility of mill annealed alloy 600 tubing to
IGA/SCC is affected by its microstructure, especially the distribution of carbides, which
in turn depends on the thermo-mechanical processing used in the manufacture of the
tubing. Early research indicated that susceptibility in pure water and caustic
environments was associated with a material microstructure with few intergranular
carbides at grain boundaries and copious carbides in the matrix of the grains.5 However,
as industrial experience has continued to accumulate and test results have been obtained
for additional environments, it has become evident that mill annealed alloy 600 is
susceptible to IGA/SCC in a variety of environments. While its microstructure has a
strong influence in some specific environments, especially pure and primary water, the
microstructures of essentially all of the mill annealed alloy 600 tubing in service result in
substantial susceptibility of the tubing in one or more of the possible secondary side
environments.

Tests and service experience indicate that susceptibility of alloy 600 to IGA/SCC, in
addition to being affected by microstructure, is strongly increased by local cold work.
For example, severe IGA/SCC is often associated with lines of abrasion or scratches. In
addition, laboratory tests show that cold worked surface layers of abraded tubes
experience much more rapid IGA/SCC than regions below the cold worked layer.6'7

Further, crack growth rate tests show that SCC grows much more rapidly in cold worked
material than in non cold worked material.8

The situation with respect to thermally treated alloy 600 tubing appears to be that it is
susceptible to IGA/SCC in the same manner as mill annealed tubing, but not to the same
extent. Tests in a variety of environments, and limited service experience, indicate that
thermally treated alloy 600 tubing is less susceptible to IGA/SCC than mill annealed
alloy 600 tubing but is not immune.9

The important points with respect to this paper are that (1) all of the mill annealed alloy
600 tubing in service probably is susceptible to IGA/SCC in secondary side crevice
environments that can develop in well run PWR steam generators, and (2) it is likely that
thermally treated alloy 600 is also susceptible, but to a lesser degree.

Stress
Many tests show that susceptibility to SCC increases as the total stress at the surface
increases. In pure and primary water environments, susceptibility seems to only occur for
stresses above about the elastic limit, e.g., above about 80% of the 0.2% strain yield
strength. In more aggressive environments, e.g., lead containing environments, caustic
environments, and acidic environments, susceptibility to SCC is exhibited at least down
to stresses as low as 10 ksi (70 MPa) (typical pressure induced hoop stress) and IGA is
sometimes observed even in the presence of compressive stresses. The main conclusion
with respect to this paper is that mill annealed alloy 600 tubes in PWR steam generators
have surface stresses in many locations that are sufficiently high to lead to IGA/SCC.
Because of lower surface residual stresses, thermally treated tubing has lower
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susceptibility than mill annealed tubing, but probably is not immune, especially in
regions such as expansion transitions at the top of the tube sheet where mere are both
local cold work and moderately high residual stresses from the expansion process.

Environment
The effects of many environmental factors on IGA/SCC of alloy 600 have been
determined by laboratory tests.10 In summary, these show that:

• Temperature. Test data show that increasing temperature leads to increasing rates
of IGA/SCC in a variety of environments, including primary water, caustic, and
acidic environments, with apparent activation energies ranging from 30 to 70
kcal/mole. Evaluations of plant data indicate that increases of temperature increase
rates of IGA/SCC by about an apparent activation energy of 54 kcal/mole."
IGA/SCC has been limited in units operating with hot leg temperatures below
590°F (310°C), but has been relatively severe in some units operating at 590°F
(310°C), e.g., Kewaunee.12 Higher temperature units, especially of the preheater
type, have sometimes exhibited rapid and severe IGA/SCC.

Tests show that pH below about 5 and pH above about 9.5 lead to accelerated
rates of IGA/SCC, including both initiation and growth of flaws. The effect of pH
on growth rate of SCC is shown in Figure I.13 The growth rates shown in Figure 1
could imply that pH in the range of 5 to 9 has a reduced impact on the continued
growth of already initiated SCC, and that electrochemical potential could be the
dominant factor.

Electrochemical Potential flECP"). Tests show that at low and high pH, even small
increases in ECP (e.g., 100 to 150 mV) above the open circuit potential in deaerated
solutions lead to rapid increases in IGA/SCC (e.g., see Figure l).141516 The effect of
increased potential in the near neutral region has not been well explored. However,
one test in a lead contaminated environment showed that an increase of 130 mV due
to the presence of copper oxide caused SCC, whereas no SCC initiation was
observed without the copper oxide.17 In addition, recent crack growth rate tests
using thick compact tensile specimens indicate that increasing the potential strongly
increases the crack growth rate in complex environments at pH 8 and 10.18

Deleterious Species. Tests indicate that the presence of small concentrations of lead
strongly increase susceptibility to IGA/SCC.19'20 Reduced sulfur species also appear
to have similar effects.21'22'23 Other species may also have deleterious effects. For
example, extensive evaluations of removed tube samples and related tests indicate
that alumino silicate gels that can form in crevice areas provide locations where
organics or other species can accumulate and cause the breakdown of protective
chromium oxides and lead to the occurrence of IGA/SCC.24 On the other hand,
recent evaluations of plant data by Westinghouse indicate that silica in the
secondary water may reduce the rate of IGA/SCC.25
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Figure 1. Crack Growth Rate versus pH
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In summary with regard to environmental effects on IGA/SCC of alloy 600, it is clear
that many variables affect the initiation and growth, and that the lowest rates of
occurrence correlate with: (1) low temperature, (2) pH in the near neutral to mildly
alkaline range, (3) ECP near the reversible hydrogen line (essentially at the free corrosion
potential in fully deaerated solutions), and (4) freedom from deleterious species such as
lead and reduced sulfur species. It is also clear that the rate of IGA/SCC is sensitive to
small changes in environmental parameters, with perhaps the greatest sensitivity being
associated with small changes in the ECP. Unfortunately, determining and controlling
the ECP in crevice areas is difficult, especially for startup and transient conditions.
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OCCURRENCE OF IGA/SCC IN WELL MANAGED PLANTS

Recommended water chemistry practices have been developed considering the results of
corrosion research and plant experience and are documented in EPRI's Secondary Water
Chemistry Guidelines.26 Essentially all western style PWR plants with alloy 600 tubing
operate in accordance with these guidelines. Despite this careful operation, some units
are experiencing rapid IGA/SCC. This has occurred despite the following:

• Control of water chemistry such that deleterious species are kept to low levels. The
success of this effort has been confirmed by evaluation of deposits and oxides from
crevice areas that show that deleterious species, especially lead, are generally at low
levels. For example, lead is generally in the range of 100 - 1,000 ppm of deposits.
It is not known whether these levels are enough to aggravate IGA/SCC, nor how
they correspond to the ~1 ppm of the water level of lead that tests indicate can cause
attack,27 but they are well below the much higher levels known to cause rapid attack
in plants. Impurity levels of species such as Na+, Cl\ and SO4= typically have been
controlled in the low to sub ppb range in the blowdown.

• In some of the plants, use of on-line boric acid additions, which tests indicate
should neutralize any caustics that form in crevices. The ability of boric acid to
neutralize caustic in the field is more difficult and may not be achieved.

• Operation with water chemistry that hideout return evaluations indicate have kept
the pH in crevice areas in the near neutral range.

• Operation with high hydrazine levels (>100 ppb) that are expected to keep the ECP
low during normal power operation.

In summary, the water chemistry improvements and remedial actions described above are
considered to have reduced the severity of the IGA/SCC experienced by plants.
However, severe IGA/SCC continues to occur in some well managed units despite
application of many remedial actions and predicted benign conditions in the crevice areas
where the IGA/SCC is occurring (i.e., predicted near neutral, low ECP conditions and
low levels of deleterious species).

POSSIBLE NEGLECTED FACTOR

The inability to explain the continued occurrence of severe IGA/SCC despite apparently
benign conditions in the crevice areas where it is occurring during normal power
operation has led the authors of this paper to conclude that other factors must be
controlling the corrosion, and to hypothesize that the most likely of these possible other
factors is high oxidizing potentials during startup and early periods of operation after
shutdowns. The reasons for coming to this hypothesis include:
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Small increases in oxidizing potential cause large increases in IGA/SCC in several
environments where tests have been performed. Tests show this to be the case in
caustic environments, acidic environments, and lead contaminated neutral
environments.28'29'30 It may also be the case in other near neutral environments, but
systematic tests in these environments have not been performed.

Measurements of ECP show that the presence of small concentrations of oxidized
corrosion products such as copper oxide and hematite can raise the ECP by the
amounts that tests show have strong effects on rates of IGA/SCC, e.g.; by 100 mV
or more.31'32'33

Tests in caustic, acidic, and lead contaminated near neutral environments show that
small concentrations of copper oxide strongly increase the rate of IGA/SCC.34'35'36

This is presumed to be a result of the increase in ECP caused by the copper oxide.

In many plants, much of the secondary system is exposed to oxidizing conditions
during long shutdowns. In addition, at many plants the secondary sides of steam
generators are often exposed to moist air for several weeks or even months during
shutdowns, and sometimes to air saturated water. The exposure to moist oxidizing
conditions undoubtedly results in oxidation of corrosion products and metal
surfaces for much of the secondary system surface area, including in the steam
generators. Further, during startups and early operation, it is likely that significant
amounts of oxidized corrosion products are introduced into the steam generators
from the secondary system. Unless plant startup procedures ensure the reduction of
these oxidized materials to a fully reduced state before power operation, they may
raise the ECP in crevice areas to aggressive levels during the startup - early
operation period following a long shutdown, i.e., until the oxidized corrosion
products (e.g., hematite and copper oxide) are fully reduced. Remedial measures
taken at Kori 1, which included a deliberate corrosion potential reduction hydrazine
soak, resulted in a demonstrated benefit.37 However, since a total of four remedial
measures were implemented at the plant, it is impossible to categorically assign a
benefit to each remedial measure.

Studies of the occurrence of IGA/SCC in Belgium led researchers at Laborelec to
conclude that the growth of cracks in steam generator tubes correlates better with
the number of shutdowns and startups than with the length of steady operation.38

This pattern has also been observed at other plants, but has not been well
documented. The Belgian researchers speculated that this might be the result of
oxidation of copper and other species during shutdowns, and have published reports
that even alloy 690 tubing could be damaged by copper oxides.39

The occurrence of IGA/SCC at two PWRs with preheater steam generators in
Sweden has been much less severe than at three domestic units with similar
preheater steam generators and slightly younger ages.40 Comparison of the plants
indicates that temperature cannot explain the difference, since two of the three
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domestic units have operated most of their lives at lower temperatures than the
Swedish units. Material and stress factors also do not appear likely to be the
explanation, since the tubing for all five units was made by the same manufacturer,
and the steam generator design and tube installation procedures are similar. Water
chemistry during power operation seems unlikely to be the explanation since all five
units have been carefully managed in accordance with industry guidelines, and
detailed reviews of their water chemistry histories have not revealed any factors
related to normal power operation that can explain the differences in corrosion
experience. Materials of construction of the secondary system also seem unlikely to
be the explanation, since two of three domestic units do not have any copper alloy
heat exchangers, similar to the Swedish units. However, one area of significant
difference in water chemistry history has been identified: control of oxidizing
conditions during layup and startup, as discussed further below.

Significantly more stringent practices have been used at the Swedish units than at
the domestic units during secondary system layup and steam generator layup to
minimize oxidation of surfaces and to minimize introduction of oxygenated water
into the steam generators during startup. For example:

Forced dry air circulation has been used in both the secondary system and in
the steam generators during dry layup at the Swedish units. This has not been
done in the domestic units, which typically have left equipment in the "as-is"
condition after draining.

Periods of dry layup of the steam generators have been shorter in the Swedish
units since the policy there is to return to wet layup as soon as possible
following maintenance that requires draining. The practice at the domestic
units has generally been to leave units in the drained condition for long
periods.

Auxiliary feedwater used during shutdown and startup in the Swedish units
typically is in the 10 - 30 ppb oxygen range. Domestic units have had
difficulties meeting 100 ppb limits and sometimes have had to introduce water
with much higher concentrations of oxygen.

Main feedwater during startup in Swedish units has consistently been below a
100 ppb limit. Some domestic units have difficulties meeting this limit at
very low power levels.

Quantifying the effects of the above differences between the Swedish and domestic
units on the rates of IGA/SCC is not practical. It is possible that some other
unidentified factor explains the much lower rate of IGA/SCC in the Swedish units.
However, on balance, the authors consider that the difference in control of exposure
to oxidizing conditions during layup and startup is a possible or even likely
explanation.
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• Evaluation of a TSP crevice removed from Ringhals 3 showed that a gap of 4 to
140 urn existed between the deposits in the crevice and the tube OD.41 This gap was
possibly opened up by differential thermal contraction during cooldown. This type
of gap at TSP crevices appears to provide access for oxygen to oxidize the crevice
areas during layup periods.

CONCLUSIONS

Evaluations of the large differences in the rate of IGA/SCC at similar preheater units
indicates that they are not caused by differences in materials, stresses, temperatures, or
water chemistry during normal power operation. However, lower rates of IGA/SCC
correlate with the use of significantly more stringent controls during shutdowns and
startups to minimize oxidizing conditions during layups and subsequent startups. This
observation, coupled with the large increases in rates of IGA/SCC during laboratory tests
caused by even small increases in oxidizing potential, leads to the hypothesis that a likely
explanation of the rapid IGA/SCC observed in some well managed domestic plants is the
occurrence of oxidizing conditions during startups and operating periods immediately
following shutdowns.

The observation in Belgium and elsewhere that the occurrence of IGA/SCC seems to
correlate better with the number of startups than with the length of operation provides
support to the idea that conditions during startups and operating periods immediately
following shutdowns are a likely important factor involved in occurrence of IGA/SCC.

The oxidizing conditions that possibly may cause accelerated IGA/SCC during startups
and early power operation are believed to be the result of corrosion products and metal
surfaces that become oxidized during layup. In the case of the steam generator, these
oxidized materials are often developed at the locations where corrosion is observed, i.e.,
in crevice areas and sludge piles. In the case of the secondary system, the oxidized
materials form throughout the secondary system and tend to be swept into the steam
generators during startup as secondary system flow velocities increase.

In accordance with water chemistry guidelines, efforts are made to develop reducing
conditions in steam generators during startup and power operation by use of hydrazine
additions. However, establishing reducing conditions takes considerable periods of time
in test loops and autoclaves (many hours or even days) and must take considerably longer
in steam generators. In addition, establishing reducing conditions in crevice areas is
especially difficult since hydrazine is volatile and does not accumulate in crevices. Thus,
once power levels are sufficient to cause steam blanketing to develop in crevices, it may
be difficult to reduce the oxidized material that has been formed in the crevices during
layup or which deposits in the crevices during startup. Since tests show that IGA/SCC
occurs about as rapidly in contaminated steam as in contaminated liquid, crevices with
oxidizing materials seem likely to be areas of high susceptibility.
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The authors recommend that tests be performed to explore and verify the hypothesis put
forward by this paper. Until and unless tests show that the hypothesis is incorrect, the
authors conclude that it would be prudent to operate plants assuming that it is correct, i.e.,
utilities should consider adopting stringent layup and startup controls to minimize
oxidizing conditions similar to those used at the Swedish units as discussed above. This
recommendation is considered applicable to plants with both mill annealed and thermally
treated alloy 600 tubing.
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DISCUSSION

Authors: J.A. Gorman, A.R. Mcllree, T. Gaudreau, L. Bjdrnkvist, P.-O. Andersson,
Dominion Engineering, Inc.,Electric Power Research Institute, and Vattenfall,
Ringhals Plant

Paper: Influence of Startup Transients on IGA/SCC in PWR Steam Generators

Questioner: P.J. Prabhu

Question/Comment:

Comment: An alternate or possibly complementary explanation for the excellent performance of
Ringhals 3 & 4 SGs with regard to ODSCC could be the boric acid treatment of the secondary
side water and high silica concentration in blowdown.

Question: What is the source of the 54 kcal/mole activation energy for ODSCC?

Response:

Our evaluation of plant data indicates that boric acid has some minor beneficial effect in
IGA/SCC. We have not investigated the influence of silica, nor any synergistic effect in
conjunction with silica.

The source of the 54 Kcai/mole activation energy value is given in the paper (reference 11).

Questioner: J. Daret, CEA

Question/Comment:

On the da/dt versus pH plot you presented, the rates on acidic and alkaline sides are unrealistic,
even for non-aerated conditions. On the other hand, most utilities consider their crevice
conditions are in the 5 - 9.5 pH range, where the dangerous situation could be (according to
T. Gendron presentation on internal oxidation) to shift the potential towards the hydrogen lines.
If this is the case, is it not dangerous to recommend reducing conditions?

Response:

The da/dt rates shown reflect reported test data. They are for relatively severe conditions of
stress, stress intensity, and temperature, and thus are higher than typically seen in plants.
However, the pattern they reflect - higher growth rates at low and high pH, and lower growth
rates at intermediate near neutron pH - is considered correct.
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Limited test data, as cited in the paper, indicate that higher potential in the near neutral range
accelerates IGA/SCC, similar to the way it does an acidic and caustic pH conditions. It is
important that this be confirmed (or disproven) as soon as possible.

Questioner: F. Vaillant

Question/Comment:

What do you propose, in the field of R&D or analysis of plant operating conditions, to verify the
detrimental effect on IGA/SCC of oxidizing conditions during shutdown and startup?

Response:

(1) Tests to measure the effect of oxidizing corrosion products on the ECP of alloy 600 in a
variety of near neutral environments.

(2) Crack initiation and growth rate tests in near neutral environments with and without
oxidizing corrosion products and with and without applied ECPs.

(3) Detailed evaluations of individual plant IGA/SCC data to determine if IGA/SCC rates are
higher for cycles with increased exposure to startup oxidants. (Similar approach to that
being used by Laborelec for evaluation of Tihange 3 experience.)

Questioner: R.W. Staehle

Question/Comment:

(1) It seems that the use of da/dt on the ordinate of the da/dt vs. pH plot is misleading since the
SCC of SG tubes is entirely under initiation control. This may give a misleading
impression.

(2) With respect to the desirability of adding hydrazine to reduce SCC, this applies mainly to
alkaline SCC since this sub-mode occurs at potentials above the deaerated open circuit.
However, in the acid range of pH, this dependence is probably different especially if
LPSCC may be occurring and especially since Pb and Cu SCC occur at the deaerated open
circuit. The Cl SCC at the mid range may occur at both deaerated open circuit and at
higher potential.

Response:

(1) The da/dt data of Figure 1 mainly came from C-ring tests and thus reflect both initiation
and growth. It is believed that both initiation and growth follow similar patterns; faster at
low and high pH and slower at near neutral mid-range pH. Thus, the figure is not
misleading with respect to its main purpose which is to indicate the pH range with lowest
IGA/SCC susceptibility.

(2) As discussed in the paper, available test data indicate that increases in potential in all three
pH ranges - caustic, acidic and near neutral - increase rates of IGA/SCC. It is recognized
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that low potentials can also accelerate cracking in some ill-defined situations. On balance,
it is considered that risks from oxidizing conditions are more serious than those from
reducing conditions and that hydrazine regimes should be selected primarily to avoid
exposure to oxidizing conditions.
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APPLICATION OF MODELING TO LOCAL CHEMISTRY
IN PWR STEAM GENERATORS

C. Fauchon & P.J.Millett
EPRI ill ^

Philippe Ollar CA0000231
EDF

ABSTRACT

Localized corrosion of the SG tubes and other components is due to the presence of an
aggressive environment in local crevices and occluded regions. In crevices and on vertical and
horizontal tube surfaces, corrosion products and particulate matter can accumulate in the form of
porous deposits. The SG water contains impurities at extremely low levels (ppb). Low levels of
non-volatile impurities, however, can be efficiently concentrated in crevices and sludge piles by
a thermal hydraulic mechanism. The temperature gradient across the SG tube coupled with local
flow starvation, produces local boiling in the sludge and crevices. Since mass transfer processes
are inhibited in these geometries, the residual liquid becomes enriched in many of the species
present in the SG water. The resulting concentrated solutions have been shown to be aggressive
and can corrode the SG materials. This corrosion may occur under various conditions which
result in different types of attack such as pitting, stress corrosion cracking, wastage and denting.
A major goal of EPRFs research program has been the development of models of the
concentration process and the resulting chemistry. An improved understanding should eventually
allow utilities to reduce or eliminate the corrosion by the appropriate manipulation of the steam
generator water chemistry and or crevice conditions. The application of these models to
experimental data obtained for prototypical SG tube support crevices is described in this paper.
The models adequately describe the key features of the experimental data allowing
extrapolations to be made to plant conditions.

INTRODUCTION

One of the most persistent challenges facing utilities with pressurized water reactors is
environmental degradation of steam generators to the point where premature replacement
becomes necessary. Environmental degradation will limit the useful life of many steam
generators unless ongoing research discovers ways to manage it. Various forms of damage, most
involving some form of corrosion, have been experienced. These include stress corrosion,
intergranular attack and wastage. Some of these problems have been successfully managed,
others have not yet been brought under control. Secondary side stress corrosion cracking is not
yet controlled. This form of degradation occurs most often at or near tube support plates or tube
sheets where impurity concentration mechanisms can lead to an environment conducive to tube
cracking.
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The feed water to the steam generators contains small concentrations of impurities (ppb) such as
sodium, chloride or calcium. Outside the tubes, boiling and dryout can occur in the occluded
regions in the tube sheet or support plate. As a result, dissolved impurities may become
concentrated up to a millionfold or more in the tube/tube support plate crevices, creating an
aggressive environment.
Access to actual steam generator cervices, for sampling and monitoring purposes is not possible.
Thus, laboratory simulation and modeling are necessary to predict and explain the environment
located within the crevice.

PRESENTATION OF THE MODEL

A detailed model of the transport processes that produce concentrated solutions locally in
pressurized water reactor steam generators has been developed [1, 2, 3,4]. The model is used to
describe the concentration process in regions where deposits accumulate in deep crevices
between the tube and tubesheet (Figure 1).

Crevice

Tube

Figure 1 : Schematic of the crevice.

The model is based on the application of energy, mass, and momentum conservation laws for
transport processes within fouled crevices and sludge.
Equation ( 1 ) describes the conservation of mass. It gives the relationship between the liquid
and vapor velocities.

|
ox

dpvvv

ox
( 1 )

Pi and pv represents the liquid and vapor densities.
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The heat flux is due to a gradient of temperature between the steam generator tube (T p ) and the
porous deposit. The pore solution temperature is approximated by the saturation temperature of
the crevice pore solution Ts. this heat flux causes water to be continuously evaporated by a
nucleate boiling mechanism. The conservation of energy is expressed in Equation ( 2 ) .

A
c

The volumetric heat source term can be determined using an overall heat transfer coefficient H.
rsg is the outside radius of the steam generator tube. Ac is the cross sectional area of the pore
matrix. hfg represents the latent evaporation energy.
Within the liquid phase, each species accumulates as a result of the decrease in mass of liquid.
The conservation of the chemical specie is reproduced by Equation ( 3 ).

| ( )

ot ox ox

C is the concentration of the specie and S is the saturation (void fraction of pore space occupied
by the liquid phase ). £ is the porosity of the crevice. Two mechanisms can limit the
concentration process: the chemical specie may diffuse (Des represents the diffusion coefficient)
or exit with the vapor (kvj is the liquid vapor distribution coefficient).
The liquid and vapor relative permeabilities kri and krv can be determined if the saturation is
known from correlations of the form given in equations (4 ) and (5 ).

k r l =k 0 S 3 ( 4 )

k r v =k 0 (1 -S) ( 5 )

The liquid and vapor velocities are related to pressure gradient (Equations ( 6) and (7 )). |Xi and
Hv are the liquid and vapor viscosities.

kri ,3P, . krI 9P, , , .
V l = - ^ L ( - l - p l g ) = — l L - 1 ( 6 )

U,, dx U,j dx
_ k apv k ^ d P , ( 7 )

Vv (— P v g) = jT~
m dx (Iv dx

A pressure gradient defined as the capillary pressure Pc exists at the interface between the vapor
and the liquid phases. Pc is related to saturation (Equation ( 8 )).

Pc = P v -Pi = f [ S ] ( 8 )
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As shown in Equation (9 ), the saturation temperature is a linear function of the crevice
solution's composition because of the vapor pressure depression of the aqueous phase by the
accumulated solute.

Ts = Ts0 + a C (9 )

Heat transfer from the inside of the SG tube to the porous deposit causes saturated water to be
drawn into the deposit voids by capillary forces.. If sufficient liquid to maintain nucleate boiling
cannot be drawn into the porous medium, a steam blanketed region will exist below the nucleate
boiling region. The liquid influx rate will dictate whether the liquid phase can penetrate the entire
depth of the crevice. The liquid penetration is called the wetted length Wi. It is assumed that
nucleate boiling exists throughout the wetted length. Within the wetted length, nonvolatile
species continually accumulate in the liquid phase because of evaporation of the incoming water.
Appropriate boundary conditions should also be written. At the mouth of the crevice, the
concentration is the concentration of the bulk water. The liquid and vapor pressure and the
saturation are known.

C = C0

x = 0 P, = Pv = Po

S = S0

At the wetted length, the liquid doesn't penetrate anymore so the liquid and the vapor velocities
equal zero.

v, = vv = 0
x = L * = Q

Six

The differential equations and appropriate boundary conditions are written in finite difference
form and solved using the Newman's technique. The major objectives of the model is to predict
the mass of impurities accumulated within the crevice as a function of time and the concentration
profile for a given species A. In previous work, the model has been benchmarked against
experimental data from Mann [5]. In this work, the results given by the model have been
benchmarked to two sets of experimental values : Those values were obtained by Lumsden [6]
and Rogers [7].
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LUMSDEN'S RESULTS [6]

Rockwell International has constructed a device which mimics the geometry and operating
conditions of a Tube / Tube support plate crevice in a pressurized water reactor steam generator.
A schematic of the Rockwell crevice is shown in Figure 2.

Heater

—• Control TC

I—Dielectric seal

(for future upgrade)

I
Solution
extraction

^ - 4 0 5 stainless steel
Packed witti /
diamond dust - '

^ M o l t e n salt

Alloy 600 tube

Figure 2 : Schematic of the heated crevice

The crevice is filled with diamond powder to simulate the corrosion products packed in a steam
generator tube/ tube support plate crevice. This apparatus is instrumented to measure the crevice
chemistry as a function of time. There are ports through which sensors can be inserted into the
autoclave bulk water or through the TSP to monitor the crevice environment. The temperature
profiles indicated that the whole crevice was initially steam blanketed. Hideout kinetics were
determined for Na+ using feedwater having 20ppm and 2ppm Na. Na+ was extracted from the
crevice after various exposure periods. The results are presented in Table 1.

Table 1 : Mass of Sodium accumulated in heated crevice for feedwater containing 2ppm and
20ppm of Sodium.

time (hrs)

4
8

22.75
24.3
72
96
144

mg sodium
Co=2ppm

1.15
0.66
2.12
2.5
6.08
9.96
16.5

time (hrs)

1
2

4.75
7

16.6
20.0
20.5

mg sodium
Co=20ppm

1.94
3.73
6.53
8.64

23.75
31.5
28.3
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Using experimental conditions, the model parameters were calculated. The model predictions are
in excellent agreement with the diamond powder packed crevice data as shown in Figure 3.

• 20ppm, Lumsden i
20ppm, Model j

*• 2ppm, Lumsden :
2ppm, Model j

20 40 60

Time, hrs

80 100

Figure 3 : Comparison between the experimental values given by Lumsden and the
results obtained by modeling.

The evolution of the distribution of the impurities in the crevice as a function of time is presented
in Figure 4. In the model, symmetry at the middle of the support plate is assumed.

Tube
Snnnnrt

3&S5KSSS
1
I
E
E

Tube
Sunnnrf

Tube
Snnnnrf

Feed water Impurities concentrated Blanketed region

Figure 4 :Repartition of impurities in the crevice as time proceeds.

The model predicts the existence of a blanketed region initially ( a) . The crevice slowly fills
with a concentrated solution that is in equilibrium with the available superheat, so the wetted
length increases ( b ) . Once the crevice is fully wetted, the concentration profile first limited deep
in the crevice reaches its thermodynamic limit at the mouth of the crevice ( c ).
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ROGERS' RESULTS [7]

Another facility built by Rockwell International has been utilized by Rogers at San Jose State
University. One of the main differences between this device and the previous device is that the
fouled crevice was packed with inert carbon fibers instead of diamond powder. The porosity in
this case is double that of the porosity of the diamond powder case (0.6 instead of 0.3). Using
feed solutions of 30, 60 and 120ppm sodium chloride and crevice powers of 85, 150 and 230
Watts, Rogers has measured the mass of sodium chloride in the packed crevice as a function of
time.
Table 2 shows results from the runs that were performed for the characterization of the
autoclave. Two runs were performed to illustrate repeatability.

Table 2 : Mass and rate of accumulation of Sodium Chloride in the crevice for 7 experimental
runs.

Run
Heater Power (W)
Feedconcentration (NaClppm)
NaCl Hideout (mg)
Accumulation rate (mg/min)

1
85
30
8.95
0.023

2
230
30
54.7
0.087

3
85
120
16.6
0.101

4
85
120
17
0.103

5
230
120
87
0.42

6
150
60
26.4
0.077

7
150
60
26.9

0.088

Based on the data obtained there is a direct relationship between accumulation rates and the
amount of heat flux across the crevice. As the heat flux is increased the rate of accumulation
increased. The data also indicates that as the bulk water concentration increases the rate of
accumulation increases. This is consistent with model predictions. However in the experiments
performed, the data obtained show that the bulk water concentration has a linear effect on the
crevice equilibrium concentration. A quadrupling of bulk water concentration typically led to a
doubling of the equilibrium mass of sodium accumulating in the crevice.
In order to model those results, an additional term was introduced in the model in the
conservation of species. Equation ( 1) was replaced by equation ( 1 ' ) .

be

ot
- + •

ox ox
-T(C-C0) d')

The last term accounts for all the steady state processes for sodium chloride release. The constant
F can be viewed as an overall mass transport coefficient, which is added to the diffusion term. It
was fixed at a value of 2.0e-5 for all the runs performed by San Jose State University. The model
predictions were then in good agreement with the experimental results as shown in Figure 5.
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Figure 5 : The accumulation of sodium was plotted against time for the different
runs sorted by heat power. The lines correspond to the predictions of the model
and the markers to the experimental data.

The model doesn't predict the presence of a blanketed region. The crevice packed with carbon
fiber is initially fully wetted as the permeability of the carbon fibers is much greater than
assumed for the diamond packing. The impurities slowly fill the entire crevice reaching
maximum mass of sodium accumulated.
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DISCUSSION

In both cases, the modeling predictions are in good agreement with the experimental results. The
model predicts the crevice to be fully wetted and entirely filled with impurities at steady state.
However, major differences exist between those two crevices. When the crevice is packed with
diamond powder, a steam blanketed region initially exists When the crevice is packed with
carbon fibers, the crevice is originally fully wetted. An additional term of overall mass transport
was integrated in the conservation law.
In fact, the porosity of carbon fiber packing is twice the porosity of diamond powder so the
permeability of carbon fiber crevice is also much greater. In the case of the carbon fiber, it is
believed that the high permeability causes back mixing within the crevice. The need to
incorporate an overall mass transfer coefficient into the model in order to fit the experimental
data supports this assumption.
In Lumsden's work, the model predictions of a steam blanket initially in the crevice, seem to be
confirmed by both temperature measurements and electrochemical measurements. In the case of
electrochemical measurements, an initial high impedance path was interpreted as a steam
blanket.

REFERENCES

[ 1 ] MILLETT P. J. and FENTON J., "Review of PWR Steam Generator Crevice Impurity
Concentration Mechanisms", Proceedings of a Conference on Steam Generators and Heat
Exchangers, 1990.

[2] MILLETT P. J., PhD Dissertation, University of Connecticut, June 1991.

[3] MILLETT P. J. and FENTON J., "A detailed Model of Localized Concentration
Processes in Porous Deposits of SG's", Proceedings of the Fifth International Symposium
on Environmental Degradation of Materials in Nuclear Power Systems Water Reactors,
pg. 745-751, August 1991.

[4] MILLETT P. J. and FENTON J., "A Modeling Study of Parameters Controlling Local
Concentration Processes in Pressurized Water Reactor Steam Generators", Nuclear
Technology, pg 256-265, vol. 108, November 1994.

[5] MANN G. M. W. and CASTLE R., "Hideout and Return of Chloride Salts in Heated
Crevices Prototypic of Support Plates in Steam Generators", EPRINP-5015, January
1987.

[6] LUMSDEN J., POLLOCK G. and STOCKER P., "Hideout in Prototypic Tube/Tube
Support Plate Heated Crevices", EPRI project No. RPS 520-08, 1997.

[7] ROGERS P. M., M.S. Thesis, San Jose State University, September 1997.

544



DISCUSSION

Authors: C. Fauchon, PJ. Millett, P. Ollar, EPRI and EDF

Paper: Application of Modeling to Local Chemistry in PWR Steam Generators

Questioner: Al Mcllree, EPRI

Question/Comment:

Is porosity modeled? And if so, at what porosity does concentration stop?

Response:

Porosity is not considered as a function of concentration. It is assumed to remain constant.

Questioner: R.F. Voelker, Lockheed-Martin

Question/Comment:

What is the mechanism in the model that allows the concentration/dryout interface to move into
the crevice with time?

Response:
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Developments in Steam Generator
Leak Detection at Ontario Hydro

Kevin J. Maynard and Vic P. Singh

ABSTRACT

A method for locating small tube leaks in steam generators has been developed
and implemented at Ontario Hydro. The technique utilizes both helium leak
detection and moisture leak detection. The combination of these two methods
allows tube leaks to be detected in any part of the tube bundle, including those
submerged below water near the tubesheet. The estimated detection limits for the
helium and moisture leak detection systems are 0.001 kg/hr and 0.05 kg/hr
respectively, expressed as leak rates measured at typical boiler operating
conditions. This technology is best utilized in situations where the leak rate under
operating conditions is smaller than the practical limit for fluorescein dye
techniques (~2 kg/hour). Other novel techniques have been utilized to increase
the reliability and speed of the boiler leak search process. These include the use of
argon carrier gas to stabilize the buoyant helium gas in the boiler secondary.

Ontario Hydro Technologies
800 Kipling Avenue

Toronto, Ontario
M8Z 5S4
CANADA
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Developments in Steam Generator Leak Detection at Ontario Hydro

Kevin J. Maynard and Vic P. Singh

INTRODUCTION

Leaks in steam generator (SG) tubes are a costly source of capacity loss in nuclear
generating facilities. Often, large leaks (>1 kg/hr) are located during an outage
with pressurized dye solution. In the so-called 'fluorescein method', a pressurized
fluorescein dye solution in the boiler secondary leaks through to the primary side.
Tube leaks are then located by a manual visual inspection of the primary side tube
sheet with the aid of a black light to illuminate the dye stain. Experience has
shown that the practical sensitivity limit for the fluorescein method is
approximately 1 kg/hr, measured at typical SG operating conditions. For SG leaks
smaller than this limit, other methods are usually applied.

Due to the difficulty in locating small boiler leaks with the fluorescein method, a
more sensitive leak detection technique was sought and developed for field use on
Ontario Hydro's CANDU* Units. This paper describes the particular leak detection
system which was recently developed at Ontario Hydro Technologies (OHT). The
technique involves helium leak detection, an established method for locating leak
paths in a wide variety of industrial and commercial applications, including boilers
[1]. Several enhancements have been incorporated to provide a more complete
and efficient inspection and the main ones are reported here. The most important
of these is a moisture leak detection capability, to allow detection of through-wall
tube defects near the SG tube sheet. Such defects, which are often submerged
below water in the boiler secondary, remain unobservable by helium leak
detection, but observable with moisture leak detection. Other features include a
means of stabilizing the helium gas in the boiler shell, using argon as a carrier gas.
Due to the propensity of buoyant helium to flow and diffuse away from the boiler
tube bundle, this feature proves to be important.

Helium leak detection has an estimated sensitivity of 0.001 kg/hr, expressed in
terms of leak rate under typical CANDU operating conditions. These conditions are
approximately Tmiet= 300°C and AP= 5MPa. The helium tracer gas is completely
inert and does not pose any boiler or reactor chemistry consequences. Moisture
leak detection has an estimated sensitivity of 0.05 kg/hr under the same
conditions expressed above.

CANada Deuterium Uranium

549



LEAK DETECTION METHODS

Overview

Helium leak detection applied to steam generators involves the detection of helium
gas leaking across the primary-secondary boundary of the boiler. In the OHT
system, a leak search proceeds as follows. The boiler is first drained of water on
both the secondary and primary sides. The complete secondary system is then
pressurized with air, followed by a 'charging' of helium and carrier gas {usually
argon) mixture into the boiler shell. The helium/argon mixture displaces the air and
the tube bundle becomes 'submerged' in helium gas. With the secondary side
pressurized, helium and/or residual water in the boiler secondary flows through the
leak path to the primary side. The primary side of the tube bundle is continually
purged with dry air so as to flush any helium gas and/or water vapor toward a
detector probe placed in the primary head of the boiler. A "sniffer" probe is
positioned within the primary head and is manipulated by a robotic arm around the
tube sheet. The sniffer samples the air from each tube in the boiler and both
helium and moisture detectors measure the concentrations in this air. A leaking
tube is signaled by a helium and/or water concentration statistically above
background levels.

The leak detection equipment is composed of several sub-systems installed at
various points on the steam generator. These sub-systems are shown in Figure 1.
The particular implementation shown reflects a typical SG design (i.e. integral
steam drum) but is applicable to other SG/HX designs as well. Adapting the
equipment to other facilities involves the construction of several SG-specific
fittings. At the boiler primary head are located the purge and tube sheet sampling
systems. The robotic arm for probe positioning is installed in either the boiler outlet
{cold leg) or inlet {hot leg) side. The systems installed on the boiler secondary
include a helium analyzer, a helium injection system and a control system. Each of
these systems is discussed more fully in sections below.
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Figure 1. Overview of the major components of the SG leak detection system.
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Detector Characteristics

In preparation for a leak search, the boiler secondary is drained of water to the
best possible extent. However, at the tube sheet, several inches of water may
remain which are difficult to completely remove. To detect tube leaks at any point
in the tube bundle, including ones below the water line near the tube sheet, the
leak detection system is equipped with two different methods of detection. The
helium leak detector is a very sensitive instrument which detects any helium gas
leaking through from the pressurized secondary side. In cases where the through-
wall defect is above water, helium will readily flow through the leak path to the
primary side and be detected. For leaks below water however, the helium cannot
easily permeate the water layer and such leaks remain undetected by this method.
The second detector, a moisture sensor, measures the primary side water
concentration in the air from the tube under inspection. For leaks located under
water, moisture from the secondary flowing through to the primary side will
evaporate, registering as a rise in water concentration (increase in dew point). For
leaks above water, the moisture sensor may also register an elevated reading,
depending on the humidity and leak rate of the gas in the boiler secondary. Table
1 summarizes these characteristics.

Table 1. Characteristics of helium and moisture detectors.

Detector Type
Helium
Moisture

Detects Leaks Above Water
Yes
Maybe

Detects Leaks Under Water
No
Yes

From these characteristics, it is evident that a leak indication which registers only
an elevated moisture content must be submerged under water. For cases where a
helium indication is measured, the leak must be above water, regardless of the
moisture reading.

Detection Limits

Detection limits are most useful when conveyed in terms of leak rate under typical
SG operating conditions. It is this leak rate which is used as the basis for deciding
if or when a boiler is to be removed from service for inspection and repair. For
example, if a given leak detection technique has a quoted detection limit of 1 kg/hr
under operating conditions, then a leak of this magnitude on an operating boiler
should be successfully located once the boiler has been removed from service.
Due to the different boiler pressure and temperature conditions present under
operation and during a leak search, leak rates are not directly comparable. The
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Figure 2. Summary of estimated detection limits for leak detection methods.

leak rate from a given tube under operating conditions will usually be much larger
than the same tube under leak search conditions. This is due in part to thermal
expansion effects and to the difference in pressure gradient across the leak path.
Taking into account factors including the helium detector sensitivity and the
correlation between leak rates under various conditions, [2] an operational
detection limit of 0.O01 kg/hr is obtained for helium leak detection. In other words,
boiler leaks of this magnitude or larger under operating conditions have a high
probability of being located with helium leak detection. Likewise, the estimated
moisture detection limit is approximately 0.05 kg/hr, in operational units. Hence,
helium leak detection is roughly 50x more sensitive than moisture leak detection.
Both these methods are much more sensitive than the fluorescein method, with an
estimated sensitivity of 2 kg/hr. The detection limits are summarized in Figure 2.
These detection limits are not intended to be quantitative, but merely estimates
which may prove useful in the application of this technology. They have been
specifically calculated at typical CANDU operating conditions of Timet= 300°C and
AP= 5MPa.
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Helium Buoyancy Control

For a successful leak search, the helium in the boiler secondary must remain there
for the duration of the test. Given the fact that the secondary system is not
uniformly filled with the same concentration of helium {i.e. the steam drum and
steam line contain only air), there are several means by which helium escapes
from the boiler. Helium is a light gas which, due to buoyant forces, tends to rise
when placed in air. Its small atomic weight also contributes to relatively large
diffusion rates in air. There is also the possibility that convection currents and
eddies within the boiler can cause bulk flow of helium away from the region
surrounding the tube bundle. Therefore, maintaining a uniform helium charge in the
boiler secondary poses difficulty. The use of diaphragms or baffles to isolate the
boiler from the remainder of the secondary system is undesirable for several
reasons, including the need for steam drum entry and possible boiler modifications.
However, if helium is pre-mixed with a heavy carrier gas, the mixture can be made
negatively buoyant in air which permits it to remain fixed within the boiler
secondary. Using a heavy carrier gas also limits the diffusion rate of helium from
the boiler. The most suitable heavy carrier gas is argon, because of its chemical
inertness and relatively abundant supply. Since no significant amount of the argon
added to the boiler can migrate into the primary side, activation of the argon to Ar-
41 is not a possibility. Although argon is not chemically toxic, it is an asphyxiant
and therefore poses a hazard in confined spaces. In situations where boiler
isolation and buoyancy are less problematic, air may be a suitable alternative to
argon.

Phased Leak Search

The leak search is divided into two phases- tube sheet survey followed by single
tube inspections. The survey covers all of the tube sheet and is intended to
localize the leak(s) within a subsection of the tube sheet. The survey is conducted
using a multi-tube funnel fitted to the end of the robotic manipulator arm. If a
leaking tube is among the tubes being sampled, a leak signal is registered (flagged)
for closer examination in the single tube inspections. The funnel is moved across
all of the tube sheet in an organized pattern, with each measurement taking
approximately 30 seconds. Using this method, a boiler containing thousands of
tubes may be completely surveyed within 24 hours.

Following the leak survey described above, the single tube inspections commence.
Their purpose is to find the leaking tube within the subsection(s) already located in
the survey. This segment of the leak search is performed with a single tube sniffer
probe. Each tube in the flagged subsection is individually checked by moving the
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sniffer probe in close proximity to the tube sheet plane at the tube exit. The leak
detector signal is recorded for each tube before moving to the next tube. Once the
leaking tube has been located, its identity is carefully confirmed by noting the
readout of the robotic arm position as well as noting the relative position of nearby
landmarks on the tube sheet. A marking tool attached to the robotic arm may also
be used to apply a paint mark to the identified leaking tube, as an aid to further
inspection or repair activities.

LEAK DETECTION EQUIPMENT

Primary Subsystems

Purge System

An air purge system is installed near the primary head of the boiler under test to
purge the whole tube bundle with dry air (see Figure 1). It consists of a gas
manifold to regulate and measure air flow into the boiler through the manway. The
boiler manway is sealed with a baffle plate to provide a slight pressurization of one
side of the boiler bowl which establishes a small air flow through each of the boiler
tubes. The air purge direction may be from the primary outlet toward the primary
inlet, or vice versa depending on convenience. The purge manifold also contains a
'simulated leak' apparatus, consisting of a small cylinder containing a helium/argon
mixture of known concentration. A small stainless steel tube from the cylinder is
installed into one of the boiler tubes through a hole in the manway baffle. A small
flow of helium gas can be introduced into this tube to act as a diagnostic aid for
the helium leak detector installed near the other side of the boiler bowl (to be
described below). The purge manifold is connected to an instrument control box,
which routes all control and data signals back to a central control system outside
the boiler area.

Tube Sheet Sampling System

At the opposite primary manway to the purge system is located the tube sheet
sampling system. This consists of a sampling sniffer probe which is manipulated
according to a predetermined pattern across the tube sheet in search of helium gas
or water vapor leaking through from the secondary side. The gas sample from
each boiler tube is routed to the helium and moisture detectors. The helium
detector is a commercial mass spectrometer instrument contained within a purged
enclosure. The purpose of the enclosure is to isolate the sensitive instrument from
ambient helium around the boiler. The moisture detector (dew point meter) is
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connected in series with the helium detector. As with the purge system, all signals
are routed through an instrument control box to the central control system. Facility
is made for a video camera to be installed near the boiler primary head to remotely
monitor the equipment setup and operation.

Sniffer Probe

The sniffer probe is manipulated remotely across the tube sheet by a robotic arm
(such as Zetec SM-23). No primary head boiler entries are required to completely
inspect the boiler. The probe is essentially a funnel which is placed very near to
the bottom face of the tube sheet. A slight suction draws an air sample from the
tubes above the funnel down through a hose into the detectors. Various sizes of
funnels have been constructed to inspect groups of tubes simultaneously, thus
speeding the inspection process. For boilers with a triangular matrix of tubes, the
optimal funnel sizes are fitted for 1, 7 and 19 tubes. The choice of funnel size
involves a trade-off between inspection speed and sensitivity. A small funnel
samples from a few tubes, thereby providing good sensitivity but with many
inspections being required to cover the whole tube sheet. A large funnel provides
fast inspection, but with lesser sensitivity because the gas sample from any one
"leaker" tube is diluted from many non-leakers under the same funnel.

Secondary Subsystems

Helium Injection System

The pressurization of the secondary side is achieved with a combination of air and
helium/argon mixture. This is due to the large volume of gas required to initially
pressurize the whole secondary system and to maintain that pressure throughout
the leak search. The air is first used to pressurize the complete secondary system
(boiler shell, steam drum, steam lines plus ancillary systems), then the
helium/carrier mixture is added to the boiler under test (see Figure 1). An air
compressor, or some other means of pressurization, is attached to some portion of
the boiler secondary system to provide the needed pressure (approximately 500
kPa). The compressor attachment point is preferably on the main steam outlet or
near the top of the steam drum. This is to ensure that air leakage through the main
steam shutoff valves will not disturb the helium gas charged within the boiler shell.
A compressor attachment point near the boiler bottom would result in substantial
dilution of the helium gas with air. A helium injection system is attached to the
boiler blowdown system to allow helium injection into the bottom of the boiler
shell. The injection system is essentially a high capacity gas manifold which can
regulate and, if necessary, mix the injection gases. Due to the large volume of gas
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required to fill the secondary shell of the boiler it is most convenient to use
premixed helium/carrier gas from a tube trailer. The injection of gas into the boiler
is more time consuming and labor intensive if individual gas bottles are used.

Helium Analysis System

It is important to monitor the helium concentration in the boiler secondary during
the leak search because of mass transfer processes (e.g. diffusion, convection)
which may result in helium dispersal. To confirm the presence of sufficient helium
gas in the boiler secondary, a helium analysis system is used. The system
functions by drawing a sample of the boiler secondary gas through an automated
thermal conductivity detector (TCD) to measure helium content and an oxygen
sensor to measure oxygen content in the boiler. The gas sampling line is attached
to the boiler secondary through a suitable access point such as a blank flange or
boiler level instrumentation. Ideally, the sampling point should be placed at an
elevation near the top of the tube bundle to ensure that the whole bundle is
completely 'bathed' in helium gas. As with the other subsystems, the helium
analysis module is remotely controlled by the central control system.

Control System

Due to the fact that the various leak detection subsystems are installed at different
locations on the SG, a central control system is a necessity. Ideally, the control
system should be located near to the robotic arm control, due to the need for
continual interaction between the leak detection and robotic arm operators during
the leak search. All subsystems are connected electronically to the control system
with signal cables routed to each of the remote locations. To eliminate the effects
of noise and ground loops, the signals between the sub-systems and central
control were designed to be completely digital. The heart of the control system is
a PC fitted with an RS-485 interface card, permitting high speed, digital
communication. The PC software for the control system allows logging of all
process parameters on a continuous basis, as well as operator directed control of
remote devices such as valves and flow controllers. The helium and dew point
signals are graphed on screen so that trends can be discerned by the operators.
Other software screens allow the status of all sub-systems to be observed and
changed at will.

557



ALTERNATE LEAK SEARCH STRATEGY

By using only moisture leak detection, a somewhat less sensitive but simplified
leak search may be conducted. With the boiler secondary kept filled with water
instead of drained and filled with helium gas, leaks in any part of the tube bundle
will transmit liquid water to the primary side. This will then be detected with the
moisture sensor, as before. The advantage of the 'Moisture Only' mode is the
simplified prerequisite process, since some equipment and materials specific to
helium leak detection are not required. The disadvantage of this mode is the loss
of sensitivity relative to helium leak detection. The choice between 'Moisture Only'
mode and 'Helium & Moisture' mode must be based on considerations such as the
boiler leak rate, schedule and economic factors. Table 2 below provides a
comparison of these two modes of leak detection.

Table 2. Prerequisites and properties of the two leak detection modes.

Prerequisite
Detection Limit (kg/hr)
Primary air supply required
Robotic arm required
Primary Subsystems installed
Boiler pressurization required
Helium supply required
Boiler drained for leak search
Injection system required
Helium analyzer required

Helium & Moisture
0.001
Yes
Yes
All
Yes
Yes
Yes
Yes
Yes

Moisture Only
0.05
Yes
Yes
Partial
Yes
No
No
No
No

CONCLUSIONS

The leak detection technology described herein has been utilized successfully on
several occasions at Ontario Hydro CANDU facilities in the past year to locate
small boiler leaks. The use of both helium and moisture detection capabilities was
found to be essential for a complete leak search on all regions of the tube bundle.
The helium concentration in the boiler secondary remained stable throughout the
leak search period, confirming the usefulness of the argon carrier gas. An
estimated leak rate detection limit of 0.05 kg/hr was deduced for the moisture
detection capability, referenced to typical CANDU operating conditions. The
corresponding detection limit for helium detection is approximately fifty times
better (0.001 kg/hr).
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ABSTRACT

Physical measurement and analysis of the fretting scar geometry on tubes removed from
operating steam generators provide valuable information regarding the tube orbital motion, and
other in-service conditions, namely, misalignment, and eccentricity. This type of information is
required to justify the assumptions made in the finite element impact simulation analysis and to
qualify NDT techniques.

An automated surface scanning and analysis system has been developed at the Fretting
Laboratory, Ontario Hydro Technologies, to determine the maximum depth and volume of the
fretting scars on steam generator tubes. To define the true shape and topography of the fret mark,
the analysis accounts for the unknown curvature of the U-bend section, and the ovality of the
tube cross section. A description of the measurement system and the formulation of the analysis
are presented in this paper. An error analysis for the effect of the measurement uncertainties is
also given. Examples of the three-dimensional maps of the topography of fretted samples are
presented to demonstrate the accuracy of de-trending the curvilinear surface of the U-bend tube.
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AN AUTOMATED SYSTEM FOR ANALYSIS OF THE SURFACE TOPOGRAPHY
OF FRETTED U-BEND STEAM GENERATOR TUBES

M.H. Attia and A.H. Chan

1. INTRODUCTION

Steam generator tubes are occasionally removed from operating boilers in order to examine the
topography of the fretting wear scars, in terms of the maximum wear depth and the total wear
volume. Maximum reduction in the tube wall thickness at various scar location provides also the
data required to verify the accuracy of in-situ eddy current measurements, and to assess the
growth rate of fretting. Physical measurement and analysis of the fretting scar geometry provide
the following additional information for:
1. Inference of the tube orbital motion, and other in-service conditions, namely, misalignment,

and eccentricity. This information is required to justify the assumptions made in the finite
element impact simulation analysis [1,2].

2. Estimating the ratio between the average and maximum wear depth. This information is
again required in the analytical predictions of long-term fretting wear of SG tubes [2].

3. Characterization of the fretting scar texture and geometry. This data is needed for machining
artificial fretting scars for fatigue and leakage testing [3].

An automated surface scanning and analysis system has been developed at the Fretting
Laboratory, Ontario Hydro Technologies, to determine the maximum depth and volume of the
wear scar. In order to handle U-bend sections, the analysis accounts for the unknown curvature
of the U-bend tube sample and the ovality of the tube cross section. A description of the
measurement system and the formulation of the analysis are presented in the paper. An error
analysis for the effect of the measurement uncertainties is also given. Three-dimensional maps
of the topography of fretted samples are presented and discussed.

2. DESCRIPTION OF THE SURFACE MEASUREMENT AND ANALYSIS SYSTEM

A general purpose stylus-type surface roughness profilometer has been modified to scan and
measure the depth and volume of the fretting wear scar on straight tube sections. The
modifications included the following two items:
1 - Automation of the surface scanning process, using programmable linear and rotary tables.
2- Incorporation of a data acquisition and analysis system, which provides three-dimensional

maps of the surface topography, and numerical assessment of its parameters, e.g., maximum
depth, wear volume, and other statistical values; the probability density function, cumulative
probability function, autocorrelation function, power spectrum and structure function [4].

To obtain the true shape of the fret marks on U-bend tube sections, the analysis module of this
system has been modified to account for:
i- the curvature of the U-bend tube, which causes the center of rotation of the drive of the

rotary table not to coincide with the center line of the tube specimen.

562



ii- the fact that the cross section of the tube is elliptical and not perfectly circular,
iii- the radius of curvature of the U-bend is unknown.

A schematic diagram and a close-up view of the Surface Topography Scanning and Analysis
System ST-SAS are shown in Figs. 1 and 2, respectively. The basic unit of the surface
roughness profilometer consists of a stand (1), a linear drive unit (2), and a pick-up (3). The
conventional roughness measurement stylus is replaced by a linear variable differential
transformer (LVDT) probe (4), which has an extended measurement range of ± 1 mm. The
maximum linearity deviation is ± 0.8 %, and the measuring force is < 0.1 N. Horizontal and
vertical magnification can be as high as 500 and 105, respectively.

To map the worn surface of the tube, discrete data points z{x,9} of asperity heights of the fretting
wear scar are obtained at sampling positions arranged in a uniform grid. In the present set up, the
LVDT probe is held motionless while the x-table, on which the tube sample (5) is attached,
moves in the axial direction by a stepping motor (Ax =100-200 um) to obtain a linear trace. For
detailed analysis of some areas of the fretting scars, an increment as small as Ax = 3 um can be
obtained. The tube specimen is then rotated around the x-axis with an incremental angle as small
as A9= 0.25°. A PC (6) is used to synchronize the movement of the stepping motor-driven tables
and to perform the data analysis. The controller (9) of the stepping motors is shown in Fig. 1.

The amplified signal from the pick-up is fed to a signal-conditioning unit for filtration, and
demodulation. Following the A/D conversion, the digitized raw data are stored as an array. The
data reduction and analysis module of the ST-SAS performs the following functions: de-trending
the surface profile data to remove the effect of tube curvature, calculating the maximum wear
depth and wear volume using the unworn surface as a datum, and providing three-dimensional
graphical presentation of the scar surface. Other parameters that can be estimated from the
analysis include the probability density function, cumulative probability function, autocorrelation
function, power spectrum and structure function.

To minimize the measurement errors and to reduce the set up time and cost, a special fixture was
designed to provide the analysis program with accurate and repeatable input data and to allow a
direct drive of the U-bend specimen (Fig. 2). The figure also shows the x-table, the rotary 9-
table, the special fixture designed to for clamping and indexing the tube sample.

3. MATHEMATICAL APPROACH FOR DE-TRENDING CURVILINEAR TUBE
SURFACES

3.1 Formulation

The mathematical basis for de-trending a curvilinear surface is based on the theory of analytical
geometry, provided that the geometry of the object in question is well defined. Therefore, the
following assumptions are made:
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1. The section of the boiler tube to be measured is part of, or can be closely approximated by, an
arc of a circular tube.

2. The cross section of the tube is an ellipse and the radii are constant through the section to be
measured.

The cross-section of a boiler tube is nominally circular. However, when the tube is bent at the U-
bend, its cross-section is deformed into an elliptical shape. Since each sample is just a small
section of the U-bend, which has a rather large curvature, the first two assumptions are
justifiable.

Radius of the U-bend Circular Arc From the first assumption, one can determine the inside
radius of the circular U-bend by knowing the co-ordinates of three points on the inner surface of
the U-bend. Let A, B, and C be the three points with co-ordinates (a]5 a2, a3), (bu b2, b3), and (c]5

c2, c3), respectively. Without lost of generality, we assume that the z co-ordinate is constant, i.e.,
a2 = b2 = c2 = 0. Let Lx and L2 represent lines perpendicular to and passing through the mid-
points of the lines AB and BC, respectively. The lines Lx and L2 are defined by the equations

x — m. , , x — v,
L,: z = m2 + and L2: z = p3 + — (1)

s} s3

where m, = -^—^, m3 = ̂ j - i , Pl =-^-, p3 =^+Y\s, = -j^- and ss = ^ - 2 .
2 2 2 2 bx - flj Cj - £>!

As long as A, B, and C are not collinear, L{ and L2 will intersect at point K whose co-ordinates
are:

- Pi + mi + - ± - n -
i s\ si J r k,-m,
k= ^ 3- and *3=,H3—L__L (2)^ 3 3

The distance \AK\ between A and K is the sought-for radius R:

-«,) +(a3—ki) (3)

To improve the estimate of R, the problem can be made over-determined by choosing a larger
number of points, n > 3, to statistically determine the most likely value of R.

Equation of the curvilinear U-bend tube surface
With the centre at the origin, the equation for the cross section of the tube is:

z2 v2

T + 2 T = 1 (4)

where r, and r2 are the radii of the ellipse. The equation of the ellipse with its center at (ya, zj is
given by:
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^ - ^ - + " V =1 (5)

In the set up of the apparatus, the specimen travels along the x-axis with respect to the probe. At
the initial position, the width and the height of the tube are defined as the j-axis and the z-axis,
respectively. This means that y co-ordinate of probe is always equal to 0. Let us define that the
centre of the U-bend section, (x0, y0, z0), initially lies on the plane that is parallel to the xz-plane
and passing through y0. At a given value of y, the plane that is parallel to the xz-plane and
passing through the.y-axis aty, will intersect the surface of the tube in two circular arcs with radii
(see Figure 3):

r2+r2 1 - ,and (6)

Clearly, if | y - y0| > r2, then the plane and the tube do not intersect. Now, one can derive an
equation for the curvilinear surface of the tube, at the initial position:

(z-z0)
2 +(x-x0)

2 = r2 ± r 2 j l - (y-yQr (7)

1
0

0

0
COS0

-sin#

0
sin#
COS0

y,
z.

Since the U-bend tube rotates around the x-axis with a clockwise rotational angle 9, the
transformation of the co-ordinates of a point (x,, yx, zx) to the new co-ordinates (x2, y2, z2) is given
by the following matrix notation (Fig.4):

(8)

Note that the co-ordinate of x does not change, i.e., x, = x2. Conversely, if (x, y, z) is the co-
ordinates of a point after the rotation, the co-ordinates of this point before rotation are given by

(9)

Now, if the point (xx, yx, zx) is on the surface of the tube, it must satisfy the equation:

1
0

0

0
cos(-0)

- sin(-<9)

0
sin(-0)

cos(-6>)

X

y
z

(z, - z o ) 2 + ( x 1 - x o ) 2 = •'ii'Wl-—_2
(10)

The equation of the surface of the tube after rotation is therefore:
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Using the fact that sine function is an odd function and cosine function is an even function, one
can simplify Eq. 11 into the following form:

(12)

Measurement of the true shape of the fret mark
Since the y co-ordinate of the stylus is always zero, its position at each x location is the z co-
ordinate of the surface. Therefore, for a given value of x, the functional relationship of x and z is
given by:

v2
2

(13)

The above equation implies that we can express the position of the stylus as a function of x.
Although this would be an implicit function, we can determine the position of the stylus by
finding the roots of the following function:

(14)

In other words, for a given value of x, one can determine the value zx when there is no fret mark
in the tube. The position of the stylus is measured from a fixed z position, say Zs, to the surface
of the sample. If Zr(y) is the reading of the stylus at x position, then this reading becomes Zr(y) =
Zs - Zy when there is no fret mark on the sample. If the calculated value of zx is added to Zr(y),
then the value Zs remains constant. With proper position of the rotation axis, the constant value
Zs can be set to zero. Therefore, any deviation from the constant (zero) will be the depth of the
fret mark.

3.2 Error Analysis

Sources of Errors
There are three possible sources of errors in this approach:
1. The U-bend tube sample may deviate from an arc of a circle.
2. The cross-section of the tube deviates from an ellipse or a circle.
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3. Measurement errors introduced by the surface roughness apparatus due to the radius of the tip
of the stylus, and A/D signal processing [4].

The latter two sources of errors are relatively small. Examination of a large number of SG U-
bend tubes indicated that their cross section could accurately be described by Eqs. 4 and 5. Also,
by calibrating the profilometer, the measurement errors can be compensated for. This leaves the
error introduced by the deviation of the U-bend section from a circular arc. Let us consider the
most probable case when this error results in an error in R which occurs on the z-axis. The total
differential of the function/when z is positive is:

Since df= 0, one can write,

(x - xo)dx0 + Rdy0 +(z-cos0- zo)dz6
az = (15)

(z • cosd~z0) cos6 - Ry sin#

^r*-(z-sm0+ y0)

The the error dz is bounded by:

(x - x0 )dx0 + R dy0 + (z • cos 0 - z0 )dz0
dz\<

(z -cos0-zo)cos9 + R sin0
(16)

Minimization of the Errors Using a Lease-squared Method
The error introduced by the uncertainty in profile of the U-bend section will produce a non-

constant Zt(x). Hence, Zr(x) = z, + z, becomes a function of y, where zt is the measured value

and Zj is the predicted value. Since this function is parabolic, it can be expressed as a second

order polynomial:

Zr(x) = ax2+Jk + y (17)

To estimate the parameters a, p\ and y, one needs at least 30 measurement points from the
undamaged areas on either side of the fret mark. At each rotation of 9, let zi3 i = 1, 2,..., n, be the
measurement of Zr(y). For n samples from the unmarked area, we can use least square fit method
to estimate the parameters a, p, and y.
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where

Let a, J3, and y be the estimated parameters. Then, we defined

Zs(xi) = zi+zi-a-j3X-jbc2 (19)

The value of Zs(x) will be a constant and equal to zero, where zi is the root of the function/ and
z, is the measured value, both at x{. Figures 5.a and b show the fret scar measurement on a U-
bend tube sample before and after de-trending, respectively. The sinusoidal variation in the raw
data collected from the undamaged areas of the specimen is removed by the above described de-
trending algorithm, resulting in a plane datum with Zs(x)« 0.

4. RESULTS

Figures 5 and 6 show examples for three-dimensional maps of the fretting scars on U-bend
specimens, in which the deviations of the U-bend profile from a true circle were pronounced.
The figures show clearly the capability of the system to de-trend the multi-directional
curvatures on the SG tube surface. For the scar shown in Fig. 5, the wear volume and the
maximum wear depth are estimated to be 52.48 mm3 and 321 um, respectively. For the fret
mark shown in Fig. 6, these values are estimated to be 19.70 mm3 and 112 um, respectively.
It is also important to notice the high resolution of the mapping technique to identify the micro-
irregularities and features of the topography of the fretted surface. This detailed information on
surface of the scar reflects the nature of the wear mechanism, e.g., adhesion versus
delamination.

5. CONCLUSIONS

An automated surface scanning and analysis system has been developed to determine the
topography, the wear volume, and the maximum depth of the fretting scar on U-bend steam
generator tubes. To define the true shape of the fret mark, an algorithm has been developed to
account for the unknown curvature of the U-bend section and the ovality of the tube cross
section. A description of the measurement system, the formulation of the analysis, and examples
of the three-dimensional maps analysis of the topography of fretted samples were presented. An
error analysis of the measurement uncertainties is also discussed, along with the procedure to be
followed to minimize this source of error.
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Fig. 1 A Schamatic diagram of the surface topography scannmg and analysis system

Fig. 2 A Close-up of the U-bend tube sample indexing and scanning mechanism
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Fig. 3 The coordinate system used to define the curvilinear surface
of a U-bend tube section

Fig. 4 Transformation of the coordinates of the measurement points with the
rotation of the U-bend tube sample around the x-axis
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Fig. 6 A three-dimensional map of a
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EROSION CORROSION DAMAGE IN A MONEL ALLOY 400

STEAM GENERATOR TUBE FROM PICKERING NGS

M.A.Clark, O. Lepik and T. Lau*

ABSTRACT

A section of steam generator tube was removed from a Pickering steam generator to
investigate the source of eddy current (ECT) and ultrasonic (UT) inspection signals which
suggested a non-uniform form of wall loss not previously seen in the Monel alloy tubes.
The detected, outside diameter (OD) wall loss was mainly confined to the regions around
the horizontal support plates, in particular to the surfaces of the tube within the plate
broach holes between the trefoil land contact areas. The laboratory examinations have
revealed features of the damage in and around the broach hole surfaces that are related in
some way to flow of the secondary fluid through the holes and across the tube surfaces.
Local turbulence around the ends of the land contacts and around intact patches of
deposits seem to be producing the most severe areas of wall loss. The flow related
features and the transgranular etching in the areas of metal removal suggest that some type
of chemical attack is also occurring simultaneously. Hence the mechanism of wall loss is
erosion corrosion. The surface analysis has shown that the active areas have very thin
oxide layers when compared to the non active areas and that the metal removal occurs by
uniform dissolution of both the Ni and the Cu. It is suggested that the mechanism of
erosion is due to localized removal of the nickel oxide layer by the increased flow velocity
followed by chemical dissolution of the exposed Monel base metal.

Ontario Hydro Technologies
* Ontario Hydro Nuclear
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EROSION CORROSION DAMAGE IN A MONEL ALLOY 400
STEAM GENERATOR TUBE FROM PICKERING NGS

M.A. Clark, O. Lepik and T. Lau

1.0 INTRODUCTION

A section of one steam generator tube (R21C57) was removed from Pickering NGS unit
8 to investigate the source of eddy current (ECT) and ultrasonic (UT) inspection signals
which suggested a non-uniform form of wall loss not previously seen in the Monel 400
steam generator tubes. The outside diameter (OD) wall loss appeared to be mainly
confined to the regions around the horizontal support plates, in particular to the surfaces
of the tube within the plate broach holes between the trefoil land contact areas. Figure 1
provides an example of the UT inspections.

2.0 BACKGROUND

Pickering NGS is an eight unit CANDU station with each 540 MWE unit having twelve
steam generators. The steam generator tube material is Monel 400 (66.5% Ni, 31.5%
Cu). The horizontal tube supports in Pickering B are carbon steel plates with trefoil
shaped broached holes. Unit 8 was commissioned in Feb, 1986 and had approximately
80,000 operating hours at the time when the present tube was removed. The only serious
degradation mechanism previously found in the Monel tubes has been under deposit
pitting associated mainly with the sludge pile above the tubesheet.

3.0 METHODS

The tube section was removed from the steam generator by cutting above the 3rd tube
support plate (TSP) and extracting the section from the primary side after relaxation of the
rolled joints. The tube sections contained both the rolled joints and the intersections of the
1st, 2nd and 3rd TSPs. In addition to the currently removed sections, portions of an archived
tube from Pickering B were also examined for comparison. This tube contained only the
1st TSP intersection and had been removed in 1991.

The tube sections were examined with standard metallurgical techniques:

1. Visual and stereoscopic microscope examination,
2. Scanning electron microscopy (SEM) with energy dispersive analysis (EDX),
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3. Metallography (optical and SEM),
4. Surface analysis techniques, Scanning Auger Microscopy (SAM) and Secondary

Ion Mass Spectroscopy (SIMS),
5. Chemical analysis of the base metal.

4.0 OBSERVATIONS

The majority of the tube surfaces between the TSP intersections were covered with thick
layers of exogenous deposits (mixture of magnetite, metallic copper, zinc, sulphates) that
are typically found on the secondary side of the Pickering steam generator tubes. When
these deposits were removed either mechanically or chemically, the tubes surfaces beneath
these deposits were mostly unattacked by the secondary side environment. The remains of
the original grinding marks were still present. However, some regions of the tubes
between the support plates in the free span had an unusual mottled appearance which
appeared to correspond to areas where the deposit had spalled off or been removed in an
irregular pattern (Figure 2). The tube metal in the spalled off regions had a brighter
metallic colour than is normally seen on in-service tubes. This mottled appearance
occurred mostly downstream of each of the three TSPs.

The damage in the form of tube wall loss was detectable visually and was confined to the
immediate areas of the TSP intersections with the damage starting at the upstream
entrance to the broach hole and extending downstream of the actual intersection to a
distance of 25-35 mm. The wall loss areas were generally devoid of exogenous deposits
and had the same bright appearance as seen in the general mottled areas(Figure 3).

Within the 2nd and 3rd TSP broach holes, the damage was more localized with the most
severe damage immediately on the upstream side of patches of intact deposit or along the
edges of the broach hole immediately adjacent to the land contacts (Figure 4). The pattern
of this local damage was characterized by a gradual reduction in wall thickness in the
downstream direction until the wall thickness abruptly increased to the original wall
thickness. The most severe of these areas occurred just at the entrance to the broach hole
around the edges of the land contact areas. At the deepest regions of the local depressions
the metal surface had an etched bright appearance. On a micro scale (in the SEM), the
deeper portions sometimes displayed a faceted crystallographic appearance (Figure 5).

The 2nd TSP also contained some unique features; a series of patches containing small
holes typically about 100 microns in diameter and about 25-50 microns in depth (Figure
6). These small holes in some areas became more frequent and eventually coalesced into
parallel, circumferential ridges. In some cases, particularly along edges of the land contact
regions these ridges formed a regular "washboard" pattern (Figure 7). The upstream edge
of the ridge was sometimes sharp while the downstream edge was more gradually sloped,
i.e. the ridges were being influenced or formed by some flow related mechanism.
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Overall, the pattern of damage progressed in severity from the 1st to the 3rd TSP both in
area and depth of damage. In the 1st TSP, the bare patches were found in only one of the
three broach holes and the damage took the form of light uniform attack with no localized
attack. Maximum wall loss was 2-3%. In the 2nd TSP, the local attack of small holes,
washboards and smoothed local areas were found in all three broach holes. Wall loss was
about 3-5%. The 3rd TSP contained the most severe damage in the form of localized
grooves, degraded washboards with wall losses from 7-11%.

All of these features suggest some form of erosion corrosion. Erosion corrosion occurs
when a metal exposed to a flowing corrodent undergoes a higher rate of deterioration
than in non- flowing conditions. The highly localized pattern of wall thinning around the
intact surface deposits indicates that the thinning started after the deposit spalled from the
surface.

Longitudinal metallographic sections were prepared and examined from all three TSP
intersections. All sections include the broach hole surfaces and areas above the support
plate(Figures 8-10). The important observations are that all the wall loss areas show
features consistent with the erosion corrosion mechanism:

• smoothly rounded shapes with some wave like features oriented in the flow
direction.

• undercutting at the edge on intact surface deposits
• thin oxide surface layer on corroding areas

There are also areas of more uniform general attack within and above the broach holes
where there is no obvious flow directionality to the features. This general attack was seen
in the bare patches in the 1st TSP intersection. There was no evidence of deformation to
the underlying metal in the areas of wall loss. Metal removal appears to be taking place in
a faceted transgranular fashion with no intergranular attack present. This is in contrast to
the slight intergranular penetrations or etching that is common beneath the intact deposits
in all other areas of the tube surfaces.

The archived tube from U5 was also examined by the same techniques but no similar
damage was found. The surfaces within the broach hole and close to the land area
contained the remains of the original grinding marks along with some intergranular
etching. This appearance was identical to that seen under the deposits in the non-corroded
regions of the removed U8 tube.

Two representative samples, from the 1st and 3rd TSPs, were selected for detailed surface
analysis. SAM and SIMS analysis were used on the 1st TSP area and only SAM was used
on the 3rd TSP sample. Regions typical of intact surfaces and damaged surfaces were
chosen for comparison.

The results of this analysis showed that the normal surface beneath intact deposits
contained a thin oxide layer consisting mostly of Ni and O with some Cu content. The Cu
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content in the oxide layer increased gradually toward the base metal until the base metal
Ni/Cu ratio was observed. The measured oxide thicknesses were from 275-800 nm.

In contrast, the areas where wall loss was occurring had a very thin almost unmeasurable
oxide layer. The Ni/Cu ratios were found to be at the base metal values almost
immediately after surface sputtering. There was no selective leaching of either the Ni or
Cu from the base metal. The metal removal appeared to take place by equal dissolution of
the two major alloying elements. No other contaminants or corrosion promoting species
were found on the actively corroding areas. Some sulphur and chlorine were found in the
intact deposit regions. The overall conclusion from the surface analysis was that the
erosion corrosion process occurred in areas where the nickel oxide layer had been
removed or was very thin.

The chemical composition of the tube material was determined and found to be within the
specification ranges. Hardness (139-152 HV) and microstructure were found to be as
expected for the Monel 400 alloy.

5.0 DISCUSSION

The laboratory examinations have revealed features of the damage in and around the
broach hole surfaces that are related in some way to flow of the secondary side fluid
through the holes and across the tube surfaces. Local turbulence around the ends of the
land contacts and around intact patches of deposits appear to produce the most severe
areas of wall loss.

The progression of damage from the 1st to the 3rd TSP suggests that the flow velocity and
its subsequent effects are increasing from the bottom to the top of the steam generator,
at least over the first three supports. This may be due to changes in steam quality as well.

The flow related features and the transgranular facetting in the areas of metal removal
suggest that some type of chemical attack is also occurring simultaneously. No
mechanical damage to underlying metal was detected. Hence the mechanism of wall loss
is erosion corrosion.

The surface analysis has shown that the active areas of corrosion have very thin oxide
layers when compared to the non active areas and that the removal of the base metal
occurs by uniform dissolution of both the Ni and the Cu constituents.

Therefore, a possible explanation for the attack and wall loss is:

1. Local spalling of the exogenous deposits possibly due to thermal effects during
shutdown or to normal operations both within the broach holes and on the free span
sections.
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2. High flows through some of the broach holes erode the general nickel oxide layers on
the tube surfaces. High flows around some of the tubes could be due to broach hole
blockage or to sludge build up on the support plates. There may be a critical velocity
to initiate this process since only some of the tubes are affected and only at certain
TSPs.

3. Removal of the oxide layers exposes the bare Monel to the fluid in local areas within the
broach hole leading to chemical dissolution in the normally benign fluid. In some
areas of the general wall loss, the nickel oxide reforms and slows the process. Local
turbulence around small features like intact deposits or land areas prevents reforming
of the nickel oxide layers in these areas producing a higher rate of attack.

This is only one possible explanation for the observed features. It may be that the oxide
removal is not due to a strictly mechanical process but a combination of chemical
dissolution and mechanical removal. The relative roles of fluid velocity and chemistry
remain unknown at this time. Further knowledge of the exact mechanism will be explored
in an experimental program that will examine the effects of fluid velocity in controlled
environments.

6.0 CONCLUSIONS

1. The removed tube from the Pickering NGS steam generator contained local OD wall
losses up to 11% throughwall in the regions around the tube support plates, mostly in
the broach holes surfaces.

2. The damage progressed in severity from the 1st to the 3rd tube support plates.

3. The tube degradation was caused by an erosion corrosion mechanism.

4. It is suggested that the mechanism of erosion may be due to localized removal of the
nickel oxide surface layer by the local flow velocity followed by chemical dissolution of
the exposed Monel base metal. However the relative contributions of fluid velocity and
chemistry remain unknown at this time.
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Figure 2 - General appearance of tubes surface deposits in the mottled regions, X7.5
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Figure 3 - Appearance of tube in the broach hole, 1st TSP
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Figure 4 - Details of local damage in broach hole, 3rd TSP, XI1, X20
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Figure 5 - Faceted regions in deeper grove, 3rd TSP, X300, X1000
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Figure 6 - Small surface holes, 2nd TSP, X40, 75

Figure 7 - Details of "washboard" feature, 2nd TSP,X 20,X100
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Figure 8 - Metallographic section at groove at entrance to broach hole, 3rd TSP
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Figure 9 - Metallographic section at "wash board"

587



x200

Flow direction

x400

Figure 10 - Metailographic sections at small holes

NEXT PAGE(S)
left BLANK

588



CA0000235

ODSCC ALGORITHM SHOWS CORRELATION WITH DEGRADATION

P. J. Prabhu, M. W. Rootham & N. L. Zupetic

ABSTRACT

Over the last few years we have attempted to develop an algorithm to evaluate the
impact of secondary water chemistry on tube degradation in PWR steam generators.
Effects of individual factors were assessed and then consolidated to form an
algorithm for ODSCC propensity. The algorithm utilizes secondary water chemistry
data to calculate ODSCC propensity as a variable named Mega PHI. Prior attempts
to correlate algorithm calculations with actual degradation in operating steam
generators have resulted in very disappointing results.

Recent modifications to the algorithm have demonstrated improved correlation
between Mega PHI (calculated result from the algorithm) and actual degradation
history from operating plants. The recent modifications involve the inclusion of the
synergistic effect of boric acid application of secondary water and of high silica
concentration in steam generator toward inhibiting ODSCC. Data from several plants
with mill annealed alloy 600 tubing in the steam generators and operating with the
primary coolant inlet temperature in the range of 608 to 624 °F (320 to 329 °C) were
evaluated and the results compared with actual degradation reported from in-service
inspections. The population of plants includes those with very few tubes repaired
and those with hundreds of tubes repaired due to ODSCC at tube support plates.
The observation of substantial correlation between the algorithm calculation and
actual degradation signifies the roles of boric acid and silica in inhibiting ODSCC.

It is recommended that further evaluation of the role of these chemical species be
performed using more extensive data. The goal is to modify secondary water
chemistry guidelines with the ultimate aim of minimizing corrosion of steam generator
tubes.

Westinghouse Electric Company
Nuclear Services Division

Madison, PA 15663

590



ODSCC ALGORITHM SHOWS GOOD CORRELATION WITH DEGRADATION

P. J. Prabhu, M. W. Rootham & N. L. Zupetic

INTRODUCTION

Outside diameter stress corrosion cracking (ODSCC) is perhaps the dominant cause
of steam generator tube repair at present. Tube degradation due to this mechanism
is most prevalent in tube support plate (TSP) crevices and at the tubesheet crevices.
The local environment plays an important role in the SCC of tubes. The industry has
been working hard over the years to improve crevice chemistry by the development
and application of improved secondary water chemistry guidelines.

We have concentrated for several years on the development of an algorithm to
model the factors affecting ODSCC in steam generators. The objective of the
algorithm is to develop the link between plant conditions (primarily, chemistry) and
corrosion such that: 1) improvements can be made to operating chemistry control, 2)
impact of alternate options can be evaluated and 3) future tube repair estimates can
be made for a given operating strategy.

Until recently, attempts to correlate algorithm output with actual degradation in steam
generators had been disappointing. The following discussion outlines the recent
developments that have significantly improved the correlation of the algorithm output
with corrosion history.

ALGORITHM

The ODSCC algorithm is an empirical model developed to evaluate the effect of
operating conditions (particularly, water chemistry and temperature) on ODSCC
propensity. The mathematical formulation is:

0 = E I (Blowdown sodium) • (Inhibitor term) • (Hideout term) • (Redox term) •
(Memory term) • (Temperature term)

0 is the value (arbitrary units) resulting from the above calculation. Since the value
calculated for a typical plant with several years of operation is large (tens or
hundreds of thousands), it is divided by one million and the result is named Mega
PHI.

In the above equation, the blowdown sodium is the concentration of sodium in the
steam generator blowdown. The inhibitor term accounts for the effect of inhibitors on
corrosion by reducing the contribution from the sodium term. This will be discussed

591



further. The hideout term represents the factors affecting solute accumulation in the
crevices - crevice filling by the ingress of magnetite and other low solubility species
in the feed water, crevice porosity, etc. The redox term accounts for the oxidation
and reducing agents present in the steam generator and may be looked upon as
representing the electrochemical potential. The memory term models the net rate of
accumulation of these factors within the local environment. The temperature term
normalizes the results for plant to plant variations in operating temperature and
allows uniform treatment and comparison of data from different plants.

The calculations are based on daily average inputs, integrated over the entire
operating history of the steam generators in a plant. The integration is performed by
the double summation. One summation represents the accumulation of the solutes
in the crevice, over time and the other represents the resulting crack initiation and
propagation (i.e., crack growth overtime). The former provides the driving force for
corrosion as a function of time. The resulting corrosion during a time interval (day),
in concept, is integrated overtime by the latter summation.

The most significant of the recent improvements in the algorithm has been in the
inhibitor term. The discovery of the significance of silica as an inhibitor based on
operating plant data was discussed before.1 The inclusion of blowdown silica in the
algorithm had resulted in a significant improvement in the algorithm in that plants
with significant amount of ODSCC (as defined in Reference 1) had higher 0 values
than those with low ODSCC. However, a correlation between 0 and degradation
was still not apparent.

A second improvement occurred when credit was taken for the inhibiting effect of
boric acid. Boric acid as an inhibitor of secondary side corrosion was identified by
others.2'3'4'5'6'7 This had been recognized in some earlier versions of the algorithm.
The synergistic effect of boric acid application and high silica concentration was
modeled. Incorporation of the resulting inhibitor term into the algorithm resulted in a
significant improvement in the correlation of 0 with tube degradation.

CORRELATION

The data from 11 plants were evaluated and algorithm calculations were made for
each. These results were correlated with the actual degradation observed in these
plants. All the plants in this population contain 0.75 inch (19 mm) diameter mill
annealed alloy 600 tubing and have full depth hard rolled tubesheet joints. The
primary coolant inlet temperature was in the range of 608 to 624 °F (320 to 329 °C).
The population of plants includes those with very few tubes repaired and those with
hundreds of tubes repaired due to ODSCC at tube support plates.
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The number of tubes repaired for a given degradation mechanism is a simple (and
readily available) parameter that can be measured and correlated. Figure 1 is a plot
of the cumulative number of tube repairs for TSP ODSCC as a function of Mega PHI.
The algorithm calculation is shown in the abscissa and the number of tubes per SG
that is repaired for TSP ODSCC in each of the plants is shown in the ordinate. It
may be noted that there is a threshold Mega PHI value below which the degradation
(number of tubes repaired) is negligible. Above this threshold, there emerges an
apparent linear correlation between the number of tube repairs and Mega PHI.

A major concern with the use of the number of tube repairs as a measure of
corrosion in a given plant is its strong dependency on the specific tube repair criteria,
which had been used. Many plants in the U.S. have implemented voltage based
alternate repair criteria (ARC) to disposition ODSCC indications at TSP's. The ARC
results in the repair of a much smaller number of tubes than the standard repair
criteria. In an attempt to overcome this concern, we defined a voltage-based
parameter called "degradation parameter" as a measure of corrosion. This is
calculated by summing the bobbin voltage amplitudes of all TSP indications in a
plant and dividing by the number of tubes. Hence it is expressed in units of volt/tube.
Bobbin voltage of an axial indication is believed to be a good measure of the
magnitude of degradation at that location. Hence this parameter meets the three
objectives: is a measure of corrosion, is obtained from inspection results, and is
independent of repair criteria.

In the calculation of the degradation parameter, two assumptions were made: 1) if
TSP ODSCC had been detected in a plant, then ODSCC would have initiated at the
3 hottest TSP's in all tubes in that plant and 2) the bobbin voltage amplitude of a
tube-TSP intersection without a detectable indication would be 0.1 volt, i.e., a value
below a detection threshold. In retrospect, these arbitrary assumptions were
unnecessary and in effect resulted in raising the datum value of the degradation
parameter to 0.3 volt/tube (instead of 0). They had no other influence on the results
or conclusions.

A plot of the degradation parameter versus Mega PHI is shown in Figure 2. It may
be noted that this plot is quite similar in appearance to Figure 1. In both figures,
there is one data point that lies far from the apparent correlation. The data were
reviewed to assess why it is an outlier. It was observed that that plant had significant
quantities of potassium, calcium, and magnesium in prompt hideout return compared
to the other plants in the population for which such data was available. The ratios of
total cations to sodium and to silica in the prompt hideout return were both high for
the outlier plant. Influence of all cations on ODSCC in operating plants was
previously reported.1 The algorithm uses only the blowdown sodium concentration
since the concentration of other cations in blowdown are not reported. Hence it was
reasonable to expect the subject plant to be an outlier. It was also observed that the
pulled tube data from the outlier plant had exhibited high amounts of lead in the

593



crevices. An area scan of the crevice deposit by energy dispersive spectroscopy
(EDS) had revealed up to 6% lead (40% lead had been observed in a spot scan of
the crack face in the same crevice). Since lead is known to promote SCC, this may
be another reason why that data point was an outlier with excessive corrosion.

DISCUSSION

A correlation between the ODSCC algorithm and actual degradation has been
observed. Both the number of tube repairs and the indication voltage based
degradation parameter correlate very well with Mega PHI. This fact takes on an
added significance to those who have experienced repeated disappointment after
having tried very hard to develop a correlating algorithm by experimenting for years
with different functional and parametric formulations.

We believe that the success of the algorithm in correlating with tube degradation
history is the result of identifying the importance of boric acid and silica in the
inhibition of ODSCC. We attribute the prior experience with the algorithm to the lack
of proper identification of this factor. Consequently, the most important aspect of the
current result is the demonstration of the inhibiting effects of silica and boric acid on
ODSCC of alloy 600 tubing in caustic environment.

As pointed out earlier, significant literature exists in support of boric acid as an
inhibitor for ODSCC. However, contribution of silica in this context has not been
recognized until recently.1 Possible beneficial effect of silica and inhibiting effect of
titania-silica sol gel have been reported8'9 previously. On the other hand,
researchers10'11' have even postulated that alumino-silicate deposits in the crevices
may adsorb chemical species, which contribute to corrosion of tubing. However,
destructive examination of tubes pulled from Ringhals Unit 3 revealed significant
amounts of silica and alumino-silicate deposits in the TSP crevice without any
corrosion even after about 10 full power years of operation.13

Although much of the data appears to support the effects of silica on ODSCC as
beneficial, there is some conflicting data/opinion. Therefore, further investigation is
required to better understand the effects of silica. We believe that it will confirm the
findings of this paper and could lead to improved secondary water chemistry
guidelines and improved corrosion performance.
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Tube Plugging vs. Mega PHI
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Figure 1. Correlation of algorithm results with number of tube repairs in operating
plant steam generators
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Degradation Parameter vs. Mega PHI
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Figure 2. Correlation of algorithm results with degradation parameter in operating
plant steam generators
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ECP AND LOCALIZED CORROSION OF STEAM GENERATOR TUBE MATERIALS
UNDER SIMULATED CREVICE CONDITIONS
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ABSTRACT

The electrochemical corrosion potential (ECP) of tube materials under faulted SG water and
MULTEQ-calculated crevice chemistry conditions, which include crevice conditions resulting
from seawater ingress, and simulated Bruce nuclear generator station A (BNGS-A) crevice
conditions, was measured in order to provide input into attempts to determine the stress corrosion
cracking (SCC), pitting and under-deposit corrosion susceptibility of steam generator (SG) tube
materials. The effect of magnetite sludge, and of minor impurities in the sludge, on the ECP of
the SG tube materials was studied by comparing the ECP of sludge-coated and uncoated
samples. Experimental results revealed that various sludge deposits, including magnetite-
containing nickel ferrite, lead oxide and zinc silicate can increase the ECP by more than one
hundred mV. Significant positive shifts in the ECP of the SG tube materials were also observed
in simulated BNGS-A crevice chemistries. In these simulated chemistry environments, 100 ppm
of PbO and 30 g/1 of SiO2 were present.

In most cases, the measured ECP values for tube materials under crevice chemistry conditions
were lower than the passive film breakdown potential of SG tube materials. This is because
localized corrosion had already taken place in the aggressive crevice electrolyte. The kinetics of
localized corrosion depend on many factors. This makes it difficult to reproduce the observed
ECP values of SG tube materials. For instance, the measured value in simulated seawater
crevice solution varied between -590 and -250 mV (SHE).

The SG tube in the crevice is coupled with the tube free-span. The ECP of tube alloy in the
crevice will also be influenced by the ECP at the tube free-span area. The existence of an IR
drop will shift the ECP inside the crevice to a more negative value than at the tube free span.
Tests performed in a simulated heated crevice showed this potential shift to be in the range 100
to 160 mV. The existence of steam bubbles will also add extra resistance to the ionic path in the
corrosion system and influence the crevice ECP.

The rate of crevice corrosion propagation is controlled by both the anodic and cathodic kinetics
of corrosion-related reactions. The existence of oxidizing sludge inside the crevice enhances
cathodic reactions which would normally take place at the free surface outside the crevice.
Therefore the presence of oxidizing sludge inside the crevice will provide a short circuit to the
corrosion system and increase the localized corrosion rate significantly

Atomic Energy of Canada Limited. Chalk River Laboratories,
Chalk River, Ontario, Canada K0J 1 JO
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ECP AND LOCALIZED CORROSION OF STEAM GENERATOR TUBE MATERIALS

UNDER SIMULATED CREVICE CONDITIONS

Y.C. LU

INTRODUCTION

The electrochemical corrosion potential (ECP) is known by several terms: such as open circuit
potential, and rest potential. For a corroding system, it is often called corrosion potential. Mixed
potential is probably the most appropriate description of the potential. It is based on the physical
condition that charge must be conserved in an electrochemical system. The following equation
expresses the condition which determines the mixed potential, ECP, of a freely-corroding
system:

where i R'o,j is the partial current density due to the j . t h redox couple in the system and iCorT is the

corrosion current density of the substrate. The partial current densities are dependent on the
potential drop across the metal solution interface, the equilibrium potential for the reaction, the
anodic and cathodic Tafel constants, and the mass-transfer limited current. Therefore, the ECP of
an alloy is determined not only by the thermodynamics and electrode kinetics but also by the
mass transport conditions at the surface.

ECP modelling has been widely used to predict the corrosion behaviour of various materials in
high- temperature water. 1>2'3 It was viewed as a direct measure of the driving force for stress
corrosion.4 Steam generator (SG) crevices are the location where the tube materials are highly
susceptible to a variety of localized attack. Sato and co-workers5 determined ECP of 304
stainless steel and Inconel 600 in a simulated crevice in high-temperature high purity water and
the pH of the environment developed in the crevice. They found that the crevice ECP was 300
mV to 400 mV lower than that at the free-surface outside the crevice (with no deposits present)
and the crevice pH in high-temperature high purity water was substantially lower than that of
bulk water. SG crevice sites in secondary side also have accumulations of sludge with a variety
of impurities. It is necessary to study the electrochemical behaviour and corrosion susceptibility
of the SG tube material under the faulted simulated SG crevice conditions. This work is an
attempt to study the ECP and localized corrosion of SG tube materials in simulated CANDU SG
crevice chemistries in the presence of sludge deposits of different chemical composition.

EXPERIMENTAL CONDITIONS

Segments of Incoloy 800, Inconel 600, Inconel 690 were mounted onto a specially designed
sample holder installed in an autoclave. The ECP values were measured continuously at 260° C
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using an internal Ag/AgCl /4M KCl or Ag/AgCl/O.lM KCl high-temperature reference electrode
in simulated crevice chemistries following seawater ingress6 or simulated BNGS-A crevice
chemistries.7 All potentials are converted to the standard hydrogen electrode scale (SHE).8 The
solutions used are defined in Table 1 and Table 2. The pH values quoted in this paper all refer to
pH values measured at 25°C.

TABLE 1. Simulated Crevice Chemistries Following a Seawater Ingress

1 Chemicals

1 Concentration

NaCl

5M

KCl

5M

Na^O,

1M

pH

6.1

TABLE 2 Simulated BNGS-A SG Crevice Chemistry Conditions

Crevice Environment Simulated

1. "Base" BNGS-A crevice
environment

2. Deviation from "base"-alkaline
PH

3. Deviation from "base"-acidic
PH

Suggested experimental solution
"recipe"
0.15MNa2SO4
0.3M NaCl
0.05M KCl
0.15MCaC12
("base" solution #1)
plus:
-0 .5 mole SiO2 (* not expected to be
soluble; solid)
~ 100 ppm Pb 2+ (added as PbO)

Add 0.4 M NaOH to "base" solution # 1
plus:
-0.5 mole SiO2 (see * above)

- 100 ppm Pb 2+ (added as PbO)

Add 0.05M NaHSO4 to "base"
solution #1

plus:
-0.5 moles SiO2 (see * above)
-100 ppm Pb2+ (added as PbO)

MULTEQ Predictions: Solution pH,
Chemistry and Precipitates, 25C
pH-8.97
Solution Chemistry:
Na: mainly as Na+, Na2SO4
Ca: mainly as Ca2+
K: as K+
Cl: as Cl-
H3SiO4:virtually all as SiO2 precipitate
SO4:mainly as Na2SO4, SO42-
Pb: mainly as PbSO4 precipitate, small
amt. PbCl+ in solution
Precipitates: CaSiO3, SiO2, PbSO4
pH-12.58
Solution Chemistry
Na: mainly as Na+, Na2SO4
Ca:100% s CaSiO3 precipitate
K:asK+
Cl: as Cl-
H3SiO4:mainIy as SiO2, CaSiO3
precipitates; some H3SiO4- in solution
SO4: mainly as Na2SO4, SO42-
Pb- mainly as Pb(OH)3 in solution
Precipitates: CaSiO3,SiO2
pH-2.44
Solution Chemistry:
Na: mainly as Na+, Na2SO4
Ca: as Ca2+
K:asK+
Cl: as Cl-
H3SiO4-virtually all as SiO2 precipitate
SO4-mainly as Na2SO4, SO42-, HSO4-,
NaHSO4
Pb- mainly as PbSO4 precipitate, small
amount PbCl+ in solution
Precipitates: SiO2, PbSO4

Table 3. Composition of Sludge Coatings

Sludge Coating

Composition Fe3O4100% Fe3O4 60% +
Cu40%

Fe3O490% +
Pb 10%

Fe3O4 90%
PbO 10%

+ Fe- 80% +
Zn2SiO4 20%

Fe3O4 80% +
NiFe2O4 20%
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Parallel tests were performed with tube and platinum wire samples coated with simulated sludge
deposits of various compositions. Details of the preparation of the artificial sludge coating are
described elsewhere.9

EXPERIMENTAL RESULTS AND DISCUSSION

ECP Measurements in Simulated SG Crevice Chemistries Following a Seawater Excursion

The ECP of the SG tube materials was measured under simulated crevice chemistry conditions at
260°C. The ECP data of Incoloy 800, Inconel 600, and Inconel 690, coated with magnetite and
uncoated, under simulated crevice chemistry following seawater ingress are shown in Figures 1
through 3.

The ECP of the alloys is higher in the crevice chemistry than in clean SG water when no localized
corrosion takes place. This is attributed to the lower pH for the crevice chemistry (pH25oC about 6.0)
than in the clean SG water (pH25«c about 9.5 ). The measured ECP values of the alloys in simulated
seawater crevices were scattered and had poor reproducibility. This is the consequence of localized
corrosion of the tube alloys. In the seawater crevice, samples coated with pure magnetite and
magnetite containing 10% Pb or 40% Cu did not show a significant shift in the ECP. However, the
addition of 10% PbO or 20% nickel ferrite to the artificial sludge increased the ECP up to more
than 100 mV. Zinc silicate additions to the simulated sludge coating may also shift the ECP to a
more positive value. After the tests, the samples were cleaned and examined for corrosion. Sludge
coated control samples were descaled and examined to make sure that no corrosion was induced by
the chemical cleaning process. It was found that magnetite deposit increased the pitting corrosion
susceptibility significantly in seawater crevice chemistry. The addition of the copper and lead (both
in the metallic and oxide form) and zinc silicate to the magnetite sludge can further enhance the
pitting corrosion. Nickel ferrite additions to the magnetite sludge did not show a significant impact
on pitting of the tube materials. Inconel 690 was less susceptible to pitting corrosion than Incoloy
800 and Inconel 600 in most surface conditions except in the presence of lead or copper. No direct
correlation between the localized corrosion rate and the ECP was found for tube alloys

In order to determine the effect of metallic copper and lead on the ECP, the ECP of metallic copper
and lead wires was measured under the simulated seawater crevice chemistry conditions. The ECP
of metallic lead was between -650 to -800 mV, and the ECP of metallic copper was between -660
mV to -670 mV. Copper and lead appear to be active in the crevice chemistry at high temperature.
Figure 4 shows the time dependence of the ECP of platinum wires with and without a magnetite
coating containing 40% metallic copper. The ECP of the coated Pt wire was low at the beginning of
the test and increased gradually with time. After 11 hours of exposure to the seawater crevice
chemistry at 260°C, the ECP of the coated platinum wire was higher than the uncoated platinum
wire. This suggests that the gradual accumulation of the corrosion products (cuprous and/or cupric
ion) in the electrolyte makes the crevice electrolyte more oxidizing.

ECP Measurements in Simulated Bruce A SG Crevice Chemistries

The ECP data for Incoloy 800, Inconel 600, Inconel 690 and platinum wire are shown in Figures
5 through 8. The ECP values in "base" BNGS-A and acidic BNGS-A crevice chemistry are
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higher than those in clean SG water. The low pH and the addition of the lead oxide and silicon
oxide to the simulated Bruce A crevice chemistry are responsible for the ECP shift to the noble
(anodic) direction. The ECP value for the alloy materials and platinum are low in the BNGSA
alkaline crevice chemistry. It appears that the presence of lead oxide and silicon oxide in the
system does not have a significant influence on ECP in alkaline environments. The samples were
examined after the tests. (See Figure 9) It is shown that SG tube samples are more susceptible to
pitting corrosion in simulated BNGS-A "base" and acidic crevice solutions than in simulated
alkaline crevice solution especially under magnetite-coated conditions. A white precipitate was
observed on the samples exposed in alkaline crevice solution. EDX analysis indicated that the
white precipitate is a silicon compound. No significant pitting corrosion was detected on the
three alloys in alkaline crevice solution, whether they were coated with magnetite or not. Pitting
was observed on samples exposed to the Bruce A "base" and acidic crevice solution. Magnetite
coating enhanced the pitting corrosion significantly in these solutions. Inconel 690 appears less
susceptible to pitting corrosion than Inconel 600 and Incoloy 800 in simulated BNGS-A "base"
and acidic crevice chemistries.

ECP as a Function of Oxygen Concentration in Steam Generator Water

Since the tubes inside crevices are coupled with free-span surface, the ECP of the tube free-span
surface will influence the potential of the tube material inside the crevice. It is interesting to
examine how the ECP of free-span tube material responds to oxygen and acid excursions.

Oxygen is one of the major oxidants in SG water. The reduction process of oxygen and/or
hydrogen peroxide described in equations [3] and [4] will take place at the alloy surface shifting
its ECP to a more positive value.

[2]
H2O2+2H+ + 2e" = 2H2O [3]

Experiments were conducted in simulated normal SG water containing 100 ppb hydrazine and 10
ppm morpholine. The pH of the water was adjusted to 9.5 by adding ammonium hydroxide. The
oxygen level was increased gradually at a very slow rate so that a steady potential could be
achieved during the measurements. (The average rate of potential increase was about 0.0017 mV/s.
Compared to the potential scan rate (ASTM standard) for potentiodynamic polarization, 0.17 mV/s,
the rate of potential increase was two orders of magnitudes slower). Tests were performed on
Incoloy 800, Inconel 600, Inconel 690 tube samples and platinum wire. Tests were also performed
on samples coated with magnetite to check the effect of the magnetite sludge on the ECP of the
tube materials.

The ECP values of Incoloy 800, and platinum, both coated and uncoated, as a function of oxygen
concentration in the solution, are presented in Figures 10 and 11. For Inconel 600, and Inconel 690
samples, curves identical to that of Incoloy 800 were obtained.

Due to the oxidation of the alloy materials at high temperature, the response of the ECP to the
increase in the oxygen concentration is slower for the alloy materials than for platinum. However,
the differences between the alloys are not significant. The ECP of the magnetite-coated samples is
more sluggish in responding to the oxygen increase. There is a plateau at about -300 mV. This
potential may correlate to the magnetite/hematite conversion. This indicates that under the SG
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operating temperature, when an oxygen excursion takes place and the oxygen level exceeds 800
ppb, the SG tube free-span will likely reach a potential of-300 mV if the tube is covered with
magnetite. However for alloys not covered with magnetite, the potential may shift to -100 mV as
the oxygen concentration in the SG water reaches about 500 ppb. An important point to note is that
these tests were performed at relatively low flow rates (in a refreshed-autoclave) compared to
those in an operating SG, hence the ECP of the tube materials will be influenced by the mass-
transfer process and the ECP value may be under estimated.

ECP as a Function of pH in Faulted Steam Generator Water Following an Acid Excursion

During a sulfuric acid excursion, the main oxidant in the SG water is protons. The reduction of
proton dominates the cathodic reactions on the SG alloy surface. This will increase the ECP of SG
tubes significantly.

The ECP of Incoloy 800, Inconel 600, 690 and platinum were measured under simulated faulted
SG water condition following a sulfuric acid excursion. The measurement started in a simulated
normal SG water containing 100 ppb hydrazine and 10 ppm morpholine. The pH of the water was
adjusted to 9.5 by adding ammonium hydroxide. Then the sulfuric acid solution was added to
increase the acidity of the solution step by step. Sulfuric acid additions were made only when a
steady potential was achieved at a specific pH value. The ECP of Incoloy 800 vs. pH plot is shown
in Figure 12. The ECP values of other alloys have similar relations with the solution pH. The ECP
of the Incoloy 800 increases with acidity. However, between pH 4.5 and pH 7.5, the variation of
ECP with pH is very small. The reason for this is that the high-temperature pH varies very little
when pH25oC changes from 4.5 to 7.5 during a sulfuric acid excursion.10 (see Figure 13.) Figure 14.
shows that the measured ECP of Incoloy 800 and pH 26o°c a r e c l ° s e t o a linear relation. The linearity
of the plot shows the ECP-pH relation of a hydrogen electrode. It appears that the tube alloys
behaves as a hydrogen electrode in high-temperature SG water.

The oxygen excursion may increase the ECP of the SG tube material enough to exceed its pitting
potential in the crevice electrolyte and initiate pitting corrosion. However, for a number of reasons
the crevice ECP will be lower than the free tube surface: A) The existence of corrosion current
flows from the crevice to the free-span resulting in an IR drop across the electrolyte and bubbles;
B) In most cases the oxidant concentration is higher outside the crevice during the excursions;
and C) The crevice chemistry is very aggressive and the anodic kinetics of alloy materials are
enhanced. Tests performed in a simulated heated crevice showed this potential drop inside
crevice is from 100 to 160 mV.11 Although the ECP of tube material in the crevice is lower than
pitting potential, localized corrosion can still take place under the crevice conditions. Localized
corrosion inside crevices or under deposits is likely initiated through a passive-active trasition
mechanism rather than through the passive film breakdown mechanism.12 As shown in Figure 15,
the ECP of the tube free-span, EFS is located in the passive region, while the ECP of the tube
inside the crevice, ECrevice is located in the active region due to the potential drop across the
crevice electrolyte (IRs), and the bubbles (IRb). When crevice corrosion takes place, the crevice
site becomes an anodic area and the free surface outside the crevice becames the cathodic area.
The anodic area and the cathodic area are permanently separated. During the propagation stage of
the crevice corrosion, the resistance Rs and Rb will limit the corrosion current. However, if
oxidant existed inside the crevice site in the form of oxidizing sludge, it will accelerate the
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propagation of the localized corrosion. Under this condition, localized corrosion development
does not rely solely on the cathodic reaction taking place outside the crevice. The cathodic
reduction of the oxidant inside the crevice will provide a shortcut for the corrosion current and
thus accelerate the localized corrosion propagation.

SUMMARY

1. SG tube alloys are susceptible to localized corrosion under simulated SG crevice conditions.
Due to the localized corrosion, the measured ECP values of the alloys in simulated seawater
crevices chemistries were scattered and had poor reproducibility.

2. Magnetite sludge deposits significantly increase the pitting susceptibility of SG tube material in
simulated seawater crevice chemistry. Additions of lead, lead oxide, copper, copper oxide, and
zinc silicate were found to further increase the pitting corrosion rate. Inconel 690 is less
susceptible to pitting corrosion than Incoloy 800 and Inconel 600 in the simulated seawater
crevice chemistry at 260°C, except when lead or copper present.

3. The ECP of metallic copper and lead in the simulated crevice chemistries at 260°C is below -
650 mV. They can not cause anodic polarization of the SG tube materials. However, the
accumulation of their corrosion products may turn the crevice electrolyte into an oxidizing
environment and shift the ECP of the SG tube materials in the noble direction.

4. The ECP of SG tube materials in simulated BNGS-A "base" and acidic solution at 260°C
ranges from -220 to -350 mV. This range is at least 250 mV higher than that measured in the
alkaline crevice solution. No significant pitting was observed on tube samples, with or without
magnetite deposits, after exposure to the simulated BNGS-A alkaline crevice solution at 260°C
for up to 24h. Localized corrosion is unlikely to take place in the simulated BNGS-A alkaline
crevice environment.

5. Incoloy 800, Inconel 600 and 690 are susceptible to pitting corrosion in simulated BNSG-A
"base" and acidic crevice solution at 260°C. The presence of the magnetite deposit will enhance
the pitting corrosion. However, Inconel 690 is less susceptible to pitting corrosion than Inconel
600 and Incoloy 800 under theses conditions.

6. A sulfuric acid excursion can shift the ECP of the SG tube material up to 260 mV, and an
oxygen excursion to lppm may shift the ECP of SG tube materials up to 450 -600 mV.
However, if the tubes are covered with magnetite deposits, the potential of the tube may likely
remain at -300 mV due to the magnetite/hematite conversion reaction. The experimental results
were obtained at low flow velocity conditions which may result in difference over what might
be obtained in a SG. The shift in measured ECP resulting from the acid and oxygen excursion
may thus be underestimated for SG conditions.

7. The ECP of tube materials inside crevices is likely lower than the ECP at the surface of tube
free-span because of the IR drop across the solution and the steam bubbles. Test performed in a
simulated heated crevice showed that the potential drop between the tube free span and the area
inside the crevice could reach 100 to 160 mV. This potential difference is enough to shift the
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tube material inside crevice to the active potential region. The crevice corrosion could be
initiated through an active-passive transition mechanism.

8. Attempts to use platinum as a probe to detect the faulted condition which may lead to crevice
corrosion was not successful. Magnetite deposit on platinum will develop as soon as exposure
to high-temperature water. After a few hours of exposure the black deposit becomes visible.
The problem of deposits jeopardize the application of platinum as a sensor in high temperature
water system.

9. Cathodic reactions of oxidizing sludge inside the crevice area provide a short cut to the
corrosion circuit during the propagation of crevice corrosion. These reactions will significantly
increase the propagation rate of the localized corrosion inside the crevice.
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Figure 1. Measured ECP values of Incoloy 800 tube sample, bare or coated with magnetite and magnetite
plus different sludge components, in the simulated seawater crevice chemistry at 260°C.
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Figure 2. Measured ECP values of Inconel 600 tube sample, bare or coated with magnetite and magnetite
plus different sludge components, in the simulated seawater crevice chemistry at 260°C.
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Figure 3. Measured ECP values of Inconel 690 tube sample, bare or coated with magnetite and magnetite
plus different sludge components, in the simulated seawater crevice chemistry at 260°C.
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Figure 7. ECP values of Inconel 690 tube sample, bare or coated with magnetite in different simulated
BNGS-A crevice chemistries at 260°C.
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Figure 8. ECP values of platinum wires, bare or coated with magnetite in different simulated BNGS-A
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sludge coated samples were examined after chemical cleaning.
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G.B. McGarvey*, K.J. Ross+, T.E. McDougall+ and C.W. Turner*

ABSTRACT

The ubiquitous presence of lead at trace levels in secondary feedwater is a concern to all
operators of steam generators and has prompted laboratory studies of its interaction with Inconel
600, Inconel 690, Monel 400 and Incoloy 800. Acute exposures of steam generator alloys to high
levels ofxlead in the laboratory and in the field have accelerated the degradation of these alloys.
There is some disagreement over the role of lead when the exposure is to chronic levels. It has
been proposed that most of the present degradation of steam generator tubes is due to low levels
of lead although few if any failures have been experimentally linked to lead when sub-parts per
billion levels are present in the feedwater. One reason for the difficulty in assigning the role of
the lead is related to its possible immobilization on the surfaces of corrosion products or iron
oxide films in the feedwater system.

We have measured lead adsorption profiles on the three principal corrosion products in the
secondary feedwater; magnetite, lepidocrocite and hematite. In all cases, essentially complete
adsorption of the lead is achieved at pH values less than that of the feedwater (9-10). If lead is
maintained in this adsorbed state, it may be more chemically benign than lead that is free to
dissolve in the feedwater and subsequently adsorb on steam generator tube surfaces. In this
paper, we report on lead adsorption onto simulated corrosion products under simulated feedwater
conditions and propose a physical model for the transport and fate of lead under operating
conditions. The nature of lead adsorption onto the surfaces of different corrosion products will
be discussed. The desorption behaviour of lead from iron oxide surfaces following different
treatment conditions will be used to propose a model for the transport and probable fate of lead
in the secondary feedwater system.

Atomic Energy of Canada Limited
*Chalk River Laboratories, Chalk River ON, K0J 1P0

^Whiteshell Laboratories, Pinawa MB, ROE 1L0
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LEAD CORROSION AND TRANSPORT IN SIMULATED SECONDARY FEEDWATER

G.B. McGarvey*, K.J. Ross+, T.E. McDougall* and C.W. Turner*

INTRODUCTION

In recent years there has been an interest in the corrosion of lead and lead alloys (1-4), and its
participation in the degradation of other metals and alloys (5,6). The chemical aggressiveness of
lead compounds is of particular concern in the nuclear industry where the presence of lead has
been implicated as a primary contributor to the premature degradation of nickel-based alloys that
are used in the manufacture of critical components (7-10). Of particular concern to date has been
accelerated attack on Inconel 600, the preferred alloy for the manufacture of steam generator
tubes in first generation nuclear plants. Dissolution of one or more biological-shielding lead
blankets in boiler 3 of Bruce NGS "A", Unit 2, resulted in the distribution of lead throughout
boilers 2 and 3 (8). Deposits in the scallop bar regions were found to contain between 1,000 and
10,000 ppm of lead, and lead was also present in the sludge piles. A similar series of events took
place at the Belgian Doel 4 plant where at least one lead shielding blanket was also left in the
feedwater circuit. Chemical cleaning of the unit did not remove the quantity of lead that was
expected, based on the weight of a blanket (11). In both cases, severe stress corrosion
cracking/intergranular attack has occurred at both plants.

While metallic lead may play a key role in the corrosion of the tube alloys, the processes leading
to its deposition at tube surfaces are complex and have not been fully elucidated. There is
sufficient evidence, however, to implicate the corrosion of lead and lead-containing materials as
the first step in the process. There are two most-probable modes for the transport of lead from
the low temperature region of the feedwater system to the steam generators; as a dissolved
aqueous cation or complex (2), or, as an adsorbed species on the surface of a solid that is
suspended in the feedwater. With regard to the possible speciation of lead, Pb(II) species are
expected to dominate in the feedwater since the active dissolution or corrosion mechanism will
proceed via generation of Pb2+ or hydrated Pb(II) ions. Free, aqueous Pb2+ species are most
stable under strongly acidic conditions with oxide phases possibly precipitating from solution as
the pH is elevated if the Pb2+ concentrations exceed the solubility limit (12).

In the presence of inorganic oxides, solutions of Pb2+ and many other transition metal cations tend
to adsorb strongly to these surfaces. This is particularly true as the pH of the aqueous system is
raised into the alkaline region (pH > 8). Of particular interest with regard to the transport of lead
in the feedwater of nuclear generating stations is the adsorption of lead onto iron oxide surfaces.
Corrosion product transport (CPT) studies have demonstrated that magnetite, hematite and
lepidocrocite are the predominant iron oxides that are generated, and transported in CANDU
secondary feedwater systems (13). Under steady state conditions, magnetite and hematite are the
principal oxides while a more substantial quantity of lepidocrocite is generated under shutdown
conditions and detected during subsequent start-ups. Corrosion product transport studies have
also shown that lead is present in low concentrations, particularly in newer stations, and
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apparently following maintenance outages (14). The latter observations may be attributable to
poor control of the water chemistry which promotes the degradation of the lead-bearing materials.

The work described here was undertaken to evaluate the adsorption behaviour of magnetite,
hematite and lepidocrocite in the presence of aqueous lead (II) at room temperature as the pH of
the solution was raised. For magnetite and hematite, desorption profiles were also measured
following various treatments. The results of these studies have been used to propose a lead
transport model for the secondary feedwater system.

EXPERIMENTAL

Materials

Lead adsorption studies were carried out using the three principal iron oxide phases that are
found in CANDU secondary feedwater systems: magnetite (Fe3O4), hematite (a-Fe2O3), and

lepidocrocite (y-FeOOH). A commercial hematite was used for the adsorption studies (Fisher
Certified). Three magnetite samples were used: a synthetic material that was prepared by
oxidizing ferrous nitrate with potassium nitrate; Puratronic grade magnetite from Johnson-
Matthey (99.999% stated purity); and a Mapico powder material that was determined to be
essentially 100% pure by powder X-ray diffraction. All lepidocrocite samples were prepared
using methods that have been described in detail elsewhere (15).

Adsorption-Desorption Experiments

The working solution for the adsorption and adsorption-desorption experiments was lO^M lead
nitrate which is approximately 20 mg/1 in lead (20 ppm). In a typical experiment, the solution
was prepared and left to stir and sparge with argon in a Nalgene vessel for 0.5 h. The adsorption
leg of the experiment covered the approximate pH range 3 to 8 or 9.5, depending on the oxide,
with pH adjustment accomplished using a 1.0 mol/L solution of morpholine.

Following the completion of the adsorption leg, desorption profiles were measured for some
magnetite and hematite samples. Details are provided in the Results and Discussion section.

For each data point on the adsorption or desorption curve, approximately 2.5 mL of solution was
removed from the Nalgene reaction vessel and transferred to a plastic 30 mL cup using a
disposable plastic pipette. The aliquot was drawn into a 5 mL plastic syringe, a 0.45 [Am
Millipore syringe filter was attached, and the solution was forced through the filter into a clean
30 mL plastic cup to remove the iron oxide. Duplicate 1 mL samples of the filtrate were diluted
to 10 mL in plastic sample vials by adding 9 mL of double-distilled water. The residual filtrate
(~ 0.3 mL) was returned to the reaction vessel. Lead determinations were made using atomic
absorption spectrometry.
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RESULTS AND DISCUSSION

Lead Adsorption onto Lepidocrocite

The adsorption of lead from aqueous solutions was carried out using a series of lepidocrocite
samples that varied in morphology and crystallinity. Relevant physical characterization data has
been reported (15). For this particular iron oxyhydroxide, surface area changes can be attributed
directly to particle size differences since lepidocrocite does not possess an internal pore structure.

Figure 1 shows representative adsorption profiles for lead onto different lepidocrocite samples as
a function of pH. In the low pH region (< 3) there was negligible adsorption on any of the
lepidocrocite samples but as the pH was raised, lead adsorption was detected. Cation adsorption
on the surface of iron oxides is believed to proceed through the formation of a surface complex
between the hydrated lead ions and the oxide surface and this process is accompanied by the
release of protons from the surface which explains the small, consistent decrease in the measured
pH as the equilibration proceeds (16).

While lead adsorption on the different lepidocrocite samples had the same general characteristics
and profiles, there were some subtle differences in the shapes and slopes of the curves that were
attributed to differences in the number of available surface adsorption sites. The slope of the
adsorption profiles gives a semi-quantitative indication of the strength or magnitude of the
adsorption of lead onto the oxide surface at a given pH. A direct correlation was measured
between the slope of the adsorption curves and the surface area of the substrates.

Maximum adsorption on the lepidocrocite samples was determined to be greater than 90% in all
cases and was achieved after the pH was raised to 6, irrespective of which sample was
considered. It is not surprising that the different y-FeOOH samples had approximately the same
behaviour, since the differences were primarily associated with the crystallinity and particle size
of the materials which will change the number of adsorption sites per gram of material, but not
necessarily the affinity of the sites.

pH of Solution

Figure 1: Adsorption profiles for lead on lepidocrocite: • aging time 16 h, temperature 73°C;
A aging time 2 h, temperature 50°C; • aging time 24 h, temperature 50°C.
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Lead Adsorption onto Hematite

As was observed with lepidocrocite, there was negligible adsorption below pH 3, but as the pH
was raised, measurable adsorption was observed. Following a steady increase in the amount of
lead adsorbed up to pH 5.5, there was a region covering approximately 1 pH unit where there
was negligible additional adsorption. Above pH 6.5, the adsorption proceeded until the
maximum was reached at approximately pH 8. The change in the adsorption behaviour was
almost coincident with the measured isoelectric point of 6.9. This suggests that the surface
charge does play a strong role in the adsorption of lead on hematite from aqueous solution in the
presence of morpholine.

Lead Adsorption onto Magnetite

The nature of the lead adsorption onto the surface of magnetite was much different than on the
lepidocrocite or hematite. Whereas adsorption onto the lepidocrocite surface proceeded in a
relatively smooth manner until the maximum adsorption capacity was reached, there was a
definite break in the adsorption profile for magnetite as the pH was raised from 3 to 4.5
(Figure 2).

Between pH 4.5 and 6.5 there was a maximum in the amount of lead that was adsorbed, followed
by a shallow minimum. Above pH 6.5, the lead adsorption increased smoothly over a relatively
narrow pH range, reaching essentially 100% adsorption at pH 8. This behaviour was similar for
the three different magnetite samples, although the trend was more evident on the sintered
commercial sample. It is proposed that the difference may arise from the fact that the sintering
process yields a more homogeneous surface throughout the sample.

2 4 6 8

pH of Solution

Figure 2: Adsorption profile for lead on the surface of magnetite: *pH adjusted with
morpholine; • pH adjusted with sodium hydroxide

The shape of the adsorption profile is attributed to either the adsorption of more than a single
monolayer of lead on the magnetite surface, the competitive adsorption between morpholine and
lead, or possibly some combination of the two effects. The adsorption of morpholine was
suggested from a comparison of the adsorption profile in Figure 2 with a profile that was
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measured using sodium hydroxide (NaOH) as the pH control agent. Two major differences were
noted between the profiles: 1) whereas a distinct minimum was measured for the adsorption of
lead onto magnetite in the presence of morpholine, there was no minimum when the adsorption
was carried out in the presence of NaOH, although there was an intermediate plateau in the
profile; 2) in neutral and alkaline regions (pH > 6.5), maximum lead adsorption was approached
and achieved under less pH conditions when morpholine was employed.

Previous studies have shown that the adsorption of lead and other divalent metal cations is
dependent on both the nature of the oxide and the conditions under which the adsorption occurs.
It has been shown that a large fraction of the total quantity of lead in solution is adsorbed onto
the oxide surface when the pH is lower than the point of zero charge of the adsorbate. This
phenomenon has been rationalized by Rodda et al. (17) who stated that when the oxide surface is
positively charged, the surface pH is higher than in the bulk solution because of the attraction of
hydroxyl ions which promotes cation adsorption.

Powder X-ray diffraction investigations of the solid phase(s) that were recovered from the
experiments following the completion of the adsorption did not indicate that discrete, bulk lead
oxide or hydroxide phases were present. Although lead phases may have been present in a
quantity below the detection limit of the XRD technique, a plausible explanation is that lead
adsorption continued on the hematite and magnetite surfaces following the completion of the
monolayer formation. Gunneriusson et al. (18) have proposed that polynuclear surface Pb(II)
species form on goethite when a sufficient number lead ions are present; they proposed the
following reaction above pH 6:

Surface-Fe-OH + 6 Pb2+ + 9 H2O -» Surface-FeOPb6(OH)+ + 9 H+

Desorption of Lead from Magnetite and Hematite

The adsorption studies with iron oxides indicated that lead will be immobilized on oxide-coated
pipe walls, or adsorbed on particulate corrosion products which provides a mode of transport
through the feedwater to the steam generators. Studies have been published that demonstrate the
correlation between iron and lead concentrations in corrosion product transport studies (14). An
important consideration is then to determine the stability of the lead/iron oxide complex under
different chemical and thermal conditions. Experiments were undertaken to address issues
related to the stability of the complex, particularly the pH at which lead is released from the
surface.

In the first series of tests, lead was adsorbed onto magnetite and hematite surfaces up to pH 9.5,
followed by desorption after approximately 16 h. In the experiment with magnetite, the
desorption leg tracked the adsorption leg with only a minor degree of hysteresis (Figure 3) while
in the case of hematite, there was a consistent difference of approximately 0.5 pH units between
the two legs. The extent of desorption from the two surfaces suggests that lead was present only
as an adsorption complex in which there was little, if any, chemical bond formation between the
adsorbate and the substrate.
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2 3 4 5 6 7

pH of Solution

Figure 3: Adsorption-desorption profile for lead on magnetite (25°C): • adsorption;
• desorption.

A heating experiment was carried out to determine whether lead desorption from magnetite was
stimulated by increasing the temperature of the two-phase slurry. Starting at 25°C, the autoclave
temperature was increased to 250°C incrementally with liquid samples being drawn off at each
temperature and measured for lead. The data in Table 1 suggest that the PbfF&^O^ complex is
stable and that only small quantities of lead are expected to be released from the surface.

Table 1: Effect of heating on lead desorption form the surface of magnetite

Temperature (°C)
25
100
150
200
250

Lead Adsorption (%)
98.8
98.6
98.8
99

98.2

When the lead/iron oxide complexes were heated for 7 d at 250°C in an autoclave, the
appearance of the desorption legs was somewhat different. Rather than tracking with the
adsorption leg, the desorption leg exhibited a significant degree of hysteresis in the intermediate
pH range, followed by essentially complete desorption by the completion of the experiment
(pH 3). Interestingly, the magnetite was oxidized to hematite during the course of the
experiment. In the complementary experiment with hematite, a similar hysteresis effect was
observed; once again, the lead desorption proceeded to completion.

The final set of trials was carried out by heating the adsorption complex at 250°C in the presence
of 2 ppm hydrazine (initial concentration) for 7 d. Following the heating step, there was a
significant delay in the desorption of lead from the surface of magnetite, similar to that observed
for the experiment carried out in the absence of hydrazine. In this case however, there was
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incomplete desorption of lead from the surface, even after the pH was lowered to 2.5. Similar
behaviour was measured in the hematite system with approximately 40% of the lead remaining
on the oxide surface (Figure 4).

5 6 7
pH of Solution

Figure 4: Adsorption-desorption profile for lead on hematite that had been heated for 7 d in
2 ppm hydrazine at pH 9.5: • adsorption; A desorption

The results of these desorption studies reveal several features of lead/iron oxide complex
behaviour that are relevant to the chemistry in the feedwater and steam generators. Heating has a
marked influence on the desorption of lead from the oxide surfaces. At low temperatures, even
relatively small fluctuations in pH, such as those experienced when the feedtrain is filled with
fresh demineralized water following a maintenance outage, may cause lead to be released from
the oxide surfaces. Under the more aggressive conditions of the steam generator, heating in the
presence of hydrazine appears to have an immobilizing effect as shown by the partial retention of
lead in Figure 4.

Proposed Mechanism for Lead Transport in Secondary Feedwater

In all cases that were studied here, the maximum adsorption on each of the oxides was achieved
well below the feedwater pH that is used in either mixed alloy (pH 9.2) or all-ferrous (pH 10)
feedtrains. This suggests that iron oxides present in the feedtrain, either suspended particulate or
corrosion products on pipe surfaces, will readily adsorb any aqueous lead that is present.

Several plausible mechanisms that can explain the dissolution process under normal operating or
shutdown/start-up conditions have been identified. Oxygenated, neutral water of the type used to
fill the feedwater system following dry lay-up has been shown to be a very aggressive fluid for
lead (19). The following reaction describes one scheme through which dissolved oxygen can
participate in the corrosion of lead:

2 Pb + 2 H2O + O2 -» 2 Pb2+ + 4 OH"
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One of the other possibilities is the reaction of lead with copper which is generally present at
trace levels in all secondary feedwater systems. The reaction

Pb + Cu2+ -» Pb2+ + Cu

has an E° value of +0.463 V and an equilibrium constant of 1016, suggesting that this reaction
may be one of the principal modes for release of lead.

2+

At the feedwater pH, free Pb concentrations are not expected to be significant (12,18). In fact,
the monomeric and polymeric hydroxy complexes are predicted to be the equilibrium species,
and these are expected to be soluble at the low total lead concentrations (< 1 ppb) that exist in the
feedwater. Gunneriusson et al. (18) also predicted the formation of a series of lead adsorption
complexes on the surface of goethite. Assuming that other iron oxides possess similar
characteristics in adsorption behaviour, it can be generalized that many of the same surface
complexes will form on the iron oxide surfaces of interest in feedwater systems. The studies of
the Pb/cc-FeOOH system showed that as the pH was raised above 3, the fraction of free Pb2+ in
solution began to decrease with the onset of the formation of FeOHPb2+, and later the FeOPb+

complex above pH 5. As the pH passes into the alkaline region, the concentrations of these two
species begin to decrease with the concomitant increase in the concentration of the FeOPbOH
complex. The fact that there was no evidence for the formation of lead (hydr)oxide precipitates
in any of our experiments provides additional confidence for our contention that lead is adsorbed
on the surface of the iron oxides.

Recently, Roe et al. (20) measured X-ray absorption spectra (XAS) of lead adsorbed on the
surface of goethite. The authors concluded that at the lower lead concentrations that were
studied (< 400 ppm), monomeric lead complexes were formed, while polymeric species were
formed when higher lead concentrations were used. In neither case did the XAS evidence
suggest that lead hydroxide precipitation had occurred on the surface.

Our preliminary studies of lead corrosion under static aerated and deaerated conditions also point
to the formation of mixed oxide films, but in addition, soluble lead has also been measured.
Given the sorptive properties of the three iron oxides that were studied in this investigation, it
follows that a significant fraction of the soluble lead that is generated from the corrosion of
metallic lead or lead alloys will adsorb on oxide surfaces at the feedwater pH.

Adsorption of lead onto the surface of suspended particulate appears to be a certain, and perhaps
ubiquitous process, in light of recent X-ray fluorescence measurements that detected lead on
filtered feedwater samples (14). Corrosion products are transported to the steam generators
where they accumulate and form deposits on tubing, support structures and the tubesheet. The
most critical location for deposits is in the regions adjacent to the tubing. Once the corrosion
products are immobilized in the steam generators, oxidized lead species will be reduced to
metallic lead by the action of hydrazine. Since the outside temperature of the hot-leg section of
the tubes is on the order of 50°C below the melting point of lead, diffusion towards the tube
surface is expected to occur relatively rapidly. In light water reactors, the temperatures can be
slightly higher, increasing the probability of lead diffusion to the tube surface.
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Another important consideration in lead transport mechanisms is the carbon steel feedwater
piping which will be covered with iron oxide phases and hence may function as a sink for the
lead that is generated in the low temperature regions. As long as the pH of the feedwater remains
above 9, it is expected that the lead will remain immobilized on the wall surfaces. If a chemical
excursion occurred in which the system pH began to fall, it is expected that some release of lead
would occur once the pH reached approximately 7.5. It should be noted that following a dry lay-
up, the system pH can be significantly lower than the operating pH while the feedtrain is being
refilled and chemistry control is being reestablished.

Figure 5 outlines the steps that are proposed to occur during the processes of lead corrosion and
transport to the steam generators.

Adsorbed on Pipe Wall Deposits

Cofrosion
Adsorbed on Suspended Particulate

- <& &> /x •

<Pn <>1 B ^

Sludge Pile

Figure 5: A schematic representation of the events involved in the transport of lead from the
feedtrain to the steam generators.

CONCLUSIONS

Under laboratory conditions, the adsorption of aqueous lead onto hematite, magnetite and
lepidocrocite increased to a maximum uptake level as the pH of the solution was increased and
remained at that maximum level as the pH was increased further. The plateau associated with
the maximum adsorption occurred at pH's which are lower than those used in the secondary
feedwater systems of CANDU reactors. This implies that Pb2+ generated from the corrosion of
lead-bearing materials can be adsorbed onto iron oxide surfaces under typical operating
conditions. Lead desorption from iron oxide surfaces occurs if there is a decrease in the pH of
the process fluid. There is a marked difference in the behaviour if the system is heated to high
temperature; a fraction of the lead appears to be immobilized and much more resistant to the
influence of lowering the pH.
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These results support a lead transport mechanism to the steam generator with the lead adsorbed
on iron oxide paniculate. Each of the steps has experimental or field evidence to corroborate the
proposed mechanism and the implication of this mechanism is that any lead entering the
feedwater will find its way to the steam generator where the probability of limiting plant life
increases markedly.
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CORROSION PRODUCT CHARACTERISATION BY FIBRE OPTIC RAMAN SPECTROSCOPY

D.A. Guzonas, P. A. Rochefort and C.W. Turner

ABSTRACT

Fibre optic Raman spectroscopy has been used to characterise secondary-side deposits removed from
CANDU® steam generators. The deposits examined were in the form of powders, millimetre-sized
flakes, and deposits on the surfaces of pulled steam generator tubes. The compositions of the deposits
obtained using Raman spectroscopy are similar to the compositions obtained using other ex-situ analytical
techniques. A semi-quantitative estimate of amounts of the major components can be obtained from the
spectra. It was noted that the signal-to-noise ratio of the Raman spectra decreased as the amount of
magnetite in the deposit increased, as a result of absorption of the laser light by the magnetite. The
conversion of magnetite to hematite by the laser beam was observed when high laser powers were used.
The Raman spectra of larger flake samples clearly illustrate the inhomogeneous nature of the deposits.
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INTRODUCTION

Fouling of the secondary-side of nuclear steam generators (SGs) by corrosion products and other
impurities that have been transported into the boiler with the feedwater is a serious problem. Deposit
build-up on boiler tubes can lower the rate of heat transfer,u whereas the build-up of deposits within the
tube support structure can lead to density wave oscillations3 in recirculating SGs and flooding of the
steam aspirator ports in once-through SGs.4 Deposits can act as sites for the concentration of impurities
leading to localised corrosion of the underlying substrate. When fouling is severe, the deposits must be
removed by chemical and/or mechanical cleaning techniques. The deposit composition is then required to
optimise the cleaning conditions and procedures. The composition of the deposits also provides
information on the chemistry conditions within the SG and the feedtrain itself.5'6

Although deposit samples can be removed from the steam generator (for example, after waterlancing) the
quantity of deposit available is often limited. The exact origin within the steam generator of the deposit
recovered is not always known, and the samples may undergo surface alteration upon exposure to the
atmosphere. An in-situ inspection technique capable of identifying the chemical compounds present in a
deposit, and of giving a semi-quantitative measurement of their concentrations, would therefore provide
valuable information. With an appropriate delivery system, difficult-to-access areas, such as crevices,
where sample removal for ex-situ characterisation is difficult, could also be examined.

Recent advances in instrumentation make Raman spectroscopy a useful method for the remote
characterisation of materials by vibrational spectroscopy. Fibre optics provide a simple and low cost
method of obtaining in-situ Raman spectra from remote areas. In the past decade, various approaches to
fibre optic Raman spectroscopy have been developed7. Remote Raman spectroscopy using fibre-optics
now is being used in plant environments to characterise a variety of materials.8

In an ongoing program to develop and demonstrate fibre-optic Raman probes for the in-situ
characterisation of secondary-side deposits, we have constructed several fibre optic probes capable of
measuring Raman spectra of secondary-side deposits. The use of these probes to measure the Raman
spectra of oxides found in CANDU secondary side deposits, and to measure the spectra of secondary-
side deposits removed from boilers at CANDU nuclear generating stations is described in this paper.

EXPERIMENTAL

Raman spectra were measured using a fibre optic collection system coupled to a SPEX 1000M single
monochromator equipped with a SPEX SPECTRUM ONE charge-coupled device (CCD) detection
system and SPEX DM3000 software. The detector integration times and the number of acquisitions that
were signal-averaged were optimised to give the best signal-to-noise ratio for each sample. Typically,
10- to 40-second integration times and 4 to 16 acquisitions were used. The 647.1 nm line from a krypton
ion laser was used for excitation. The laser power incident on the samples was approximately 30 mW.
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Raman spectra were acquired over the range 150-1600 cm"1 in several overlapping windows, which were
then spliced together. Data manipulations such as baseline correction and spectral splicing were carried
out using the GRAMS/386 software package (Galactic Industries Inc.).

The optical requirements for measurement of Raman spectra using fibre optics have been thoroughly
discussed in the literature.7 Optical filtering is required to minimise the effect of Raman scattering in the
silica fibres used to bring the laser beam to the sample and to collect the scattered light from the sample.
A bandpass filter is required for the input laser light to remove the silica Raman scatter from the fibre, and
a notch filter is required for the collected light to reject the laser light and allow only the Raman scatter to
enter the collection optics.

Figure 1 shows a schematic of the basic optical arrangement we have used in both laboratory and
prototype field probes. The design is centred around the use of a holographic notch filter (Kaiser Optical
Inc.) as both a reflective optical component for the incident laser light, and as a notch filter for the Raman
scattered light. The laboratory optical assembly (Figure 1) is approximately 200 mm long and 40 mm in
diameter. The input laser beam enters near the base of the assembly at right angles to the optical axis and
reflected by an adjustable mirror onto the center of the notch filter. The position and angle of the mirror
is adjusted to reflect the laser beam from the filter and along the optical axis through a 0.4 numerical
aperture (NA) long working distance microscope objective (Leitz H32X/0.60). The sample is placed at
or near the focal point of the beam, and scattered light from the sample is collected and collimated by the
objective and directed back up to the notch filter. Rayleigh scattered light (having the same wavelength
as the incident beam) is reflected by the notch filter, whereas Raman-shifted light is transmitted through
the filter. The Raman signal is concentrated by a condenser lens onto the end of a fibre optic bundle and
transmitted to the spectrometer. The use of a single objective to both focus the laser beam and collect
the scattered light significantly reduces the alignment complexity, compared to a two lens optical
arrangement (one to focus the laser beam and one to collect the scattered light).

The collection fibre optic bundle consists of seven step-index multimode fibres having 200 um pure silica
cores, terminated at each end with modified SMA fibre optic couplers. At the collection end, the fibres
are arranged in a six-around-one close-packed geometry, while at the other end, coupled to the
spectrometer, the fibres are arranged in a close-packed line. At both ends the fibres are polished flat.
The output of the fibre bundle is focused on the slits of the spectrometer by a pair of camera lenses
chosen to match the NA of the fibres to the NA of the spectrometer.

The optical layout of the prototype secondary side probe was similar to that of the laboratory optical
probe, with the exception that the laser beam was carried to the probe by a single-mode fibre, and there
was no bandpass filter on the input laser beam. The prototype probe was constructed using miniature
optics, and the final size was 6.5 cm x 8.0 cm x 2.0 cm. The size could not be significantly reduced
further, due to the holographic notch filter manufacturers size limitations (diameter no smaller than 8
mm).
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FIGURE 1: Diagram of the Optical Configuration used in the Raman Probes.

The deposit samples examined were from Bruce Nuclear Generating Station (BNGS) Units 2 and 3,
Pickering Nuclear Generating Station (PNGS) Units 5 and 6, and Gentilly-2 Nuclear Generating Station
(G-2). Most of the samples investigated were deposits that had been removed from steam generators by
waterlancing, and were in the form of loose powders, or millimetre-sized flakes of irregular shape.
Raman spectra were also obtained from deposits on the secondary side of small (0.5 cm x 0.5 cm)
sections of steam generator tubes pulled from steam generators. A detailed analysis of the BNGS Unit 2
and PNGS Unit 5 samples using XRD, energy dispersive X-ray (EDX), X-ray photoelectron
spectroscopy (XPS), Mossbauer spectroscopy, inductively coupled plasma atomic emission spectroscopy
(ICP-AES), and neutron activation analysis (NAA) had been performed previously. These compositional
analyses enabled a comparison of the quantitative results obtained using fibre-optic Raman spectroscopy
with those obtained using more common analytical techniques.

About 0.1 g of the powder or flake sample was placed in a Teflon-lined dish and a small amount (<lmL)
of water added to simulate the wet conditions expected during an in-situ inspection of deposits in a steam
generator. The presence of water was found to reduce laser damage to the samples. The wetted sample
was placed at the focus of the collection optics, about 5 mm from the collection lens.
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It was much easier to obtain Raman spectra from samples that contained low concentrations of
magnetite. The signal-to-noise ratio of the Raman spectra decreased significantly as the amount of
magnetite in the deposit increased, as a result of the strong absorption of the laser light by magnetite.
Sample degradation, often indicated by the appearance of strong hematite bands in the Raman spectrum
after short exposure to the laser beam, occurred unless care was taken to optimise the laser power and
focusing. A red-coloured damage zone could often be observed where the laser beam had struck the
sample. To obtain spectra with a reasonable signal-to-noise ratio, aquisition times of 2-5 min were
required for the samples with low magnetite, while 5-10 min were required for the samples with high
magnetite content.

RESULTS AND DISCUSSION

Fibre Optic Raman Spectroscopy of Iron Oxides

The Raman spectra of the iron oxide phases expected in CANDU secondary side deposits have been well
documented in the literature.9"11 Most of the iron oxides studied give reasonably intense and distinct
Raman spectra; feroxyhyte and ferrihydrite have only weak, broad bands which would be hard to detect
in complex mixtures like secondary side deposits. The spinel phases have similar spectra, but the band
frequencies are different enough to enable them to be distinguished in a mixture. To test the fibre optic
probe designs, Raman spectra of iron oxide reference samples were measured; the measured band
frequencies are tabulated in Table 1. The Raman spectra of the three most common iron oxide phases
found in the CANDU deposits (magnetite, hematite and nickel ferrite), measured using the laboratory
Raman probe, are shown in Figure 2. A Raman spectrum of magnetite, measured using the prototype
field probe, is shown in Figure 3. These spectra demonstrate that the fibre optic probe designs
constructed are suitable for the characterisation of the iron oxides found in CANDU deposits.

Intensity

(Arb. Units)

Hematite

200 300 700 800400 500 600
Raman Shift (cm"1)

FIGURE 2: Raman Spectra of the Three Principal Iron Oxides found in CANDU Secondary Side
Deposits.
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TABLE 1: MEASURED RAMAN BAND FREQUENCIES FOR ELEVEN IRON OXIDE PHASES

Oxide

Spinel
Group

FeOOH
Group

Fe2O3

Group

Magnetite
Fe^04

Nickel Ferrite
NiFe9O4

Copper Ferrite
CuFe?04

Zinc Ferrite
ZnFe^CU
Goethite

a-FeOOH
Akaganeite
P-FeOOH

Lepidocrocite
y-FeOOH
Feroxyhyte
8-FeOOH
Hematite
a-Fe^O^

Maghemite
y-Fe?O^

Ferrihydrite
Fe7O^ SH^O

Band Frequency (cm'l)

225
s

292
w*
292
w

245
m

248
w

248
s

243
w

256
w

309
w

325
w

300
w

300
s

300
m

347
w

300
s

284
w

455
w, br

344
m

387
s

386
m

378
m

334
s,br

485
m

485
m, br
476
w,br
481
m

413
w

409
m

376
s,br

535
w

570
w

553
w

549
w

483
w

495
w

500
s,b
507
w,br

609
w

542
w

526
w

611
m

625
m,sh
615
w

666
s

660
m, sh

641
s,br

679
w,br
656
w

654
s,br

700
s

704
s

711
s

712
w,br

w - weak m - medium s - strong br •
* may be a hematite band (from laser-

broad sh - shoulder,
•induced conversion of magnetite to hematite)

4?

s
ID

400 450 500 550 600 650 700 750 800

Raman Shift (cm"'')

FIGURE 3: Raman Spectrum of Magnetite Obtained with the Prototype Secondary Side Probe
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Raman Analysis of Field Samples

Representative Raman spectra of four of the secondary-side deposits, measured using the laboratory
probe, are shown in Figure 4. The spectra from the PNGS samples (Unit 5 and Unit 6) contain a strong
band envelope in the 640-710 cm"1 region characteristic of nickel ferrite. This band overlaps with the
strongest magnetite band at approximately 665 cm"1. It is apparent that Raman spectroscopy can readily
and unambiguously identify the presence of nickel ferrite in these deposits. The PNGS Unit 5 and Unit 6
spectra are slightly different, suggesting different concentrations of nickel ferrite in the two deposits. The
semi-quantitative estimation of these concentrations will be discussed later in the paper.
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FIGURE 4: Raman Spectra of Secondary Side Deposits from Several CANDU stations.

The Raman spectrum of the Gentilly-2 deposit shows the presence of both hematite and magnetite
(cf. Figure 2). In addition, a band of unknown origin was observed at 1088 cm"1 (not shown), possibly
due to a carbonate species; calcium carbonate has a strong Raman band at about 1085 cm"1. n

The loose powder deposits from BNGS Unit 2 were highly sensitive to damage from the focused laser
light. The weak Raman scattering from the strongly absorbing black sample required long integration
times to achieve a good signal-to-noise ratio. It was more difficult to obtain spectra from these samples
than from synthetic deposits prepared with similar amounts of magnetite, suggesting that other impurities
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in the Bruce deposits contributed to the poor Raman signal. The Raman spectrum of the BNGS Unit 2
powder sample contains bands due to magnetite, and a weak band at 609 cm"1 of unknown origin.

The BNGS flake samples from Unit 3 showed interesting variations between flakes and from point to
point within the same flake (Figure 5). This variation is not surprising as the exact origin of the flake
samples within the steam generator is unknown. Some insight into the significance of these composition
differences could be obtained from in-situ deposit characterisation. The Raman spectrum obtained from
the first flake (Flake 1 in Figure 5) contained only bands arising from magnetite. On the second flake,
some regions gave rise to spectra containing only magnetite bands (similar to Flake 1). The spectra from
other regions (Flake 2 in Figure 5) contained a strong, broad band at 396 cm"1, and bands at 253, 299,
and 488 cm"1, in addition to the magnetite band at 680 cm"1. The Raman spectrum of goethite contains
bands at 298, 396 and 480 cm"1. A comparison of the Flake 2 spectrum with the goethite spectrum
indicated that the broad band at 396 cm"1 in the flake could only partly be due to goethite; there are likely
several overlapping bands, one from goethite, and the others due to unidentified components. This
sample was partly covered in a yellow surface layer, consistent with the presence of goethite. This
surface film may have been a result of oxidation during the handling and storage of the sample, and
highlights one of the benefits of doing an in-situ inspection of the deposits.

The Raman spectrum labelled Flake 3, obtained from the third flake, contains a band due to magnetite at
684 cm"1, and also bands at 490, 634, 1016 and 1087 cm"1. The latter two bands are not shown in Figure
5. The band at 1016 cm'1 was quite intense in several of the spectra from the flake samples. This band
may be due to a sulfate species; calcium sulfate has a strong Raman band at 1018 cm"1. n The band at
1087 cm"1 may be due to a carbonate species.
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FIGURE 5: Raman spectra of three flake deposits
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Figure 6 shows a spectrum of the secondary-side deposit on a piece of BNGS steam generator tube.
Bands arising from hematite (marked with an H) and magnetite (marked with an M) are observed. Two
weak bands of unknown origin, one a shoulder at 467 cm"1 and the other at 576 cm"1, are also observed
(marked by a U). The hematite detected may have been present in the original deposit; however, since
the tube had been stored for over one year, the hematite may be a surface oxidation product of magnetite.
A third possibility was the conversion of magnetite to hematite by the laser during the measurement. To
minimise the latter process, the spectra were acquired using a laser power of roughly 3 mW incident at
the sample. The acquisition time was 10 min.
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FIGURE 6: Raman spectrum from the secondary side deposit on a piece of BNGS SG tube. Labels
denote bands due to magnetite (M), hematite (H), unknown components (U) and optical artefact (O).

Semi-quantitative Determination of Concentrations

The spectra from the PNGS deposit samples can be used to illustrate the ability of Raman spectroscopy
to determine semi-quantitative compositions. Although the nickel ferrite and magnetite bands overlap in
the 640-710 cm"1 spectral region, the peak height of the magnetite band, measured at 666 cm"1, and the
peak height of the nickel ferrite peak, measured at 700 cm"1, were used to estimate the relative amounts of
magnetite and nickel ferrite. For the two Pickering samples examined, the Raman spectra suggest that
the ratio of nickel ferrite to magnetite is greater in the Unit 6 sample than in the Unit 5 sample.

In mixtures of particles of strongly absorbing oxides, such as magnetite, the intensities of the Raman
bands do not vary linearly with the concentration of the oxide phases present. This is a result of a
combination of light scattering and light absorption by the particles. However, quantification of the
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composition of such a mixture can be carried out using suitable calibration mixtures. Calibration mixtures
of magnetite and hematite and of magnetite and nickel ferrite were prepared by mechanically mixing the
pure powders to produce a homogeneous mixture. Calibration curves were measured for mixtures of
magnetite and nickel ferrite, and of magnetite and hematite, prepared with different ratios of the two
components. An empirical calibration curve was then fit to the data.

From calibration curves obtained from mixtures of magnetite and nickel ferrite, estimates of the relative
amounts of magnetite and nickel ferrite were made. For the Unit 5 sample, 65 ±5% of the total spinel
phase present was nickel ferrite and 35 ±5% was magnetite. The composition determined by other
analytical techniques was 85% nickel ferrite and 15% magnetite, while Mossbauer spectroscopy
suggested a composition of 47% nickel ferrite and 44% magnetite, with the remainder being zinc ferrite.
The Raman results are therefore intermediate between these two analyses. For the sample from Unit 6,
the Raman results suggest that the composition is richer in nickel ferrite; of the magnetite group spinels
present, 75 ±5% was nickel ferrite and 25 ±5% was magnetite.

For these complex mixtures of closely related phases, the compositions determined by any of the
analytical techniques used, while consistent with the analyses carried out, cannot be considered as
"definitive" compositions. While the elemental compositions determined by NAA and ICP-AES are quite
accurate, determination of the absolute amounts of the various, closely-related spinel phases (e.g.,
magnetite, nickel ferrite, zinc ferrite) in these mixtures is difficult by any technique. The similarity
between the Raman results and those obtained by other analytical methods demonstrates the utility of
Raman spectroscopy for semi-quantitative analysis of the major constituents of these deposits.

CONCLUSIONS

By careful optical filtering of the exciting laser line and the Raman-shifted light, good quality ex-situ
Raman spectra of steam generator secondary-side deposits can readily be obtained using a fibre optic
based Raman spectrometer. Spectra were obtained from powdered samples and millimetre-sized flakes,
as well as from deposits on sections cut from pulled steam generator tubes. The major chemical phases,
other than metallic copper, can be readily identified, and a semi-quantitative estimate of the composition
can be made, as verified by comparison with deposit analyses performed using other techniques. This
work demonstrates that in-situ characterisation of secondary-side deposits using fibre-optic Raman
spectroscopy is feasible. A field trial of this technique should be carried out.

Laser-induced decomposition was noted for samples containing large amounts of magnetite. The
decomposition usually resulted in the formation of hematite, and an increase in the intensity of hematite
bands with time was a good indicator for decomposition. This decomposition was minimised by working
at low laser powers and using a slightly defocused laser. The presence of water with the samples did not
adversely affect the spectra, but rather improved the quality of the spectra obtained from the powder
samples by minimising laser-induced decomposition.

The spectra obtained from the flake samples demonstrate the ability of Raman spectroscopy to detect
local variations in the composition of these heterogeneous deposits. Several Raman bands were found

637



that could not be definitively assigned to a particular chemical species; a larger database of Raman
spectra of real and synthetic deposits is needed.
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ABSTRACT

This paper describes the application of X-ray fluorescence (XRF) and Mossbauer spectroscopy
(MS) techniques to monitor corrosion-product transport (CPT) in water circuits of nuclear
reactors. The combination of XRF and MS techniques was applied in studies of CPT crud filters
from both primary- and secondary-side water circuits (i.e., radioactive and nonradioactive
specimens) of CANDU® reactors. The XRF-MS method allows nondestructive analysis of
species collected on filters and provides more complete information about corrosion products
than commonly used digestive methods of chemical analysis. Recent analyses of CPT
specimens from the Darlington Nuclear Generating Station (NGS) primary side and the Bruce B
NGS feedwater system are shown as examples. Some characteristics of primary and secondary
water circuits are discussed using these new data.

Atomic Energy of Canada Limited
Chalk River Laboratories, Chalk River, Ontario KOJ 1 JO Canada

CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).

641



ANALYSIS OF CORROSION-PRODUCT TRANSPORT
USING NONDESTRUCTIVE XRF AND MS TECHNIQUES

Barbara D. Sawicka and Jerzy A. Sawicki

1. INTRODUCTION

Sampling and characterization of corrosion products provide information on corrosion and
corrosion-product transport (CPT) in water circuits of nuclear reactors. Systematic evaluation of
CPT is an important task for both primary- and secondary-side water circuits of CANDU
stations. It relates to fouling of steam generators, corrosion of feeder pipes, an increase in
reactor-inlet header temperature, frequency of cleaning, exposure of personnel to radiation fields,
maintenance costs, etc. [1,2]. Sampling of CPT is performed by collecting specimens on filters
in specially installed integrating samplers. Depending on the type of filters used, particulate or
ion-exchange, either suspended solids ("crud") or soluble species are extracted from circulating
water. After the filters are removed from the samplers, the deposits are usually analyzed off-line
using digestive methods of chemical analysis.

We discuss here progress in evaluation of CPT filters using X-ray fluorescence (XRF) and
Mossbauer spectroscopy (MS). These techniques provide nondestructive means of analysis,
which permits the filters to be retained for further studies or for future reference. They also
provide more complete information about corrosion products than commonly used digestive
chemical methods. The application of XRF and MS methods for both primary (radioactive) and
secondary (nonradioactive) side filters was evaluated using samples from Darlington and Bruce
B Nuclear Generating Station (NGS).

2. EXPERIMENTAL

X-Ray Fluorescence

The development of XRF technique for quantitative elemental analysis of thin filter deposits is
presented in detail in Reference 3. The XRF technique offers a valuable alternative to digestive
methods of elemental analysis of CPT specimens. In addition to being nondestructive, XRF is
faster than digestive methods because no digestive step is needed and because simultaneous
analysis for various elements is performed in one step. On CPT specimens, XRF was shown to
be capable of determining and measuring elements such as iron and lead, with an accuracy
comparable to that of optical emission spectroscopy of dissolved samples. Other elements
recorded in CPT specimens included Ni, Cu, Zn, Mn, and Ti in both primary- and secondary-side
specimens, as well as Zr, Sn, Sb, Cl, and some heavy elements in primary-side specimens. The
filter substrate usually has a negligible effect on XRF results.
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XRF analysis is performed by measuring X-ray emission spectra and identifying atomic
transitions characteristic of the elements present in the sample. The accuracy of XRF depends on
many factors, including the quantity of material available for analysis as well as its form and
geometry. In this work, a portable, energy-dispersive XRF analyzer X-MET 920 [4] was used, in
which X-rays are detected using a LN2-cooled Si(Li) detector of high resolution (0.17 keV for the
Mn Ka line at 5.9 keV), and the process of data collection and analysis is microprocessor-
controlled. Using two radioactive sources, 20 mCi 109Cd and 10 mCi 241Am, the analyzer is
capable of measuring elements ranging in atomic number from titanium to uranium. XRF
spectra obtained using 22 to 25 keV X-ray photons of 109Cd can show well-resolved fluorescence
lines for elements such as Fe, Ti, Ni, Cu, Zn, Zr, Nb, Pb and others. By using 241Am 59.4 keV
y-photons, one can measure elements that have high atomic numbers, e.g., Sn, Sb and actinides.
Alternatively, an 55Fe source of 5.9 keV photons can be installed to measure elements with low
atomic numbers, including Cl. Analysis can be performed over the user-selected area, up to the
size of the detector window (i.e., circular area of 5 cm2, 25 mm in diameter).

In all tests described here, 0.45-um pore-sized acetate membrane filters were used. The
deposited area was circular and varied from 9 to 11.5 cm2 (34 to 38 mm in diameter). In all
measurements reported here, the readings were averaged over an area of 5 cm2, which equals
about half the deposit area.

XRF analysis of specimen composition is based on a correlation between the amplitude of
characteristic X-ray lines and element concentration. Approximate quantitative analysis can be
performed directly from the measured spectra: the amplitude ratio of corresponding lines
corrected for background and excitation factors can give an approximate ratio of corresponding
elements. Accurate quantitative analysis is performed using semiempirical calibration programs,
which are developed for a specific type of study and experimental conditions, including specimen
characteristics and geometry, analysis range, interfering elements, etc. The models are based on
measurements performed on suitable calibration standards; the measured calibration spectra are
then used to calculate calibration equations for individual elements, after preliminary evaluation
has been performed by computer to implement corrections for various geometrical and physical
effects. For primary-side specimens, the presence of radioactive species in the analyzed
specimens also has to be taken into account. For accurate quantitative analysis of small
quantities of material, often less than 10 |ig/cm2, a suitable set of standards and the construction
of the calibration models are critically important. This work is now in progress. Fig. 1 shows
examples of the measured spectra.

Mass transport can be evaluated from XRF measurements by calculating total concentrations of
all measured elements and adding corrections for the chemical form of crud (oxides) and the
presence of light elements that are not measured (lithium). Total crud levels in ug per kg water
(ppb) are next calculated by normalizing the measured data to the mass of the flow water that
circulated during collection of crud on the filter. This method is thought to be more accurate
than weighing filters and calculating the mass gain, which is often used to calculate CPT in
primary-side water.
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Mossbauer Spectroscopy

Mossbauer spectroscopy provides a unique method of examining the chemical form of iron in
very thin layers of filtered deposits, -10 jig Fe/cm2. The oxides, such as magnetite (Fe3O4),
hematite (a-Fe2O3), goethite (a-FeOOH), lepidocrocite (y-FeOOH), which are most frequently
encountered in all-ferrous water systems, as well as metallic iron or carbon steel particles (a-Fe),
can be readily determined from the MS spectra. The presence of a high fraction of magnetite in
feedwater and steam generator blowdown, as well as in the primary-heat-transport system, is
indicative of reducing water chemistry in CANDU carbon steel piping; because of that, the
magnetite fraction is becoming one of the control parameters. The presence of other (reducible)
oxides can indicate oxygen in-leakage and excessive corrosion processes occurring in the system.

MS transmission spectra were obtained at room temperature using a 50 mCi 57CoRh source of
14.4 keV y-rays and a Kr-CO2 proportional counter. The absorbers consisted of the whole
deposit material, and hence the spectra represented the integrated effect over the total material
collected on each filter. Because of their low atomic mass and low y-ray absorption, the acetate
substrates had a negligible effect on the MS measurements. Different chemical forms of iron can
be recognized in the spectra by their characteristically different multiplets of lines, parametrized
by isomer shift, quadrupole splitting, and hyperfine magnetic splitting of individual multiplets.
Spectral components that correspond to various iron forms are extracted from the measured
spectrum by deconvolution using a least-squares fitting procedure. The relative spectral areas of
various components give a measure of concentrations of corresponding forms of iron.
Measurements at various temperatures are sometimes needed to help in spectra deconvolution
and interpretation. Information about elemental composition of the deposits, acquired by XRF
before MS measurement, is also very helpful in this analysis.

3. PRIMARY-SIDE SPECIMENS

In the past, primary-side crud filters were only sporadically used in CANDU reactors. In 1996,
chemists at Darlington NGS started collecting primary-side specimens at regular 3 month
intervals; the specimens are collected at the reactor outlet headers of Units 1 to 4, in both North
and South loops. The filters are dried at room-temperature and weighed at the station to get an
approximate total mass gain. The XRF and MS analyses are being performed at the Chalk River
Laboratories of AECL. By regular sampling and XRF-MS analyses, a systematic database is
being developed to correlate the iron crud transport and iron oxides content with primary-side
chemistry and operational procedures.

The data for 1996 February, 1996 December and 1997 April samplings are discussed here as an
example. The samples contained a number of radionuclides that were identified using a wide-
energy (< 2 MeV) Ge(Li) spectrometer: ^Co, 95Zr, 95Nb, 106Ru, !24Sb, I3II, 134Cs, 137Cs, and others.
The wide-range Ge(Li) spectrometers commonly used at stations are not capable of identifying
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low-energy emitters. The latter, such as 5.9 keV X-rays of 55Fe and 23.9 keV y-rays of "9Sn, were
determined using our low-energy (<30 keV) detector equipped with a thin beryllium window,
and set selectively for low-energy range. An example of such low-energy emission spectrum is
shown in Figure 1 (top). The XRF spectrum obtained for the same specimen is shown in Figure
1 (middle). The presence of radionuclides in the specimens is a major complication in XRF
analysis of radioactive primary-side filters. The methodology is being developed to properly
account for the contribution of radionuclides to XRF spectra. It is interesting to note that,
because of the presence of radioactive 55Fe in the specimens, we also measured in the XRF
spectra some low-energy X-rays that would otherwise not be excited; these included the 2.6-keV
K-line of Cl (present in Darlington NGS specimens collected during February 1996 sampling),
and the 3.6 keV L-line of Sb.

Results of XRF analyses of all the specimens showed that, of the elements identified,
concentrations of iron and zirconium were always the highest; a number of minor elements were
also identified, including Cu, Ni, Zn, Sn, Sb, Te and Ba. The fraction of zirconium in different
units and loops varied from below 5 % to as high as 30 % of iron content, as shown in Figure 2.
The highest concentration of zirconium was observed in Unit 3N. In early sampling sessions, the
concentrations of iron measured were up to -10 ppb (ug per kg D2O); high iron levels observed
in Units 1, 2N and 3S in 1996 February, decreased markedly during later sampling sessions.
Crud levels were systematically lower for Unit 4 (Table 1). As shown by recent 1997 April
session XRF data, in well-controlled, steady-state reactor operation, iron concentration can be as
low as ~3 ppb and zirconium concentration at -0.1 ppb (Figure 2 and Table 1).

The scanning electron microscopy-energy dispersive X-ray (SEM/EDX) analysis of filter
deposits showed that although iron was present in very fine, approximately micron-sized
particles, zirconium was often in a form of 10 to 30 jam particles. Zirconium in the crud can
originate from Zr-2.5Nb pressure tube oxide spalling, from scratch marks on the inner tube
surfaces during axial motion of fuel bundles, from fret marks at the inlet ends of the pressure
tubes caused by the bearing pads, and from fretting of Zircaloy-4 bearing pads on fuel bundles.
The mass of zirconium in the crud should be correlated with these wear effects. Further
systematic monitoring of zirconium in the crud should help to identify its main sources. The
fraction of zirconium that comes from pressure tubes in comparison to the fraction due to fuel
bundles, could be identified by measuring exact quantities of niobium and tin; the XRF method
might provide sufficient accuracy to be used for such an evaluation.

The results of MS analyses of these same filter deposits are described in detail in Reference 2.
The analyses showed iron mostly as magnetite; however, fractions of reducible iron Fe(III)
oxides (hematite, goethite and lepidocrocite) were often much higher than expected in lithiated
water under reducing conditions. The observations of excessive reducible iron oxides helped to
eliminate oxygen in-leakage and indicated the need of nitrogen blanketing during system lay-ups.

It is important to note that crud transport in primary-side water is thus far obtained by weighing
the collected filter specimens and calculating the weight gain. According to our observations,
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this method may be susceptible to large errors. As shown in Table 1, crud concentrations
obtained by weighing filters were equal to the values obtained from XRF analysis in 40% of the
cases, they were up to 2 times higher in close to 40% of the cases, and in 25% of the cases they
were much higher (up to 7 times in one case). The consistently higher values obtained from
weighing filters may indicate that the process of drying filters at room temperature is insufficient
to totally remove water from microporous substrates (radioactive samples are not dried at
elevated temperatures for the risk of spreaded contamination). Consequently, crud transport in
the Darlington NGS primary-side might be lower than previously estimated on the basis of
weighing filters.

4. SECONDARY-SIDE SPECIMENS

The study presented here was performed using crud filters collected at Bruce B NGS Unit 5
between May and October 1993, at Unit 6 between February and April 1993 and at Unit 7
between May and July 1994. More than 70 specimens obtained from condensate extraction
pump (CEP) discharge, feedwater (collected in sampling room, FWSR, and using a mobile cart,
FWMC) and blowdown (BLD) were analyzed. Fig. 1 (bottom) shows XRF spectrum measured
for one of the specimens. The concentrations of iron and lead, as well as contributions of various
iron oxides were determined. The results are summarized in Figures 3, 4 and 5, together with the
data on dissolved O2 and N2H4 concentrations, measured in the same time period as the CPT
sampling.

Top left-hand graphs in Figures 3 to 5 show iron and lead concentrations in ppb (ug/kg H2O)
obtained from XRF measurements. In all units, the reactor startup specimens clearly differ from
the steady-state operation specimens; in all 4 startups studied, large amounts of iron are observed
at reactor startup (up to 700 ppb), dropping down to ~1 ppb range during reactor steady-state
operation. Lead was found to vary similarly to iron, but at contents ~2 to 3 orders of magnitude
lower than iron.

The time dependence of various chemically different fractions of iron, shown in the right-hand
graphs of Figures 3 to 5, indicates that the ratio between iron chemical forms during startups
varies greatly from unit to unit. For example, whereas in Units 5 and 7 iron was mostly in the
form of magnetite, in Unit 6 it was mostly in the form of goethite (during reactor startup) and
hematite (at steady state). The presence of a high fraction of magnetite in feedwater and steam
generator blowdown is a good indicator of correct secondary-side water chemistry; the presence
of reducible oxides can indicate that increased corrosion processes are occurring in the system.

Concentrations of oxygen dissolved in condensate and hydrazine in feedwater are important
chemical control parameters of the secondary water system in Ontario Hydro CANDU reactors.
A comparison of oxidation state of steady-state corrosion products in CANDU and pressurized-
water reactors (PWRs) shows that, at identical feedwater N2H4 to condensate O? ratios, the
fractions of magnetite in feedwater and blowdown can be markedly lower in CANDU reactors
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than in PWRs. In Ontario Hydro reactors, hydrazine is used extensively during lay-ups for
corrosion protection of steam generators (50 to 200 ppm N2H4 is used); hydrazine is an oxygen
scavenger and reducing agent in feedwater during reactor startups (~ppm) and steady-state
operation (-100 ppb). However, because hydrazine emissions cause environmental and health
concerns, there is a desire to limit its use. The highest emissions of hydrazine occur during
reactor startups. Reactor startups are also a major contributor of oxidized iron species in
CANDU feedwater. Our present studies of the CPT and oxidation state of corrosion products as
a function of oxygen level and hydrazine application during both reactor startup and steady-state
operation are aimed at minimizing hydrazine usage.

The results show that the content of magnetite depends on the mode of hydrazine application
during reactor startup and on the startup mode. Figure 3 shows a study of a slow startup, with
low hydrazine levels; the MS phase analysis indicates a low magnetite fraction and larger
fractions of more oxidized iron species. In contrast, Figure 5 shows a fast reactor startup with
high hydrazine levels that is accompanied by iron mostly as magnetite, with lower contents of
other forms of iron. However, when comparing data on iron concentration with changing
hydrazine and oxygen concentrations during one reactor startup, one concludes that in some
ranges, low iron and lead concentrations tend to accompany low oxygen and low hydrazine
contents. The observations lead us to suggest that while sufficiently high hydrazine content is
needed to limit oxygen level and to stabilize high magnetite fractions, too high hydrazine content
seems to have a detrimental effect, causing more total crud.

The examples of reactor startups examined at the Bruce B NGS show that there is a possibility to
fine-tune hydrazine dosage at reactor startup and thus obtain a lower transport of reducible iron
species at lower hydrazine usage. However, a larger database is needed to validate these
observations and draw further conclusions and correlations.

5. SUMMARY AND CONCLUDING REMARKS

Evaluation of corrosion products from primary and secondary reactor water circuits can benefit
from applying the XRF and MS techniques of analysis. Both techniques are nondestructive,
which permits retention of the specimens for further studies and for future reference.

The XRF technique offers a useful alternative to digestive methods of elemental analysis. It was
shown to be a suitable method for elemental analysis of CPT in both primary and secondary
water circuits of CANDU reactors. In addition to being nondestructive, it is also faster than
digestive methods, because no digestive step is needed and because simultaneous analysis for
various elements is performed in one step. Total mass transport can be measured using XRF,
which may offer a more accurate measurement of primary-side specimens than the weighing
method. In addition to iron, XRF also permits us to measure the quantity of lead and other
elements transported with the water. Portability of XRF instruments permits the analysis to be
performed at stations; a quasi on-line analysis is also possible.
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Mossbauer spectroscopy provides a unique method of evaluating the chemical form of iron, i.e.,
iron oxidation states; the presence of various iron species, such as magnetite, hematite,
lepidocrocite, etc., can be identified and their relative fractions can be measured.

The combination of both techniques provides information that can be used to establish
correlations with water chemistry and that can serve as a diagnostic measure for optimization of
system performance. In particular, by combining the results of XRF elemental and MS phase
analyses, we obtained quantitative data on various iron species transported to the steam
generators during reactor startups and steady-state operation. These data can be used by the
stations as an indicator of system chemistry and corrosion. They also provide a database for
establishing correlations with other chemical parameters of the water circuits (including pH,
oxygen and hydrazine levels, etc.) and to draw conclusions about possible limitation of
corrosion/wear rates.

To be useful for CPT monitoring, both the XRF and MS techniques had to be significantly
improved, relative to their standard use, to ensure high enough accuracy for very small quantities
of solids collected on filters.
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TABLE 1
Data on crud concentration (u.g/kg) obtained in 3 sampling sessions at the Darlington NGS. Results
obtained from an XRF evaluation are compared with data obtained by specimen weighing.

Unit
Loop

I N

I S

2 N

2S

3N

3 S

4 N

4 S

Crud concentration (u.g/kg)
from XRF measurements

February
1996

14.4

9.6

8.9

2.3

2.2

8.0

2.5

2.1

December
1996

2.5

2.2

3.0

1.3

1.3

3.7

2.5

3.3

April
1997

1.7

3.9

2.3

2.0

1.7

5.7

2.5

3.5

Crud concentration (jig/kg)
from weighing

February
1996

16.4

19.0

15.3

2.9

4.9

16.6

17.0

7.9

December
1996

4.8

2.3

5.8

1.7

2.5

5.5

7.9

3.4

April
1997

3.6

3.8

5.8

2.6

2.9

5.1

10.2

5.3
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Figure 1. Top: X-ray and y-ray emission spectrum for one of Darlington NGS primary-side
specimens. Middle: XRF spectrum obtained for the same specimen. Note a large-amplitude
17.6 keV Zr line in the XRF spectrum. Bottom: XRF spectrum for one of secondary-side
specimens.
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Figure 2. Concentrations of iron and zirconium in coolant, obtained from XRF analysis of
Darlington NGS primary specimens collected in 3 sampling sessions in 1996 and 1997 (top).
The ratio of Zr to Fe in the same specimens (bottom).
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Figure 3. Concentrations of iron and lead (left, top), as well as concentrations of various iron
oxides (right) obtained from XRF and MS analyses of secondary-side specimens collected in
Bruce B NGS Unit 5 between May and October 1993 (FWSR, FWMC, and BLD). The
feedwater hydrazine and condensate oxygen concentrations in the same period are given for
comparison (left, bottom).
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STUDIES ON THE PERMEATION OF HYDROGEN THROUGH STEAM
GENERATOR TUBES AT HIGH TEMPERATURES USING AN ELECTROCHEMICAL

METHOD

F. Giraudeau
"CA0000240

ABSTRACT

The permeation of hydrogen through steam generator tubes at high temperatures (~ 300
°C) has been studied using an electrochemical technique. With this technique, hydrogen is
generated on one side of the tube and monitored on the other side. The time for the
hydrogen to reach the other side is used to determine the diffusion coefficient of hydrogen
in the tube. Boundary conditions at the entry and exit sides have been investigated
separately. Preliminary studies were performed on Stainless Steel 316 and Nickel Alloy 800
to better understand the influence of the solution chemistry on the electrochemical
evolution of hydrogen. The surface phenomena effect and the trapping effect are discussed
to account for differences observed in the permeation response.
The hydrogen permeation through oxides at the exit side has been studied. Two nickel
alloys (Alloy 800 and Alloy 600), materials widely used for steam generator tubes, have
been investigated. The tubes were prefilmed using two different treatments. The oxides
were formed in dry air at high temperatures (300 °C to 600 °C), or in humid gas at 300 °C.
The diffusion coefficients at 300 °C in Stainless Steel 316 and Alloy 800 were determined to
be of the order of 10"*- 10~7 craVs for the bare metal. This is in agreement with results
obtained by gas phase permeation techniques in the literature.

L.Yang, F.R. Steward, O de Bouvier
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STUDIES ON THE PERMEATION OF HYDROGEN THROUGH STEAM GENERATOR
TUBES AT HIGH TEMPERATURES USING AN ELECTROCHEMICAL METHOD
F. Giraudeau, L. Yang, F.R. Steward, 0. de Bouvier

1. INTRODUCTION

To suppress the radiolysis of water and control corrosion in the Primary Heat Transport System
(PHTS), PWRs (Pressurized Water Reactors) and CANDUs have generally adopted hydrogen
water chemistry. To maintain this condition, hydrogen is either continuously or periodically added
to the PHTS. Hydrogen isotopes are therefore present and may be a source of contamination.
Tritium has been detected in the secondary coolant of nuclear plants. Permeation through steam
generator tubes is a possible path for this tritium. Alloy 600 has been proven to crack from both
the primary and secondary side during twenty years of experience [1] and hydrogen-assisted
cracking has been suggested [2]. Hydrogen diffuses as atoms in metals and the overall process of
hydrogen permeation involves complex electrochemical reactions.
Gas permeation through different nickel alloy membranes has been extensively studied [3-9].
However, to our knowledge, no such permeation rate was measured for a liquid phase using an
electrochemical method at high temperature. The rate of permeation of hydrogen through steam
generator tubes can be different from that measured for gas phase systems due to the passivation
of the tube surface by corrosion [10-14]. The thickness, nature and history of the oxide layers
influence the hydrogen permeation rate. However, the permeation of hydrogen through oxides at
elevated temperatures has been controversial regarding whether or not there is a partial or total
reduction of the oxide layer [12, 14-17] in contact with the gas phase.
This paper identifies the parameters controlling the electrochemical permeation of hydrogen in
various alloys, particularly Alloy 800.

2. EXPERIMENTAL

2.1. Material

Three nickel alloys were studied: Alloy 800, Alloy 600 and SS316. The chemical composition of
each alloy is given in the following table:

Alloy

800

SS316

600

%C

0.018

0.015

0.018

%Mn

0.68

1.6

0.77

%Si

0.16

0.54

0.34

%Cr

21.2

16.85

16.8

%Ni

32.3

12.43

72.4

%Fe

44.6

66.0

9.01

%Ti

0.52

%Cu

0.05

0.43

0.01

%A1

0.19

%Mo

2.05

0.01

%P

0.025

%Co

0.07

0.014

%N

0.012

0.015

Pieces of 6.35 mm od tubing were used as test material. The wall thicknesses of the Alloy 800
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and Alloy 600 were 0.889 mm, while the wall thickness of the SS316 was 1.245 mm,

2.2. Permeation experiments

A hydrogen permeation probe (Fig. 1) was installed in a recirculating loop [18]. The
concentrations of boric acid and lithium hydroxide were selected to simulate PWR (or CANDU)
coolant chemistry. The primary coolant flowed in the outer shell which was anodically polarized.
The carrier gas circulated inside the inner tube which was cathodically polarized using a
galvanostatic method (0.025 to 50 mA/cm2). A constant current was applied between the anode
and the cathode with a power supply. The outer and inner tubes were electrically isolated using
CONAX fittings EG-250 with the corresponding ceramic insulators and lava seals. The hydrogen
permeated from the outer surface to the inner surface of the inner tube sample at 300 °C.

Primary Coolant Inlet

Carrier Gas Outlet

Primary Coolant Outlet

0

Lava Seal.— Union 1/2" NPT
Carrier Gas inlet

.. Ceramic Insulator L 1/4" Tube Sample

_ ConaxEG250

Fig. 1 :Electrochemical Hydrogen Permeation Assembly

The gas line (carrier gas at atmospheric pressure) to the gas chromatograph, where the hydrogen
was analyzed, was 7 m long and the tube was of 3.175 mm OD SS304. The residence time of the
gas in the tube was calculated to be 3.25 min for a flow rate of 2.9 ml/min. This can be
considered as negligible in comparison to the measured time-lag, within experimental errors. The
inner tube was electrically isolated from the experimental set-up using plastic fittings. Water
vapor and oxygen (mainly from the ingress of air through plastic) may oxidize the inner surface of
the inner tube at high temperatures. Therefore, a purifier was installed upstream of the tube
sample, after the plastic fittings so that oxygen and water from the carrier gas were reduced.
However, lithium hydride, which was the reacting species of the purifier, produces hydrogen. The
resulting hydrogen baseline was carefully monitored. Argon was chosen as the carrier gas to
increase the sensitivity of the TCD filament of the gas chromatograph for hydrogen. Hydrogen
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atoms were generated on the outer surface of the inner tube. Recombination and release into the
primary coolant was the main path for the produced hydrogen. The permeating atomic hydrogen
recombined at the inner surface of the inner tube. An Orbisphere analyzer, Model 3600, and the
gas chromatograph recorded the levels of hydrogen in the primary coolant and in the gas stream
respectively.

2.3. Rising transients

The current was turned on when the baseline was stable. The increasing permeating hydrogen
was recorded by the gas chromatograph every 16-17 min until a steady-state was reached. A
rising transient was obtained as a function of time. The current was turned off to permit the
atomic hydrogen to deplete from the tube sample at the working temperature. Successive rising
transients were produced by repeating the above procedure.

2.4. Surface preparation

The tube samples were prepared by circulating a 1M nitric acid solution inside the tube overnight.
The tubes were then rinsed with acetone and dried with compressed air. This procedure was
followed to perform a standard cleaning of the tube.
In order to study the effect of oxides on the rising transients, the tubes were prefilmed under
specific conditions. Two methods were used: ambient air at 600 °C, and humid gas at 300 °C
with a duration from 24 to 48 hrs. The prefilming in air was carried out in a furnace before the
run whereas the prefilming in humid gas was performed on-line by bubbling argon or air through a
solution (various concentrations of boric acid and/or lithium hydroxide) at a fixed temperature to
obtain a certain level of humidity. The wet gas was introduced upstream of the sample tube in
order to prefilm the inner surface. During prefilming, the gas purifier upstream of the sample tube
was by-passed. When the surface conditioning was finished, the purifier was returned in-line.
The current was turned on either 15 min or 2 to 3 hrs after the end of the prefilming process.

2.5. Data processing

Data were collected using two computers. A Varian Model 3600 gas chromatograph was
connected to a computer workstation using Varian Star 4.0 software for the gas composition
analysis. Temperature, Orbisphere voltage and potential between the tubes of the electrochemical
assembly were measured every 5 min using Keithley meters connected to a computer through an
IEEE interface card.

Apparent diffusion coefficients were computed from the rising transients using the time-lag
method. The total amount of hydrogen which has diffused out of the tube from the time when the
current is turned on (integration of the rising transient between time 0 and t) increases linearly
with time when the steady-state is reached. The intercept of the straight line with the time-axis
gives the time-lag. Known boundary conditions are required to determine the hydrogen
concentration profile through the tube wall and the time-lag as a function of the apparent
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diffusivity. These were calculated for the galvanostatic boundaries (constant hydrogen flux on the
cathodic surface) using Laplace transforms. Jaeger [19] found a similar expression corresponding
to potentiostatic boundaries (constant hydrogen concentration on the cathodic surface) for the
tube shape.

3. RESULTS AND DISCUSSIONS

3.1. Surface Effects on the Cathodic Side (entry side)

The overall process of electrochemical permeation of hydrogen through metals is presented in
Fig. 2. The cathodic side (outer surface of the tube) is modelled for an acid environment where
the hydrogen ion is reduced to produce atomic hydrogen (step II). However, for a basic pH,
steps I and II do not apply. In this case, water combines with electrons to produce atomic
hydrogen and hydroxide ions (H2O + e" - H ^ + OH'). The latter specie diffuses back to the bulk
of the primary coolant. Both electrochemical reactions compete in a range of pH near neutral.
This scheme represents what happens at steady-state but does not account for phenomena
occuring during the transient period. For example, the partial or total reduction of the oxide that
exists prior to the cathodic polarization is not represented. Assuming instantaneous constant

H2(b)

Surface of J® I t T h r o u S h oxide *P r e s e n t 00 t

(IV)

In Tube <( (VI) ^f Diffusion through metal

Inner I u / ̂
Surface of < H2(s)T u b e \ (VIII)|/t Through oxide if present

H2(b)

Fig. 2: Overall Process of Electrochemical Permeation of Hydrogen Through a Tube Wall. The
bulk phase and surface state are represented respectively by (b) and (s), the absorbed and

adsorbed states by (abs) and (ads).
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boundary conditions may not allow one to correctly interpret experimental results. In order to
better understand the surface phenomena, two runs were performed with SS316 and one with
Alloy 800. Lithium hydroxide and boric acid concentrations were changed and the pH was
measured. Three different gases (argon, hydrogen and air) were studied and the current was
varied. Five different pH(25 °C)'s were studied: 3.1, 5.2, 6.0, 7.8 and 11.2. The range of current
densities was between 0.025 and 50 mA/cm2. From the tests carried out, three types of transients
were identified as shown in Fig. 3. Ideally, the permeating hydrogen flux reaches a steady-state

HFlux
I

Time

(Q

Fig. 3: Type of Transients Observed

value (Fig. 3 A). This corresponds to a constant subsurface concentration or flux at the entry side.
However, a review of the results obtained has shown that the shapes given in Fig.3B and C can be
obtained for a specific pH and current. In alkaline solutions (e.g. pH 11.2), experimental
transients of type C were found whereas, in moderate acid solutions (pH 5.2 to 7.8), experimental
transients of type A, B and C were found depending on the current density applied. Low current
densities led to type B, moderate current densities to type A and high current densities to type C.
Finally, acid solutions (pH 3.1) led only to transients of type B.
Pumphrey [21] reviewed experimental results from other authors for low temperature data and
showed that step IV sets the boundary condition at the entry side. However, he excluded all
transients of type B, as anomalous experimental curves. Chernenko et al. [22] have shown that
under some circumstances for the electrochemical permeation of hydrogen at low temperatures
the rate controlling step may not be the bulk metal surface or the diffusion through the oxide at
the exit side of a palladium membrane. They suggested that the reduction of water in alkaline
solution or the diffusion of hydrogen ions to the metal surface in acid solutions may be the limiting
steps. However, we measured the rate of the hydrogen evolution and have not found a systematic
correlation between the permeating hydrogen transient rates and the hydrogen evolution rates.
Boric acid was added as an electrolyte on the cathodic side and acted as a poison of the hydrogen
recombination reaction. Further work is needed to study the possible effect of boron on the
different shapes obtained. The comparison of experimental curves with the galvanostatic and
potentiostatic models, using apparent diffusivity values, has shown that the potentiostatic model is
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closer to experimental results (Fig.4). Future work includes the modelling of the electrochemical
permeation to correlate with the experimental results. Therefore, apparent diffusivities were
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F/F(inf)

0.4

0.2

3
tflus)

Fig.4: Normalized rising transient. Alloy 800; 307.7 °C; 1 mA/cm2; pH 3.1; o experimental data,
—: galvanostatic, .: potentiostatic.
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calculated using the potentiostatic time-lag formula. Time-lags could not be calculated for type C
transients and the maximum was used to determine time-lags for type B transients.
The current density had an effect on the time-lag (Fig.5). Decreasing currents (0.1 to 0.025
mA/cm2) led to increasing time-lags because of the partial reduction of the oxide at the entry side.
The time-lags obtained for 0.025 mA/cm2 showed that the longer the time to build up the oxide
layer at the entry side (high temperature corrosion), the longer the time delay to partly reduce this
oxide layer. Multiple transients were carried out and led to lower values for 0.1 and 1 mA/cm2.
The oxide layer had been partly reduced prior to the current increase. High current densities led
to higher time-lags. The trapping phenomena described in the next section could account for
these results. Dissolved gases are expected to influence steps I, II, III and V (Fig. 1) at the entry
side. Oxygen and hydrogen are both produced in situ, respectively at the anode and cathode. It
was observed that, as the oxygen concentration increases, the breakthrough time increases. The
partial reduction of the oxide which grows between each transient because of corrosion requires a
longer time. On the other hand, hydrogen led to time-lags which do not differ significantly from
those obtained with argon (inert gas). Increased dissolved oxygen retards the increase of the
hydrogen subsurface concentration at the entry side. A permanent oxide layer through which
hydrogen ions, H+, diffuse to be reduced at the oxide/metal interface (step I) may account for this
observation. After reaching steady-state, oxygen was dissolved (air bubbled in the water tank)
and the permeating hydrogen flux was recorded (Fig. 6). Approximately two hours after changing
the gas, the permeating hydrogen decreases, then increases. The current was stopped before it
could reach steady-state. The drop may be explained by oxide growth which slows down the
diffusion of hydroxonium ions to the metal surface, followed by an increase due to a lower
hydrogen recombination (step El) since hydrogen diffusion through oxide is slow (step V).
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3.2. Temperature dependance

Experiments were performed for Alloy 800 to determine the temperature dependance of the time-
lag (i.e. apparent diffusivity, Fig. 7). No data were found in the literature for Alloy 800 over the
range of temperatures investigated. However, the composition of alloy GH35A [5] with respect
to the main three elements (nickel, chromium and iron) is close to that of Alloy 800. Results
obtained in this work are approximately double of those of Xu et al.
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Fig.7: Temperature dependance of the apparent difiusivity for Alloy 800, charging current 20 mA,
alloy GH35A for reference [5].

3.3. Trapping

Hydrogen has three types of sites in metals [20]: diffusion sites, reversible sites and irreversible
saturable traps. The lattice, or "true", difiusivity is associated with diffusion sites. Reversible
sites can be pictured as holes which can be filled or emptied according to local thermodynamic
equilibrium (gradient of temperature, concentration or electric field). Irreversible saturable traps
may be represented by holes which can be filled but not emptied.
Therefore, hydrogen isotopes may be trapped in the bulk of the metal (e.g. tritium from the
primary side coolant in steam generator tubes). Traps may also enhance the risk of cracking
(Alloy 600) since hydrogen-assisted cracking has been proposed as the failure mechanism
depending on the environment [2].
Reversible traps should abide by the laws of thennodynamic. Thus, this equilibrium is
temperature dependant. When the current is turned off", hydrogen is depleted from the metal and
the final concentration of hydrogen in the metal is theoretically in equilibrium with the hydrogen
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fugacity of both sides of the tube. Since a protective oxide develops on the outer surface by high
temperature corrosion, the hydrogen fugacity in the tube should be in equilibrium with the
hydrogen partial pressure in the carrier gas. Hydrogen charging occurred at 256 °C and the
desorption took place at different temperatures. Our experimental conditions were set so that this
partial pressure can be assumed to be zero. The temperature at which the hydrogen was depleted
should not have influenced the apparent difrusivity of the following rising transient. It was
observed that, at a constant temperature, the rising transient apparent difrusivity depended on the
temperature at which the hydrogen was depleted (Fig.8). Therefore, reversible trapping should be
responsible for this phenomenon. Higher current densities increase reversible trapping and may
account partly for the results observed for 10-20 mA/cm2 (Fig.5).
Irreversible trapping is usually identified by comparing the first rising transient with the following
rising transients. Traps are filled during the first rising transient and a larger time-lag (lower
apparent difrusivity) results for this first rising transient. This characteristic was not clearly
observed in this work.

3.4. Surface Effects on the Inner Surface (exit side)

The interest of the present work was to determine the influence of an oxide layer on the exit side.
An oxide layer was grown under known conditions (humidity, temperature, nature of gas) in the
gas phase and transients were carried out to determine the apparent diffusion coefficient.
Figure 9 presents the rising transients, after the prefilming operation, carried out as single
transients. The current was turned on 15 min after the end of the prefilming. As mentioned
previously, a constant hydrogen baseline was detected. This figure shows that the baseline drops
for the first transient. Hydrogen was adsorbed/absorbed in the oxide layer. On the other hand,
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the two following rising transients were characterized by a smaller time-lag and a normal
hydrogen baseline. Another test was carried out to prove that the entry side oxide could not be
accountable for the difference in time-lags observed between the first transient and the two
subsequent transients. Consequently, the oxide layer structure on the inner surface of the tube
(exit side) in contact with a dry gas phase (argon) had most likely been modified by a high
hydrogen flux. Future analysis of the inner surface before and after the first transient should help
in understanding the observations made.
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Fig. 9: Normalized hydrogen flux as a function of time for the oxide effect evidence on the exit
side. Alloy 800; Prefilming for 24 hrs with air bubbled through a 20 ppm lithium solution at room
temperature, cathodic current 2 mA; • : Transient 1, o: Transient 2, o: Transient 3.

More experiments were performed by varying prefilming conditions at 300 °C but no significant
differences were observed from one test to another. Prefilming was also carried out on Alloy 600
at 600 °C in air for one week but, similarly, the oxide appeared to be reduced after the first
transient. Prefilming on Alloy 600 at 300 °C in humid air or argon also led to results similar to
those for Alloy 800. The apparent diffusivity values at 300 °C were calculated to be in the same
range of values as for Alloy 800. A few rising transients were also obtained with a high humidity
air/argon gas mixture as a carrier gas. By varying the oxygen percentage from 0 to 4000-5000
ppmv, permeating hydrogen was found to react partly with oxygen. Consequently, the time-lag
values calculated were larger than with pure dry argon but the oxide layer did not account for the
difference in time-lag since the steady-state values were comparable, taking into account the
reaction between oxygen and permeating hydrogen.
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Experiments with a circulating secondary coolant have been started to study the permeation
through an oxide layer in liquid phase.

4. CONCLUSIONS

The electrochemical permeation of hydrogen through steam generator Alloy 800 and 600 was
studied. Three main phenomena were investigated and some conclusions can be drawn:

1- The shape of the transient is related to the pH and current density. The addition of
boric acid as an electrolyte to poison the recombination of hydrogen on the cathodic side
may have an effect on the phenomenon observed.
2- There is an initial jump in hydrogen subsurface concentration when the current is
turned on since the permeating hydrogen flux fits the potentiostatic model for the first part
of the transient.
3- Low current densities lead to higher time-lags because of the time delay imposed by
the oxide layer at the entry side.
4- High current densities lead to higher time-lags because of trapping and surface
phenomena.
5- Dissolved oxygen promotes the growth of oxide which may hinder the transport of
species from the bulk of the solution to the metal and vice-versa.
6- Reversible trapping was identified by studying the temperature dependance of the
apparent diffiisivity.
7- Oxide layers on metal in contact with the dry gas phase do not hinder the transport or
recombination of hydrogen at high temperatures. Their structure is most likely modified
by a high flux of hydrogen in such a way that they are ineffective in limiting the
permeation of hydrogen.

Transport phenomena in oxides have often been studied through the migration of metal ions (iron,
chromium, nickel) and the transport of oxygen but rarely through hydrogen diffusion. Studies
with a liquid phase on the exit side should provide valuable data on the corrosion theory of alloys
useful for stress corrosion cracking models which involve a hydrogen dependance. Hydrogen
permeation rate from the primary side to the secondary side could also be extrapolated from the
results obtained which is of interest when considering tritium.

The interest of this study also lies in the selection of alloys. The less permeable its oxide layer(s)
is to hydrogen, the more resistant the alloy is to corrosion. On the other hand, the ideal lifetime
for a steam generator tube is the life of the nuclear plant (30 to 40 years). Models need to be
developped to account for the possible failure of a tube. The present work preceeds high
temperature hydrogen permeation studies in the liquid phase which are more relevant than the
previous studies in the gas phase or in the liquid phase at low temperatures. Future work also
includes modelling of the permeation process.
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EVALUATION OF A DRYER IN A STEAM GENERATOR

Xue Yunkui Liu Shixun Xie Guandao Chen Junliang

ABSTRACT

The hooked-vane-type dryer is used in vertical, natural circulation steam generators used in PWR-type
nuclear power stations. It separates the fine droplets of water carried by steam so that the steam generator outlet
steam moisture is below 0.25%. Such low moisture is demanded to ensure a safe and economic operation of the
unit. The dryer is composed of hooked vanes and a draining structure. A series of tests to screen different
designs were performed using air-water mixture .

The paper presents the results of the investigation of the effect of the number of drainage hooks , the bending
angle , distance between two adjacent vanes, and other geometrical parameters on the performance of a
hooked-vane-type steam dryer. It indicates that the dryer still works effectively when the moisture of the steam
at the dryer inlet changes in a wide range, and that the performance of the dryer is closely related to the
geometry of the draining structure . On the basis of the results of this program, a draining structure with an
original design was selected and it is presented in the paper. The performance of the selected draining structure
is better than that of similar structures in China and abroad .
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EVALUATION OF A DRYER IN A STEAM GENERATOR

Xue Yunkui Liu Shixun Xie Guandao Chen Junliang

1. THE EXPERIMENTAL SETUP AND TEST METHOD

The air-water test facility is shown in Figure 1. Because of the limited capacity of the air blower, only a part
of dryer was tested .

The hooked vane and draining structure can be assembled and dismantled easily. The wet steam is imitated by
a mixture of air and atomized water . The mixing chamber for air and atomized water is sufficiently large to
ensure production of a homogeneous mixture. The mixture travels up from the mixing chamber, turns 90 ° ,
and is passed to the test body. After being separated, the air turns 90 ° and travels up into the salt collection
box. The design of above facility considers the simulation of actual flowing of wet steam in a steam generator.
The polymethyl observation windows are installed on both the mixing chamber and the walls before and
behind the test body. The draining pipes joined with the water collection trough are U-typed pipes with certain
height. This height can form enough water sealing to prevent air from escaping from the pipes.

Carry-over K indicates the separating effect of the test component. It is measured through salt collection
method.

Some big droplets of water are entrained by air from the bottom of the test component and fall to the bottom of
the facility again. The weight of them are determined by measuring the flow rate of water drained behind the
test component. The weight also indicates the separating effect of test component. The test indicates that the
smaller the weight is, the smaller the carry-over is and the better the separating effect is, vice versa..

Na3po4 is added into circulation water , which makes circulation water maintain sodium ion concentration
around 400 mg/kg .The pure water is obtained by the method of ion exchange. It is used for absorbing salt
water from the wet air passing the salt collection box. The weight of the pure water in the salt collection box is
15 kg . The sodium concentration is measured through sodium concentration digit meter. One test condition
continues 20 minutes, and the data are recorded a time every 5 minutes .

2. TEST COMPONENT AND TEST CONDITION

The hooked-vane-type dryer test component is shown in Figure 2. The structural dimension of test component
and test conditions are listed in table 1 and table 2 .

Only one of the geometrical parameters of the dryer is changed for every test component.

The vanes and hooks are made of 1 mm thickness zinc-plating steel plates. The plates are stamped forging. The
hooks are spot welded on vanes . There are 14 mm long flat segments in both ends of vanes . The test
component is assembled by location rods at 4 angles of vanes .
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A perforated plate is installed before vane assembly . The diameter of the holes in the perforated plate is 8 mm ,
The area of the holes is 16% of the area of the plate .

Table 1 Hooked-vane-type Dryer Test Component Structural

Item

Bending Angle, a

Wavelength , t , mm

Number of Hooks, n

Pocket Gap, c, mm

Width of Vane ,L , mm

Distance Between Two
Adjacent Vanes , a ,mm

I

30°

35

5,7,9,11

2

87.5 , 122.5 ,
157.5, 192.5

11

II

30°

35

9

1,2,3

157.5

11

m
30°, 38°, 45°

35 , 47 ,42

9

2

157.5,211.5,189

11

Dimension

IV

30°

35,52

9

2

157.5,
234

11

V

30°

35

9

2

157.5

11 ,13,
15

Item

Test Pressure, P

Air Flow Rate, Q , m3/h

Inlet Air Velocity, W , m/s

Water Atomizing Pressure,

Water Flow Rate , G , kg/h

Inlet Moisture , w , %

Table 2

Pn,MPa

Test Condition

Screening Test

Atmosphere

2000-3700

7-13

0.6

1500

28

Inlet Moisture Test

Atmosphere

2570-3700

9-13

0.6

900-1800

19-32

3. ANALYSIS ON TEST RESULTS

3.1 Number of Drainage Hooks

The vane assemblies with the number of drainage hooks of 5, 7, 9 and 11 were tested. Figure 3 presents the
steam carry-over, K, as a function of inlet air velocity, W, for various number of drainage hooks, n. The
threshold inlet air velocity increases significantly from n=5 to n=7, then it increases a little from n=5 to n=7,
after which there is a small decrease from n=9 to n=l 1. For n smaller than 9, the separation of water increases
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with the number of drainage hooks because the number of hooks is proportional to the wet surface area. For n
larger than 9, because of the increasing pressure drop, the air passes through the water collection trough
increasing the carry-over.

3.2 Pocket Gap

Increasing the pocket gap, c, is beneficial from a point of view of the efficiency of water collection. But, as
shown in Figure 4, when the distance between the two adjacent vanes is fixed, increasing the pocket size
decreases the efficiency. This is because both the resistance of hooked-vane assembly and the air flow rate
decrease with decreasing pocket gap. The decrease of the resistance is beneficial to drainage. The decrease of
the air flow rate reduces the carry-over.

The vanes capture the water droplets mostly in the inlet region of the vane. If the pocket gap in the inlet region
of the vane is increased appropriately, and the pocket gap in vane outlet section is gradually decreased, the
water drops will be captured effectively and the air velocity at the drainage hooks will be lowered. This
possibly modifies the separating effect of the vanes.

3.3 Bending Angle

As shown in Figure 5, the increase in the bending angle, a , significantly increases the threshold inlet air
velocity. Its effect on the resistance of the test component is even more pronounced. In principle, increasing
the bending angle should increase the efficiency of the vanes for water drop capture. But increasing the
bending angle also decreases the cross-sectional area available for the air flow between the vanes. As a result,
the air velocity increases in the vane assembly even though the mass flow rate of the air is unchanged. This
increased air velocity increases the entrainment of the water captured by the vanes and ultimately reduces the
efficiency of the separation.

3.4 Distance Between Adjacent Vanes

If the variation of the distance between the adjacent vanes is restricted so as to ensure that the drainage hooks
of the adjacent vanes overlap, then increasing the distance between the adjacent vanes may increase the
efficiency of the separation. This is because increasing the distance may increase the cross-sectional area
available for the flow and lower the inlet velocity of the air. Lower velocity is beneficial for air-water
separation.

3.5 Effect of Changing Inlet Moisture

Ass shown in Figure 6, a significant change in the inlet moisture causes a small change in the threshold air
velocity. This test indicated that the inlet air moisture may change significantly in a hooked-vane-type dryer.
The test setup still performed effectively when the inlet air moisture reached 32%.

3.6 Draining Structure

For a dryer, it is demanded not only that the vertical vane has a good separating performance, but also that the
draining structure can drain effectively and instantaneously. The design of a draining structure is as important
as that of the separating assembly. The water collection trough must be sufficiently deep to ensure that the
water level is below the bottom of the vanes even at the highest steam load, so that overflow does not occur.
Figure 7 shows a baffle that is installed in the trough. The baffle divides the trough into two chambers that
drain independently. This structure can prevent the air from hampering the drainage that occurs when the air

672



flow is short -circuit in the trough. The tests indicated that the drainage efficiency of this structure was better
than that of similar structures in China and abroad.

4. SUMMARY OF THE RESULTS

It was shown that:

(1) The optimum structure of the hooked vane had the following geometry: a =30° ,n=9,c=l mm .

(2) The wavelength of the hooked-vane had only a very small effect on the separating efficiency.

(3) The optimized hooked-vane showed a better efficiency also under the conditions of high inlet air moisture.

(4) The draining capacity of the draining structure can be increased by installation of a baffle in the water
collection trough. The baffle divides the trough into two parts that drain independently .

Figures:

Fig.l The air-water test facility

1—Air-blower; 2—Air pressurizer; 3—Air flow rate control valve ;4—Bamboo flute type tube;
5—Thermometer ; 6—Water pump ;7—Orifice meter; 8—Atomizing nozzle ; 9—Mixing chamber; 10—Test
body ; 11—Trough ; 12—Salt collection box ;13—Sampling tube ; 14—U-typed drainage pipe ;15—Drainage
measuring box ; 16—Circulation water box.
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ABSTRACT

Fouling is a particularly serious problem in the power generating industry. Deposits modify the
thermalhydraulic characteristics of heat transfer surfaces by changing the resistance to heat
transfer and the resistance to fluid flow, and, if thick enough, can harbour aggressive chemicals.
Deposits are also implicated in the increase of radiation fields around working areas in the
primary heat transfer systems of nuclear power plants.

In order to understand the preliminary steps of the formation of corrosion product deposits on the
outsides of steam generator tubes, a laboratory program has investigated the deposition of
magnetite particles from suspension in water onto Alloy-800 surfaces under various conditions of
flow, chemistry and boiling heat transfer.

A recirculating loop made of stainless steel operating at less than 400kPa pressure, with a
nominal coolant temperature of 90°C, was equipped with a vertical glass column which housed a
2.5E-01m-long Alloy-800 boiler tube capable of generating a heat flux of 240kW/m2. A
concentration of suspended magnetite of 5.0E-03kg/m3 was maintained in the recirculating
coolant, which was maintained at a pH of 7.5. The magnetite was synthesized with a sol-gel
process, which was developed to produce reproducibly monodispersed, colloidal (<l|j.m) and
nearly spherical particles. A radiotracing method was used to characterize the deposit evolution
with time and to quantify the removal of magnetite particles.

The results from a series of deposition experiments are presented here. The deposition process is
described in terms of a two-step mechanism: the transport step, involving the transport from the
bulk of the liquid to the vicinity of the surface, followed by the attachment step, involving the
attachment of the particle onto the surface. Under non-boiling heat transfer conditions, diffusion
seems to be the dominant factor ruling deposition with a small contribution from thermophoresis;
removal was considered negligible in this regime. Transport models based on diffusion
mechanisms, however, only predict the results within a factor of about 5. Under conditions of
sub-cooled boiling at a low rate, the trapping of particles by the bubble surface is an important
mechanism leading to deposition; at a high bubble nucleation rate, microlayer evaporation seems
to dominate.
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DEPOSITION OF MAGNETITE PARTICLES
ONTO ALLOY-800 STEAM GENERATOR TUBES

M. Basset, N. Arbeau, J. Mclnerney and D.H. Lister

INTRODUCTION

Fouling, defined as the accumulation of undesired solid material at phase interfaces, is a
particularly serious problem in the power generating industry. The formation of deposits on heat
transfer surfaces affects their thermalhydraulic performance by increasing the resistance to fluid
flow and by changing the resistance to heat transfer. Furthermore, if thick enough, deposits can
provide an environment for corrosion by harbouring aggressive chemicals [1].

Magnetite is one of the principal corrosion products formed on the carbon steel surfaces of
piping and equipment of the secondary coolant system of nuclear reactors. Magnetite is released
from these surfaces to the high temperature water; it is then transported by the steam generator
feed water as a suspension of colloids or particle agglomerates (in the size range from below 1 to
about 50nm) to the steam generator tubes, where it deposits again.

Various studies on the particular mechanisms of particle deposition onto heat transfer surfaces
have been performed in the past. It is fairly well established that, under isothermal conditions,
particulate deposition onto a surface is a two-step process, occurring in series: a transport step,
involving the transport from the bulk of the liquid to the vicinity of the surface, is followed by an
attachment step, involving the attachment of the particle onto the surface. Assuming a linear
dependence with the concentration in the bulk Q,, the initial deposition particle flux <(>d is
generally expressed mathematically by [2]:

^ ^ Q - K , (1)

with l / K ^ l / K . + 1/Ka (2)

where Kd, Kj and K, are respectively the deposition, transport and attachment coefficients. The
transport of particles to the vicinity of the collector surface is the best understood of the fouling
stages and mathematical models are available to quantify Kj. As far as the attachment step is
concerned, the sticking probability approach (probability that a particle that reaches the wall will
stick to it) [2] has been replaced by a more fundamental approach taking into account the surface
force field between the depositing particles and the collector surface. Electrical double-layer and
London-Van-der-Waals contributions will control the particle motion at small distances from the
wall (1E-09 to 10E-09m) [3]. The London-Van-der-Waals contribution is usually attractive,
whereas the electrical double layer contribution will strongly depend on the pH of the solution,
which will influence the overall net charge on both the colloidal particles and the collector
surface. Generally, if the charges exhibit the same sign, the net surface force field will be
repulsive and the deposition rate will be attachment rate controlled (1/Kd« 1/KJ. If the charges
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on the wall and the particles are opposite, the net surface force field will be attractive, and the
deposition rate will be mass transfer controlled (1/Kd « 1/K,). In their investigation on the
deposition of magnetite particles onto Alloy-800 surfaces under isothermal conditions, Turner,
Lister and Smith [4] showed that the deposition rate is maximum at pH = 7.5, that deposition is
limited by particle transport for pH values between 6.5 and 8.3, and that deposition is limited by
the rate of attachment for pH outside this range.

In the presence of heat transfer, a thermal force is created: cold walls will enhance deposition,
whereas hot walls will impede deposition. Thermophoresis has been shown to play a non-
negligible role under non-boiling heat transfer conditions, at least for colloidal particles [2].

The presence of boiling heat transfer on the surface will have a great impact on the deposition of
magnetite particles. Maximal deposition rates have been obtained under conditions of surface
boiling, and, to a lesser extent, at the start of nucleate boiling of the flowing fluid; furthermore,
the deposits formed under such conditions were relatively porous and presented relatively good
heat transfer properties [5]. Turner and Godin [6] compared the magnetite deposition onto Alloy-
600 steam generator tubes from pressurized non-boiling water with that from pressurized boiling
water. They concluded that, when the attachment step is not limiting (unlike charges on the
surface and the particles), the boiling contribution to deposition adds directly to the particle
transport rate from turbulent deposition, whereas in the case where the attachment step is limiting
(like charges on the surface and the particles), the contribution of boiling adds to the single phase
forced convective rate taking into account both the transport and attachment step.

Thomas and Grigull [7] pointed out the importance of the "boiling factor". They performed a
series of experiments on the deposition of magnetite in single- and two-phase flow. They
suggested that, in two-phase flow involving heat transfer, the rate of deposition is controlled by
the mode of boiling heat transfer. In the case of nucleate boiling, the rate of deposition increased
linearly with the heat flux. The authors suggested a possible correlation between the deposition
rate increase and the number of bubbles formed per unit surface area and time. According to
them, the formation of bubbles produces an increase in the turbulence in the boundary layer
adjacent to the wall, combined with an increasing flow of water and magnetite in the direction of
the wall to replace the space occupied by the leaving bubbles. In the case of film-boiling heat
transfer, a continuous blanket of vapor is formed on the surface, thus preventing any formation of
deposit.

Asakura [8] studied the deposition of an a-Fe2O3 suspension (average particle size 3.5um) onto
Zircaloy-2 tubes in demineralized boiling water at atmospheric pressure. He observed ring-like
iron oxide deposits, mainly at the sites of continuous bubbling on the heated surface. He
proposed a model based on the assumption that the deposit is formed by microlayer evaporation.
The microlayer is a thin layer of liquid formed underneath a growing bubble. Heat is primarily
transferred from the heated surface to the surrounding liquid through the evaporation of this
microlayer. The shape and formation mechanisms of the microlayer have been studied by various
authors [9] [10]. Asakura suggested that the particles in suspension deposit at the same time as a
dry patch in the centre of the microlayer grows.
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According to Asakura's model, a deposit is expected to show concentric rings, and is supposed to
be thicker at its extremity because the volume of liquid that evaporates during bubble growth is
higher on the periphery than in the centre of the microlayer. Thorne and co-workers [11], in their
study of magnetite particle deposition under sub-cooled conditions onto Alloy-800 surfaces, have
demonstrated the formation of such deposits. They clearly showed as well an increase in the
initial deposition rate with the heat flux.

This study investigates further the mechanisms and kinetics of deposition under boiling and non-
boiling heat transfer in the sub-cooled mode. For that purpose, a laboratory program has
investigated the deposition of magnetite colloidal particles from suspension in water onto Alloy-
800 surfaces, under both surface-boiling and non-surface-boiling conditions. An on-line
radiotracing technique was used to follow the long term deposition and removal behavior of
particles.

EXPERIMENTAL

Magnetite Synthesis

The magnetite particles used in the experiments have been synthesized using a sol-gel method
described by Sugimoto and Matijevic [12]. The formation of magnetite particles is the result of
the aging at 90°C and in an oxygen-free environment of a ferrous hydroxide gel formed by
interaction of ferrous sulfate with potassium hydroxide in the presence of nitrate ions. The
magnetite particles prepared in this way were characterized by SEM to determine their size and
morphology and by X-ray analysis to confirm the formation of magnetite crystals. The point of
zero charge of the particles (PZC - pH at which the particles have no net charge) was also
measured.

Low Temperature Recirculating Loop

A recirculating loop made of stainless steel was set up as shown in figure 1. The vertical test
section is comprised of a 1.5m glass column having an inner diameter of 9.93E-02m. The
column houses a 30.0E-02m-long and 1.59E-02m-diameter Alloy-800 boiler tube equipped with
a 25.0E-02m-long cartridge heater capable of generating a maximum heat flux of 240kW/m2.
The heating element is packed in the boiler tube with aluminum powder to provide an evenly-
distributed heat flux. The leading end of the tube (made of stainless steel 304) has been machined
in order to ensure a smooth and even upward flow around the boiler tube. The glass column and
the piping are insulated in order to prevent any heat loss. Two 170L tanks equipped with
Caloritec heaters connected to a control board are able to maintain a magnetite suspension in the
coolant at a constant temperature up to 95°C. The tanks are equipped with nitrogen gas purging
systems to maintain a relatively inert atmosphere in the system. While one tank is normally
valved in during an experiment, when radioactive tracing is in progress the two tanks, one with
non radioactive suspension and the other one with radioactive material, can be valved in in turn.
A by-pass line is used to divert the flow in case the tube has to be removed from the test section
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for analysis. The flow is provided by a stainless steel centrifugal pump capable of delivering a
range of flows up to a Reynolds number of 7250 as measured in the test section. A second pump
was eventually installed in the circuit, so that the two pumps in series covered a range of flow
rates up to a Reynolds number of 15133 and slightly pressurized the system at the same time.
Pressures up to 360kPa in the test section can now be reached. A pressure gauge is used to
measure the pressure in the loop and to detect any drop in the flow rate (the pressure is a known
function of the flow rate in the test section).

Experiments

Three runs were performed (see table 1). In each run, the loop was filled with approximately 80L
of de-ionized water preheated to 90°C. The water was purged constantly with nitrogen for at least
24 hours before starting an experiment. Temperatures at the outlet of the test section were always
maintained below 100°C during the experiments, so that massive bulk boiling was avoided. A
solution of suspended magnetite at the same pH as the water loop was used to fix the
concentration of magnetite at the required level. In order to compensate for the loss of magnetite
in the system (sedimentation in the tank, deposition of magnetite on the stainless steel tubing and
on various pieces of equipment of the loop), a reservoir of magnetite in suspension (1.0E-01
kg/m3) was constantly supplying the main loop at a regulated rate. The magnetite concentration
was regularly checked by atomic absorption spectrometry of withdrawn samples and was
subsequently adjusted. The pH of the system was regularly checked also and fixed at a pH value
of 7.5 by addition of 0.1, 0.01 or 0.001M nitric acid or potassium hydroxide solutions. At the
start of a run, the Alloy-800 tube was carefully cleaned with acetone and a dilute nitric acid
solution and generously rinsed with de-ionized water before its immersion in the test section. The
pattern of deposition was studied with an optical microscope.

i) In run #1, deposition of magnetite particles under sub-cooled boiling conditions was studied by
a gravimetric method. After a given period of time, the Alloy-800 boiler tube was carefully taken
out of the test section and the magnetite was removed from the tube and dissolved in a 10"3M
HC1 solution stirred for 30 minutes at 90°C. The iron content of the digested sample was
analyzed with the Perkin Elmer 3100 atomic absorption spectrometer (wavelength: 302. lnm;
glass bead injector). The experiment was repeated for different durations up to 50 hours. The
thermodynamic quality of the two-phase system is unknown.

ii) In run #2, deposition of magnetite particles under non-boiling conditions was studied using a
gravimetric technique. The second pump in the circuit was used to pressurize the test section
slightly, so that surface boiling did not occur. It was then possible to compare the deposition of
magnetite in the absence of boiling, under the same conditions of heat flux, pH, chemistry and
flow rate, with that in the presence of boiling in run #1. The experiment was repeated for
different durations up to 50 hours.

iii) In run #3, deposition of magnetite particles under sub-cooled boiling heat transfer was
determined as a function of time by a radiotracing technique. Two 3g samples of magnetite were
irradiated for 15 hours in the McMaster Research reactor to produce Iron-59, a gamma emitter
(half life = 45 days). Each sample of magnetite was mixed with 3.5g of non-radioactive
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magnetite and added to the tank to maintain the concentration at about 5.0E-03kg/m3. The
activity of Fe-59 was determined on-line by measuring the intensity of the gamma ray at
1095keV with a germanium gamma-detector positioned in front of the tube. The magnetite
source was switched in the middle of the experiment to a non-radioactive magnetite by valving in
the second tank; this was in order to quantify any mechanism involving a release of material
from the surface. The source was then switched back to the radioactive material at a different
concentration (11.2E-03kg/m3). The specific activity of the magnetite in suspension was
continuously monitored by sampling the circulating water. The thermodynarnic quality of the
two-phase system is unknown.

RESULTS

Magnetite Synthesis

The X-ray analysis confirmed the formation of magnetite particles. A SEM picture of the
magnetite prepared for that study is shown in figure 2. The particles are monodispersed and their
shape is nearly spherical with an average diameter of 0.6|im. The excellent quality of the
synthesis product is a result of a contact recrystallisation mechanism [12]. The point of zero
charge of the magnetite prepared for this study was 5.9 and the zeta-potential at pH = 7.5 was
about -17.0E-03V under the following conditions: magnetite suspension concentration about
20E-03kg/m3; potassium nitrate concentration about 0.001M. The PZC of magnetite is usually
about 6.4 at room temperature [4], but values have been shown to depend strongly on the
temperature, the way the magnetite is synthesized, and the conditions under which the
measurements are taken. In particular, the PZC will vary with the particle concentration, the
ionic strength of the medium and the concentration of the counterions [13].

Magnetite Deposition

i) The results of runs #1 and #2 are presented in figure 9. Under non-boiling conditions (run #2),
the deposition seems to be a linear function of time. Microscope examination indicated that, on
the Alloy-800 surface, the deposit is uniform around the tube, but varies in the vertical direction,
i.e. with the flow. A relatively heavy deposit is present at the bottom of the tube, but this
diminishes towards the top of the column, so that at a distance of about 2.0E-01m from the
"nose" of the tube there is hardly any deposit. The overall fouling rate seems to be linear for the
first 50 hours (figure 9). The measurements therefore indicate a constant deposition velocity
(deposition rate divided by source term or concentration), which amounts to 3.2E-07m/s. The
deposition pattern may be described using a diffusion mechanism including thermophoresis
effects.

Under sub-cooled boiling conditions, the deposition rate falls off with time. The deposition
patterns presented in figures 3, 5 and 6 suggested important differences in the mechanisms
involved under boiling and non-boiling conditions. Consider, for example, a boiling experiment.
The tube is positioned vertically in the test section. As the fluid flows along the tube, the surface
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temperature and the fluid temperature at the interface will vary. The tube will have two regions
with specific heat transfer characteristics - non-boiling and sub-cooled boiling:

- near the "nose" of the tube, the fluid temperature at the interface is still close to the inlet
temperature (90°C), and the temperature conditions on the tube and in the fluid at the interface do
not allow bubble nucleation. The conditions of heat transfer are similar to those in run #2, and a
relatively heavy deposit that resembles the one observed in run #2 can be observed (compare
figures 3 and 5).

- as the fluid flows along the tube, its temperature in the vicinity of the surface increases,
and the thermal boundary layer thickens. The surface temperature increases slightly as well.
Therefore, further along the tube, bubbles can nucleate on the surface. Cooper and Lloyd [9]
clearly demonstrated that bubble growth rate depends on the balance between the rate of
microlayer evaporation and the rate of condensation over the surface of the bubbles. The bubble
characteristics (size, shape, growth rate) will change along the tube as the temperature on the
tube and the fluid temperature at the interface vary.

In the lower part of the tube, because of the relatively cool temperature of the fluid at the
interface, bubbles will grow very slowly on the surface (growth periods were observed to extend
to a minute) and will mostly collapse while still attached to the surface. The boiling activity is
limited, and the maximum bubble diameter is relatively large (1E-03 to 2E-03m). The deposit
characteristics change completely with the appearance of bubbles, suggesting a completely
different deposition mechanism from that in non-boiling (see figure 5). Ring-shaped deposits
about 1.0E-04 to 2.0E-04m across are formed. We observed that magnetite particles collect on
the bubble surface (see figure 8). As the bubble grows, particles are continually swept down to
the tube surface where they deposit, thus explaining the ring pattern of these deposits (see figure
7a). As bubbles collapse, they release particles that were trapped in the vapour-liquid interface,
thereby ensuring a relatively high magnetite concentration near the tube surface. After a long
period, the deposit becomes relatively heavy by accumulating slowly around the bubble
nucleation point, and nucleation is stifled.

Further along the tube, the temperature of the fluid at the interface is higher and bubbles can
depart from the surface, but will rapidly collapse in the vicinity of the surface because of the sub-
cooled conditions. At a given nucleation site, bubbles are nucleating at a much faster rate (1 to 3
bubbles per second on average) and leaving the surface; the maximum bubble diameter is smaller
than in the lower part of the tube. Now, circular spots or discs of black deposit are mainly formed
(figure 4). These spots are smaller than the ones observed in the lower part of the Alloy-800
surface. The spot pattern is fairly well described by a mechanism based on the evaporation of a
microlayer underneath the growing bubble as suggested by Asakura [8]. The shape and size
evolution of the microlayer is given in figure 7b. Microlayers are wedge-shaped in cross section -
their thickness increases from the centre of the bubble to its extremity. The thickness of the
microlayer changes during bubble growth. Near the microlayer centre its thickness diminishes
progressively with time, whereas at the outer edge its thickness increases with time, suggesting
the existence of a fluid current replenishing the microlayer at a rate exceeding the rate of liquid
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evaporation [10]. The particles in suspension deposit at the same time as a dry patch in the centre
of the microlayer grows (figure7b).

ii) The results of run #3 are presented in figure 10. Data are corrected for decay to valve-in time.
The intensity of the gamma ray at 1095keV was recorded every half an hour. For clarity reasons,
the graph only shows the data points every two hours. The radiation background was evaluated
prior to the insertion of the tube in the loop and after its withdrawal at the end of the run, in order
to determine the evolution of the background during the experiment. We assumed that the
background followed the same trend as the overall build-up given by the experimental data
points. The build-up on the tube was then obtained by subtracting the background data from the
experimental data. Figure 10 presents the build-up of radioactivity on the tube as a function of
time obtained by this method.

The evolution of the source term (activity per unit volume of magnetite in suspension) was
monitored as well during the experiment. Using this value as the driving force for the deposition
process, the Kern and Seaton model for the corresponding activity build-up on the Alloy-800
tube was evaluated and compared with the experimental data (see discussion and figure 10). The
good correspondence between the data and the theory is in favour of a concomitant release and
deposition model. In particular, the rather slow readjustment of the source term after the flow
switch at 390 hours is accommodated very well by the model.

DISCUSSION

Deposition Under Non-Boiling Heat Transfer (Run #2)

The overall fouling rate seems to be linear for the 50 hours of the experiment (figure 9) and
amounts 3.2E-07 m/s. The fouling process is considered to be the combination of two
competitive stages, which usually occur simultaneously: the formation of the deposit and the
removal of the deposit.

^ ^ . Q - M i f (3)

where rrij is the mass of fouling material on the surface, and k, a coefficient characterizing the
removal rate. When boiling is absent, other authors also have reported that removal is
insignificant in the case of colloidal particles [2]. Consequently, we have a linear behavior, k, = 0
and Cb = 5E-03 kg/m3; therefore equation (3) will give IQ = 3.2E-07 m/s.

The deposition behavior may be explained using a diffusion mechanism including
thermophoresis. Thus, we postulate a two-step mechanism: a transport step, involving the
transport from the bulk of the liquid to the vicinity of the surface, followed by the attachment
step, involving the attachment of the particle onto the surface. At a pH value of 7.5, the net
surface charge of the synthesized magnetite (PZC at room temperature: 5.9) is negative and the
net charge on the Alloy-800 surface (PZC at room temperature: 8.0 [4]) is positive. Therefore,

684



the surface force field at the interface is attractive, and the deposition rate is limited by the
particle transport rate. Under these conditions, the deposition coefficient K,, is equivalent to the
transport coefficient K^

For the transport of particles to a surface under isothermal turbulent flow conditions, the rate of
mass transfer is a function of the dimensionless particle relaxation time tp+ [14]. In a liquid, the
rate of mass transfer under turbulent flow conditions is dominated by diffusion if tp+ is less than
0.01; inertial effects contribute significantly if tp+ is more than 0.02 and dominate if tp+ is more
than 0.2. The magnitude of tp+ in our study is of the order of 1.6E-05, hence diffusion should be
the dominant transport mechanism. Metzner and Friend [15] described this situation, giving the
following semi-empirical relation for the rate constant for particle transport, assuming that the
diffusion coefficient of the particles can be equated to the Brownian diffusion coefficient.

Kd = Kt = 0.084u*/Sca67 (4)

where the friction velocity u* is a function of the shear stress at the wall and of the average
velocity in the annulus, and Sc is the Schmidt number. Under the present conditions, the friction
velocity u* = 2.0E-02 m/s, the Schmidt number Sc = 1.2E+05, and therefore the theoretical
particle transport to the wall is K̂  = 6.7E-08 m/s - considerably less than the experimental Kd

obtained from equation (3).

Thermophoresis effects may contribute to the varying deposition along the tube. Thus, as the
fluid flows along the tube, its temperature in the vicinity of the surface increases, and the thermal
boundary layer thickens. The surface temperature of the tube will increase slightly as well. This
will result in an increasing thermophoretic barrier in the vertical direction of the flow. If we
include thermophoresis acting in conjunction with diffusion, the resulting overall flow rate of
particles towards the heated surface cj)d becomes [2]:

0.084u * 1 vf
* < a 2 6

where A,, and Xp are respectively the thermal conductivity of the liquid and the particles, T is the
temperature of the fluid, vf the fluid kinematic viscosity, and Q the heat flux. The thermal
conductivity of magnetite is Xp = 1.7W/(m.K) [5] and Cb=5E-03kg/m3. Therefore, the predicted
deposition rate according to equation (5) is Kj = 6.4E-08m/s; this is only slightly less than the
value calculated with equation (4), indicating that thermophoresis should have only a small
effect.

The theory clearly gives only a rough idea of the deposition rate; experimental values reported in
the literature do not match very well the predicted values either. Turner [14] in a comprehensive
analysis of particulate deposition, pointed out the large scatter of experimental values around the
predicted values. Several explanations can be put forward for these differences. For example, the
predicted rate has been calculated assuming that the Alloy-800 surface was smooth; surface
roughness is expected to enhance deposition by reducing the thickness of the viscous sublayer.
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Also, the model represented by equation (5) does not take into account hydrodynamic forces
such as the drainage force and the lift force, that have been shown to influence greatly particle
transport to a surface in a liquid [1]. In that case, the particle diffusion coefficient is a
complicated and unknown function of the distance between the surface of the particle and the
wall, the shape of the wall at the point of impact and the direction of particle motion.

The model gives only an average value of the deposition rate on the entire surface of the tube. It
does not account for the non-uniform deposition pattern in the vertical direction. A more
comprehensive model would take into account the development of the thermal boundary layer
over the tube surface, the influence of this on thermophoresis, and the effect of a depleted source
term as deposition progresses with distance.

Finally, the model is established for the transport of particles into a fully developed turbulent
flow. Under the present conditions, the length of the Alloy-800 tube (3.0E-01m) is only 3.5 times
the hydraulic diameter of the test section (8.34E-02m), which does not allow the establishment of
the boundary layer on the tube, and might account as well for the discrepancy between the
measured and predicted deposition rates.

Deposition Under Sub-Cooled Boiling Conditions (Run #1, same heat flux as Run #2; Run #3,
twice heat flux of Runs #1 and #2)

Under sub-cooled boiling conditions, the deposition rate falls off with time and removal is shown
to be an important factor of the fouling process since a shift to inactive material caused a
decrease in surface activity, even though the mass deposited should not have changed (see figure
10). Removal has been studied before, mainly under isothermal conditions. It is generally
assumed that removal is proportional to the shear stress at the wall, and its relative importance is
dependent on the strength of the cohesive forces within different layers of the deposit and the
adhesive forces between the particles and the collector surface. Removal is usually attributed to
the unsteady character of the viscous sublayer; in particular, the vertical component and mostly
the parallel component of the hydrodynamic forces acting at the wall have been shown to be
responsible respectively for sudden ejection of fluid from the surface and for inducing a rolling
motion to the particles prior to their final removal [16]. Under heat transfer conditions, thermal
stress is believed to contribute to removal, by weakening the cohesive/adhesive forces of the
deposit. However, the hydrodynamic currents associated with the departure of a bubble and the
corresponding in-flow of liquid to the surface are believed to contribute to removal. Deposits
around a nucleation site may reach a saturation point where deposition rate by microlayer
evaporation compensates exactly the removal rate and leads to a levelling off the deposit amount.

The experimental results are compared to the Kern and Seaton model [2]:

dmf

dt
=K d C b -k r m f (3)
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Consequently, for a clean surface at t=0:

Best fit values for Kj and k, were 3.8E-07 m/s and 3.7E-06 s'! respectively for run #3, and 3.5E-
07 m/s and 8.9E-06 s"1 respectively for run #1.

Detailed analysis of data in figure 9 shows that the initial deposition rate in sub-cooled boiling
(run #1) slightly exceeds the corresponding rate in non boiling (run #2). Thomas and Grigull [7]
reported that the turbulence associated with bubble departure from the surface is responsible for
an influx of liquid and particles in suspension to the surface to replace the volume previously
occupied by the bubble. The transport of magnetite is therefore enhanced by the bubbling.
Moreover, as noted previously, under sub-cooled conditions magnetite particles are collected on
the bubble surface and will be released as the bubbles collapse in the immediate vicinity of the
surface, thus ensuring a relatively high concentration at the interface. However, the increase of
the initial deposition rate under sub-cooled boiling conditions remains small, presumably
because of the relatively small boiling activity under the present conditions.

Furthermore, in the zone where bubbles nucleate, deposit is formed exclusively at the sites of
bubble nucleation (figures 4,5 and 6), suggesting that microlayer evaporation and the trapping of
magnetite particles at the vapour-liquid interface are preponderant in the deposition process.
Figure 5 in particular shows the sudden change in the deposition pattern after the appearance of
bubbles. Beyond that point, no deposit resembling the pattern on non-boiling surfaces (postulated
to be by diffusion) is observed between bubble nucleation sites (see figures 4, 5, and 6). We
believe that the vapour-liquid interface is a favourable site for particle trapping due to surface
tension effects, therefore excluding a relatively large area around the bubble for deposition by
diffusion, which would occur normally without boiling. As already pointed out, the outer edge of
the microlayer thickens with time, suggesting the existence of a fluid current replenishing the
microlayer at a rate exceeding the rate of liquid evaporation. This current might also contribute to
the mechanism by diverting particles to the base of the bubble where they continuously replenish
the microlayer with magnetite. Furthermore, the two mechanisms described in figure 7a and 7b
are believed to occur simultaneously. Their relative contributions in the overall deposition rate
are suggested to depend mainly on the frequency at which bubbles are formed and depart from
the surface. At the bottom of the tube, the bubble average residence time on the surface of the
tube is relatively long and its radius is relatively large. Therefore, the quantity of magnetite
collected at the vapour-liquid interface of a bubble is important, and the rate of deposition by the
mechanism described in figure 7a will contribute mostly to deposition, whereas deposition by
microlayer evaporation will be relatively low. Ring-shaped deposit will be preferentially formed.
On the other hand, further along the tube, the bubble formation frequency at a given nucleation
site is higher, the bubble radius is smaller and the average residence time of a bubble on the
surface of the tube is shorter. Therefore, the quantity of magnetite collected on the surface of the
bubble is much smaller, and the rate of deposition by microlayer evaporation is more important.
Small black spots will be preferentially formed.
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In boiling water, the initial deposition rate is usually considered to be proportional to the heat
flux and the concentration [8]. Under sub-cooled conditions however, our initial deposition rate
is increased by a factor of only 1.1 as the heat flux is almost doubled. In run #3 the data set for
the whole run is adjusted to the single measurement of deposit at the end of the run and depends
strongly upon the background correction, whereas in run #1, every data point is an independent
measurement. The uncertainty is therefore higher in run #3 than in run #1, and no doubt
contributes to the apparently small effect of doubling the heat flux. At the lower heat flux, the
surface coverage by these deposits is small and increases with the heat flux. The number of
active nucleation sites is known to increase with the surface temperature and the heat flux [5],
and consequently more deposit rings and spots are formed per unit surface; the number of deposit
rings and spots is closely related to the density of nucleation sites. In fact, a recent study in this
laboratory based on a gravimetric method showed that the initial deposition rate strongly depends
on the heat flux between 90 and 220kW/m2. The detailed results of these experiments will be
published in the near future.

CONCLUSIONS

- The method used to synthesize magnetite gives an excellent product of monodispersed and
nearly spherical colloidal magnetite particles with a narrow size distribution.

- Under non-boiling conditions and at pH = 7.5, the rate of deposition of magnetite particles onto
an Alloy-800 surface is constant and characterized by a deposition coefficient of 3.2E-07 m/s.
Diffusion is believed to be the main mechanism controlling the deposition, while thermophoresis
effects are calculated to play a small role. Removal is apparently negligible. Predictions based on
a diffusion model are within a factor of 5 of the results.

- Under sub-cooled boiling conditions, the mechanisms of deposition are controlled by
microlayer evaporation and by the processes of bubble nucleation and bubble growth. The rate of
deposition falls off with time. Removal was shown to be an important part of the fouling process
in this regime, and the Kern and Seaton model describes very well the experimental data.

- Deposition under sub-cooled conditions, as far as could be deduced within the scatter of results,
appears to be a weak function of heat flux.
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TABLES AND FIGURES

Heat Flux (kW/m2)
Reynolds Number
Magnetite Concentration
(kg/m3)
pHat25°C
Coolant Temperature (°C)
Pressure (kPa)
Deposition Constant K,j (m/s)

Removal Constant k,. (s1)

Boiling
Conditions

(Run#l)
100

7250
5.0E-03

7.5
90

1.6E+02
3.5E-07

8.9E-06

Non-boiling
Conditions

(Run#2)
100

7250
5.0E-03

7.5
90

3.5E+02
3.2E-07

0

Boiling Conditions
Radiotracing technique

(Run#3)
190

7250
5.0E-03 for t < 390 hours
11.2E-03 for t > 390 hours

7.5
90

1.6E+02
3.8E-07

3.7E-06

Table 1: Magnetite Deposition Experiments - Experimental Conditions and Main Results

1 Stirrer
2 Nitrogen Bubbling System
3 Heat Exchanger
4 By-pass Section

5 Alloy-800 Tube
6 Glass Column
7 Valve
8 Stainless Steel

Centrifugal Pump

Figure 1: Apparatus Set-Up

9 Stainless Steel
Reservoir

10 Heater
11 Pressure Gauge
12 Sample
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Figure 2: SEM of the Magnetite Particles Prepared by a Sol-Gel Method
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Figure 3: Deposition Under Non-Boiling
Conditions After 50 Hours Run #2 -
10 cm from the "nose" of the tube

Figure 4: Deposition Under Sub-Cooled
Boiling Conditions After 700 Hours Run #3-
10 cm from the "nose" of the tube
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Figure 5: Deposition Under Sub-Cooled
Boiling Conditions After 50 Hours Run #1
bubble nucleation starting point
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Figure 6: Deposition Under Boiling
Conditions After 50 Hours Run #1 -
10 cm from the "nose" of the tube
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deposit

Figure 7a and 7b: Proposed Mechanism for Deposition Under Sub-Cooled Boiling Conditions
7a - Sub-Cooled Conditions
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Figure 8: The Trapping of Magnetite Particles at the Liquid-Vapour Interface
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MEASURING STEAM GENERATOR PERFORMANCE
USING NON-INTRUSIVE DOWNCOMER FLOW MEASUREMENTS

C.E. Taylor, J.E. McGregor and C.A. Kittmer
i mini mi

CA0000243
ABSTRACT

Nuclear plant reliability depends directly on steam generator performance. Downcomer flow is a
good monitor of steam generator performance. It provides information critical to the efficient and
safe operation of steam generators as determined by the recirculation ratio and water inventory.
In addition, reduced downcomer flow may indicate steam generator cradding or inadequate
chemical cleaning.

This paper describes recent advances in the application of ultrasonic technology to measure flow
velocity in the downcomer annulus during operation. This technique is non-intrusive since the
measurements are taken with ultrasonic transducers mounted on the outer shell of the steam
generator. New transducers and improved installation techniques have resulted in increased
transducer reliability.

Through on-site testing, it was determined that some CANDU steam generators are experiencing
carry-under (steam from the separators is carried into the downcomer). To measure the
downcomer flow under these conditions, a different ultrasonic technique was required. A new
technique became available in 1995 and was successfully adapted for high-temperature
application. This transflection method was attached to a Bruce A steam generator in January of
1996. Whereas previous installations provided data for two to three months, this installation was
still operating when the reactors were shut down in 1997.

Options for movable measuring systems and simpler surface preparation have also been examined.
This research has determined several obstacles and some possibilities for the use of magnets in
temporarily holding the transducers at a given location. This would allow for measurements to
be taken in a larger number of locations using the same flow measurement system. In addition,
the need for minor welding on the surface of the steam generator shell would be eliminated.

Atomic Energy of Canada Limited
Chalk River Laboratories

Chalk River, Ontario
KOJ 1J0
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MEASURING STEAM GENERATOR PERFORMANCE
USING NON-INTRUSIVE DOWNCOMER FLOW MEASUREMENTS

C.E. Taylor, J.E. McGregor and C.A. Kittmer

1. INTRODUCTION

Nuclear plant reliability depends on good steam generator performance. Without a continuous
monitoring technique, steam generator performance has only been monitored by opening up the
vessel and observing the amount of fouling. A non-intrusive system now exists for determining
the recirculation ratio of an operating steam generator on a continuous basis. This system
consists of transducers and a flow meter that are commercially available and a method of
installation that has been developed within the Vibration and Tribology unit at Chalk River
Laboratories.

Downcomer flow measurements provide the following health and performance indicators for
operating steam generators:

• a measure of recirculation ratio, and indirect measure of water inventory (i.e., heat sink
capability of the boiler) The recirculation ratio is a measure of how much water is circulating
throughout the steam generator relative to the amount of steam that is being produced.
Downcomer flow velocity is directly related to the recirculation ratio, from which you can
infer the rate of tube support fouling. Fouling will increase the hydraulic resistance and
reduce the recirculation ratio. In turn, a low recirculation ratio causes more crud to deposit
on the tube supports, increasing the problem.

• a sensitive indication of changes in operating characteristics of the secondary side (e.g.,
anticipate and respond to broached plate blockage problems, before they become a major
source of maintenance and repair)

• a definite indication of any significant presence of void (carryunder from the drum to
inadequate steam separator capacity, or leakage through the shroud ports)

• a direct indication of crud build-up in the steam generator (loss of flow velocity, decreased
efficiencies and loss of production)

• a means for the operator to monitor long-term fouling trends and plan for a clean at the most
convenient outage, or possibly avoid tube support cleaning entirely through a modified
chemistry program

• a comparison before and after a clean provides a measure of the effectiveness of the clean,
confirming return to design conditions ... or not.

• a validation for computer codes used in the design of steam generators
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This measurement technology will enable nuclear power stations to ensure their steam generators
are operating at peak efficiencies with minimized production losses. This paper describes the
ultrasonic technique, summarizes some of the recent technical developments and provides actual
flow measurement results.

2. ULTRASONIC TECHNIQUES

Transit-Time Technique

Ultrasonic flow measurement is based on a knowledge of the speed of sound in various mediums.
For reflective-mode flow measurement in a steam generator, ultrasonic pulses are alternately fired
and received between upstream and downstream transducers, using the downcomer shroud wall
as a reflector (see Figure 1). Because the sound waves travelling from the upstream transducer
are moving with the water flow, they will reach the opposite transducer faster than those
travelling from the downstream transducer. The difference in time of flight between upstream and
downstream pulses, At, is used to determine the downcomer flow velocity, V/f as follows:

v =*L
' 22 Wtan6f

(1)

ULTRASONIC
TRANSDUCERS

TRANSDUCER
SPACING

».. SHROUD
WALL

Figure 1: Transit-time Technique
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where, Wis the annulus width, ay is the speed of sound in the fluid, and 6fis the angle of refraction
from the shell to the annulus as measured from the normal to the shell.

The flow meter searches for pulses in a time window that has been calculated internally from user-
provided information about the temperature and geometry. User input includes types of media,
medium thicknesses, number of passes, distance between transducers and temperature. If pulses
are detected within the calculated window, the signal quality must be verified. After a significant
number of successful transmit and receive cycles, the flow meter will calculate and output flow
data. Reference 1 provides a detailed description of the operational theory behind the transit-time
technique.

Transflection Technique

With the transit-time technique, an object (e.g., vapour bubble) that obstructs or absorbs the
transmitted pulse, will cause the measurement technique to fail. In contrast, the transflection
technique requires the presence of a reflective second phase to be able to measure flow velocity.
As with the transit-time technique, a sound pulse from the transmit transducer enters the steam
generator shell and refracts as it enters the flowing water. Any signals reflected back to the
receive transducer are analyzed and filtered to remove background noise, retaining only the signal
due to the moving bubbles or particles (see Figure 2). The time required for a bubble to move a
specified distance is used to calculate downcomer flow velocity (see Equation 2).

54.0 mm 76.2 mm

ULTRASONIC
TRANSDUCERS

(TWOS1DE-BY-S1DE)

SHROUD
WALL

Figure 2: Transflection Technique
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c l
Vf = 4Fsin<p1At ( 2 )

where: F is the ultrasonic transducer frequency, Ci is the speed of sound in the transducer wedge,
<j>i is the transducer wedge angle (measured normal to the shell), and At is the time required for
the bubble to travel a specified distance (usually 1/2X,). Reference 2 provides a detailed
description of the operational theory behind the transflection technique, and the basis for this
velocity calculation.

3. APPLYING ULTRASONIC TECHNIQUES TO STEAM GENERATORS

Several factors associated with nuclear steam generators create a difficult environment for
ultrasonic measurements. High temperatures, thick outer shells and radiation fields were
obstacles that had to be overcome in the development of a suitable measurement device.

High temperatures affect transducer lifespan, couplant selection and differential thermal expansion
of the system attaching the transducers to the outer shell. To prolong their lifespan, current
transducers must be cooled with a constant air stream when attached to steam generators. Room-
temperature couplants (liquids and pastes) cannot be used at steam generator temperatures. If the
transducer and shell surfaces are smooth and flat, and if sufficient force can be applied to mold the
couplant to the micro-contours of these surfaces, soft metals can be used as a couplant.

Considerable development was required before suitable surface preparation and clamping
techniques were established. With soft metal couplants, flat and smooth surfaces are needed to
minimize signal loss due to absorption and scattering at the couplant/wall and couplant/transducer
interfaces. In addition, parallel surfaces are required to ensure that the signal initiated at one
surface is sent directly toward the second surface. Consequently, a portable machining device
was found that could be used to produce flat, parallel surfaces by removing less than 0.5 mm from
the outer wall. In addition, the surface is polished to remove surface imperfections.

Transducer mounting hardware consisting of clamped steel rails was designed to allow higher
forces to be applied to the transducers. The steel rails also keep the transducers aligned vertically
and allow for easy adjustment of the spacing between the transducer pair. The clamping hardware
is spring-loaded to allow for thermal expansion effects while maintaining a constant pressure.
Laboratory testing showed that significant signal loss would occur if the original mounting
pressure was not maintained.

Wall thickness affects the signal strength due to natural diffusion/absorption of the sonic pulse as
it passes through the carbon steel. The steel walls of CANDU nuclear steam generators are
typically more than 54 mm (2 in.) thick to safely contain shell-side pressures of about 4.5 MPa
(260 °C). Because the steam-generator walls are much thicker than the pipe walls generally
encountered in ultrasonic flow measurement, the signal strength for this application is low. Faced
with a signal of limited strength, it is even more important to be sure that the transducer-to-shell
couplant is minimizing the signal loss.
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Flow-meter parameter settings suggested by the manufacturer of the flow meter were not suitable
for steam generator applications. Laboratory tests were undertaken to determine appropriate
parameter settings and to understand the limitations of the flow meter device. Further details are
provided in References 1 and 2. In addition, laboratory tests were carried out to confirm the
calibration of the ultrasonic flow meter techniques at room-temperature and at steam generator
operating conditions [2]. These tests indicate that the measurement system is accurate to about
±10 percent of the flow at velocities above about 0.2 m/s. Room-temperature tests indicated that
upstream flow disruptions (producing eddies and vortices) had little impact on the transit-time
signal. However, as little as 0.3 percent void fraction was sufficient to disrupt the flow
measurement process with the transit-time technique. In contrast, the transflection technique was
found to require about 0.1 percent void fraction and was still operational at 30 percent void
fraction. Figure 3 shows the combined transit-time and transflection measurement system that
was used in laboratory tests.

Figure 3: Transit-time and transflection combined measurement system used in laboratory tests
and subsequently installed at Bruce NGS 3
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Radiation fields of 1.5 R/hr during reactor operation restrict access of personnel to the boiler face.
This restriction precludes the possibility of performing minor tests and adjustments of installed
equipment while the reactor is operating. The inability to make adjustments after the steam
generator was at operating temperature caused significant time delays in the development of this
ultrasonic measurement system.

4. RECENT RESEARCH

4.1 Optimizing Surface Finish Techniques

During actual steam generator installations, it has been observed that the force required to obtain
an adequate signal strength varied from site-to-site. This was believed to be due to variations in
the surface preparation produced while machining and polishing the transducer contact areas.

A test program was conducted to assess the effect of surface preparation on signal strength.
Eight test disks were machined from a carbon steel plate. The top and bottom surfaces were
made parallel with a surface grinding process. The bottom surfaces were then flat lapped to
ensure consistent signal transmission characteristics at the water/steel boundary. Additional top
surface treatments were performed on all disks except Disks A and B (see Table 1).

For all of the tests, a 25.4 mm test plate was positioned over 76.2 mm of room temperature water
(see Figure 4) to simulate a downcomer geometry. The bottom of the tray acted as the
downcomer shroud wall to reflect the signals. Disk A was set into the left-side opening and was

Table 1: Summary of Top Surface Conditions for the Carbon Steel Disks

Disk

A

B

C

D

E

F

G

H(a)

H(b)

Type of Finish

ground

ground

lapped

milled/lapped

polished

machine lapped

machine lapped

milled

polished

Details

machine shop

machine shop

lapping plate with
14 p,m abrasive

current portable
milling technique

metallographic 3 [im
abrasive

5 |im abrasive

14.5 .̂m abrasive

portable mill

previous technique
used before Sept 95

Ra(nm)
1.19

1.91

0.455

0.361

0.361

0.509

1.85

1.85

0.217

Rz (urn)
8.54

15.0

3.44

2.80

1.65

4.37

2.93

15.5

3.23

Curvature

flat

flat

convex 5.0 \im

convex 2.5 \im

convex 3.0 |j.m

flat

flat

saw-tooth profile
30 pin variation

wavy profile with
26 |im variation
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Figure 4: Photograph of Test Plate with Transit-Time Transducer Hardware

left in place as a reference while disks were changed and forces were measured on the right side
of the test plate. Signal transmission through Disks B to H was tested as the transducer clamping
force was adjusted from 0 to 11,000 N. The results of these tests are shown in Figure 5.

The current portable milling/lapping technique (Disk D) provides signal strength results that are
similar to those of a highly polished disk (Disk E). The previous portable milling techniques did
not produce a flat surface and therefore resulted in significantly lower signal strength. The results
show that flatness variations up to 5.0 \im, peak to valley surface roughness(Rz) of 5.0|xm and
clamping forces of 6000 N are sufficient to produce efficient signal transmission.
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Figure 5: Signal Strength vs Coupling Force for all Test Disks

701



Figure 6: Single Magnetic Clamp with
Transducer Force Measurement Set-Up

4.2 Magnetic Transducer Attachment

Figure 7: Tandem Magnetic Clamp

The possibility of high-temperature magnets replacing welded studs on the sides of steam
generators was tested by considering the effect the wall curvature on the clamping strength. Two
magnetic clamps were set up with a piezoelectric force transducer fitted between the clamping
bracket and a transit-time transducer (see Figures 6 and 7). Brass shim stock was placed between
the magnets and a test plate to measure the relationship between magnet gap and coupling force
(see Figure 8).

Clamping force from the single magnetic clamp was limited to 700 N due to off-axis loading.
With the tandem clamp, a clamping force of 4600 N was achieved without a shim. The
manufacturer's specified maximum holding force of 4198 N was exceeded when the gap between

5000
-A-SINGLE MAGNET

- * - TANDEM MAGNET

0 0.80.2 0.4 0.6

SHIM THICKNESS (mm)

Figure 8: Magnetic Clamp Coupling Force vs. Gap between Magnet and Surface
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the magnet and the steel plate was less than 0.00762 mm. To obtain this gap specification with a
steam generator, the magnet would have to be machined to fit the curve of the outer wall. In
addition, a more powerful magnet would have to be used to produce the required clamping force
of 6000 N, as measured in Section 4.1. A possible alternative that has not yet been tested is a
custom manufactured electronically switched permanent magnet. The estimated weight for this
magnet would be 15 kg and a clamping force of 10,000 N would be possible. The milling
equipment also uses the welded studs and, therefore, this equipment would have to be redesigned
to use magnetic clamping.

4.3 Improved Transducer Lifespan

Previously available transducers used at CANDU steam generator temperatures would fail within
a few months if no cooling was applied. Therefore, methods to cool these transducers were
developed. Recently, more reliable high-temperature transducers have been developed by the
manufacturer, but have not yet been used in steam generator applications. These longer lifespan
transducers are scheduled to be installed at Bruce NGS 8 in the summer on 1998. This new
development in transit-time transducers will eliminate the need for air-cooling if the steam
generator is not susceptible to carryunder in the downcomer. Research is now underway to
determine if these new "waveguide" transducers can be welded directly to the outer wall of the
steam generator. Welding directly would significantly simplify transducer installation.

5. FIELD APPLICATIONS

The first successful in-service application of the transit-time technique was at Bruce Nuclear
Generating Station (NGS) 3 in the spring of 1993. Since then, installations have taken place in
Bruce-4, Darlington-2, and most recently again at Bruce-3 where both transit-time and
transflection equipment were installed. As well, the transit-time transducers have been installed at
Gentilly-2 on feedwater piping to accurately monitor the flow of water to the steam generator. In
all cases, the flow measurement system worked well, with the following results:

• A crudded steam generator gives results indicating a recirculation ratio well below design
specifications!!].

• The transit-time technique worked well at Bruce at lower powers on both a crudded and a
chemically-cleaned steam generator. However, at high powers the technique failed, probably
because of steam carryunder, hence the need for the transflection technique[2]. As reactor
power increases, more steam is forced through the separators and the likelihood of carryunder
increases. A cleaned steam generator will have the potential for more carryunder than when
it's fouled, because the separators have more load when the steam generator is clean.

• Successful transit-time flow measurements up to 100 percent power were achieved at
Darlington NGS 2 (see Figure 9) [2]. The velocity at full power shows excellent agreement
with the value predicted using THIRST, a thermalhydraulic computer code for analyzing
steam generators.

703



• A1996 dual mode installation (transit-time and transflection) at Bruce worked well [3].
Transflection flow measurements up to 75% reactor power were achieved (previously
unattainable with transit-time alone). The system was still working when the reactor was shut
down (-1.5 years of operation).
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Figure 9: Downcomer Row Velocity as a Function of Reactor Power
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6. CONCLUSIONS

A non-intrusive ultrasonic flow measurement system has been successfully used to measure
downcomer flow velocities in operating steam generators. Predicted velocities using the THIRST
code (a thermalhydraulics computer code) are in agreement with the measured velocities.

Recent advances in transducer technology have overcome earlier limitations and resulted in a
transit-time transducer that does not require cooling and will last for many years. Research is
underway to determine if this transducer can be welded directly to the surface of the steam-
generator outer wall.

The transflection technique has been used successfully to measure downcomer flow in a steam
generator with carryunder. With air-cooling, this technology can provide reliable measurements
indefinitely.

Recent research has shown that significant development would be required to use magnets to
replace welded studs in the installation of ultrasonic measurement systems. Even in short term
applications, the permanent magnets have not been shown to be reliable.

Many laboratory tests have been carried out to perfect the surface preparation so that a strong
signal is obtained. The test specimens prepared with the current portable/milling technique
performed as well as highly-polished, laboratory-prepared test specimens.
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DEVELOPMENT OF AN ON-LINE PROCESS FOR STEAM GENERATOR
CHEMICAL CLEANING

J. Semmler, D.A. Guzonas, S.C. Rousseau, A.P. Snaglewski, M.P. Chenier

ABSTRACT

An on-line, preventative chemical cleaning process for the removal of secondary side
oxides from steam generators is being developed. An on-line chemical cleaning process
uses a low concentration of a chelant (-1-10 mg L'1) to partially dissolve and dislodge the
secondary side oxides while the steam generator is in operation. The dissolved and
dislodged oxides can then be removed by blowdown. Feasibility tests were carried out in
which the operating conditions of a CANDU® steam generator were simulated in an
autoclave containing either loose powdered magnetite or sintered magnetite on Alloy 800
(1-800) steam generator tube surfaces. The extent of magnetite dissolution in on-line
solvent formulations containing either ethylenediaminetetraacetic acid (EDTA) or N-(2-
hydroxyethyl)ethylenedinitrilo-N,N',N'-triacetic acid (HEDTA) at temperatures of 256
and 263°C were measured. Powdered magnetite dissolved faster than sintered magnetite
using both types of chelant. Dissolution continued as fresh chelant was added. The half-
life (ti/2) of Fe-EDTA complexes at 256°C was approximately 3 h, sufficient to allow
removal by blowdown. Hydrazine and morpholine were equally effective as oxygen
scavengers. Increased dissolved oxygen concentration was found to result in chelant
decomposition, reduced solvent capacity and increased carbon steel corrosion. Total
corrosion of several materials relevant to CANDU stations were measured in 96-h tests.
To minimize corrosion, low concentration of chelant and a high concentration of an
oxygen scavenger should be used. The results from these feasibility tests are currently
being used to define the application conditions for large-scale tests of on-line chemical
cleaning in a model steam generator.

Reactor Chemistry Branch
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DEVELOPMENT OF AN ON-LINE PROCESS FOR STEAM GENERATOR
CHEMICAL CLEANING

J. Semmler, D.A. Guzonas, S.C. Rousseau, A.P. Snaglewski, M.P. Chenier

INTRODUCTION

Traditionally, chemical cleanings of the secondary side of steam generators are carried out
off-line and on a remedial basis. World wide, numerous steam generator chemical
cleanings have been carried out using either the non-proprietary process developed by
Electric Power Research Institute-Steam Generator Owners Group, the EPRI-SGOG
process, or the proprietary Siemens/Krafrwerk Union (KWU), Framatome Technology
Inc. (FTI) and Electricite de France (EdF) chemical cleaning processes. The EPRI-SGOG
and the EdF processes are generally applied during a plant outage. The Siemens and the
FTI iron removal solvent can be applied during a plant outage or while the reactor is
shutting down or starting-up, to take advantage of the heat flux from the primary to
secondary side of the steam generator.

Regardless of the process used, a plant chemical cleaning is a major task requiring a
considerable amount of engineering planning and implementation. Chemistry and
corrosion issues have to be addressed through an extensive qualification test program.
Liquid waste on the order of millions of liters is generally produced, and must be
processed and treated at high cost. Added to this is the loss of revenue if shut-down is
extended to perform a chemical cleaning and water lancing of the sludge pile in the steam
generator.

The development and application of an on-line chemical cleaning process would allow the
preventative cleaning of steam generators. An on-line chemical cleaning process uses a
low concentration of a chelant (-1-10 mg L"1) to partially dissolve and dislodge the
secondary side oxide while the steam generator is in operation. The dissolved and
dislodged oxides can then be removed by blowdown. The low concentration of a chelant
used would be expected to be less corrosive than an off-line process. Minimal plant
modifications would be required even if the existing chemical injection system of the plant
could not be used. An on-line cleaning process will prevent sludge build-up and tube
denting by keeping the tube surfaces, crevices and the broach plates clean. As such it
could be used on a periodic basis (preventative cleaning) to maintain steam generators in a
clean state before fouling, sludge build-up and under deposit corrosion affect plant
operation.

The benefit of using organic chelants, specifically tetrasodium ethylenediamine-
tetraacetate (Na4EDTA), for control or elimination of deposit accumulation in low to
medium pressure boilers (~900 psi) was demonstrated as early as 1946-1950. The Dow
Chemical Company (DCC) operates numerous fossil-fired boilers in the pressure range
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150-1900 psi. Since 1960, a number of these boilers have been using various salts of
ethylenediaminetetraacetic acid (EDTA) on a continuous basis.(1'3) On-line chemical
cleaning processes for the removal of secondary side deposits have been developed and
applied in Russia since 1971. Prior to the application of these processes in nuclear power
plants, the Russians had applied on-line chemical cleaning in conventional fossil fuel
boilers since 1967. Numerous reports have appeared in the Soviet literature on successful
use of EDTA or Na2H2EDTA as a continuous "on-line" treatment in secondary water
systems in nuclear power plants. Claims have been made for both prevention of deposit
formation and corrosion protection/4'55

In this report the results from feasibility tests for the development of an on-line chemical
cleaning process are presented. These tests demonstrate that under the operating
conditions of a CANDU steam generator, magnetite can be dissolved in organic chelants
such as EDTA and N-(2-hydroxyethyl)ethylenedinitrilo-N,N',N'-triacetic acid (HEDTA),
and the Fe-chelant complex formed can be retained in the solution for sufficient time to be
removed by blowdown. The effect of dissolved oxygen on dissolution and corrosion, the
rate of thermal decomposition of several organic components, and the corrosion of some
materials are presented.

EXPERIMENTAL

A 2 L static autoclave constructed from Hastelloy C was used for the tests (Figure 1).
The autoclave temperature was controlled by the use of three thermocouples inserted in
the autoclave wall, in the bulk solution, and by a cartridge heater situated in an Alloy 800
(1-800) thermowell. The cartridge heater transferred heat from the primary to the
secondary side of a steam generator tube. The autoclave was equipped with a solvent
injection line, and a separate line for sampling the solution through a water cooled
condenser. The autoclave was periodically sampled for dissolved elements and pH.

One day prior to each test, the autoclave containing Milli-Q water adjusted to pH 9-10
using a combination of either hydrazine and ammonium hydroxide, or morpholine and
ammonium hydroxide, was evacuated and purged until the dissolved O2 level was below
10 ug L'1, and brought to temperature. The concentration of dissolved oxygen was
measured by sampling under an Ar purged glove bag and reading the concentration using
CHEMets™, a self filling ampoule used for colorimetric analysis of oxygen. Two
methods were used for hydrazine determination. For a rough estimate of hydrazine
concentration a colorimetric method using CHEMets™ was used. For a more accurate
reading of hydrazine concentration, one mL of HydraVer™ 2 Hydrazine Reagent was
added to the sample and the hydrazine concentration was measured at 455 nm using
HACH™DR/2000 Spectrometer.

Powdered magnetite, or a piece of 1-800 tube with sintered magnetite on the surface, was
used to investigate magnetite dissolution. Tests were carried out using 1,3,6 and 18
solvent injections, with initial EDTA or HEDTA concentration of 100 mg L"1 at pH 9-10.
Solvent injection was carried out at temperature. Although the number of solvent
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Figure 1: Schematic diagram of a 2 L autoclave showing the components and valves of the
autoclave.

injections was different for each set of tests, the interval between the injections was always
one hour, during which two to four samples were withdrawn for analysis. UV-Vis
absorption spectroscopy using the absorption of Fe-1,10 o-phenanthroline complexes at
510.4 nm was used to measure the dissolved iron concentration. Inductively Coupled
Plasma (ICP) atomic emission spectroscopy was used to determine the concentration of
dissolved Ni, Cr, Mn and Fe in several tests. The integrated areas in high performance
liquid chromatograms (HPLC) were used to monitor the changes in the concentration of
several Fe organic complexes as a function of time.

A coupon ring was used to hold corrosion coupons around the thermowell. Total free
corrosion for carbon steel of types SA515-gr.7O and SA106-B, and Alloy 600 (1-600) and
1-800 was measured in three different solvent formulations after 72 h exposure to the
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chemical cleaning solvent, and after 96 h of exposure to the steam generator operating
conditions.

RESULTS AND DISCUSSION

Dissolution of Powdered and Sintered Magnetite in EDTA and HEDTA Solvents

Magnetite dissolution tests were carried out using solvents containing 100 mg L'1 EDTA,
adjusted to pH 9-10 using either 100 u,g L'1 of hydrazine or morpholine, and ammonium
hydroxide. One to 18 solvent injections were used in an autoclave containing powdered
magnetite under simulated secondary side steam generator operating conditions (T=256
and 263°C, P=680-800 psi, dissolved O2<10 \x.g L"1). The choice of 100 mg I/1 of EDTA
for each injection ensured sufficient dissolved Fe (>1 mg L"1) in the solution for the
UV-Vis spectroscopic measurements.

The rate of dissolution of magnetite in EDTA solutions at 256°C was very rapid and most
of the EDTA reacted within 5-10 min of solvent addition (Figure 2). At this point,
magnetite dissolution stopped. Magnetite dissolution continued with each fresh EDTA
addition, proceeding until the EDTA was again depleted in solution. As expected, the
dissolved Fe concentration increased by a factor of two after the second injection and a
factor of three after the third injection. From Figure 2, it can be seen that the Fe-EDTA
complex is stable in the solution for the period monitored. All of the EDTA injected
reacted with powdered magnetite within 5-10 min after injection.

Secondary side deposits in steam generators are present as a sludge pile in the tube sheet
area, as hard adherent deposits on tube surfaces, and as loose particulates inside the steam
generator. Often during a chemical cleaning, the loose oxides dissolve first, while the
sludge pile or tube surface deposits require a longer time to dissolve. Therefore, several
chemical cleaning tests were carried out using sintered magnetite on 1-800 tubes, instead
of powdered magnetite.

The rate of dissolution of sintered magnetite was lower than the rate of dissolution of
powdered magnetite, but exhibited the same overall trend (Figure 2). After each solvent
injection the concentration of dissolved iron increased. Dissolution was not complete
within the first 5-10 min after solvent addition, requiring approximately 1 h to reach a
plateau. The amount of EDTA reacted with the sintered magnetite at the completion of
the third injection was approximately 66% of the total amount of EDTA injected into the
autoclave. This shows the greater difficulty in dissolving hard magnetite deposits, which
allows a portion of the un-reacted EDTA to thermally decompose.

A similar behavior for the dissolution of both powdered and sintered magnetite was
observed at 263°C (Figure 3). However, during the powdered magnetite dissolution, the
concentration of dissolved Fe in solution decreased more rapidly than at 256°C, due to the
more rapid thermal decomposition of the Fe-EDTA complexes at this temperature. During
the dissolution tests at 263°C, approximately 90% of the total EDTA injected dissolved
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Figure 2: Dissolution of powdered and sintered magnetite in EDTA solvent at 256°C.

the magnetite at the completion of the third injection. In addition, 55% of the total EDTA
formed complexes with magnetite.

The decomposition of hydrazine to form ammonia can cause corrosion of copper bearing
components. Tests were therefore carried out using morpholine rather than hydrazine as
an oxygen scavenger. Using morpholine, dissolved oxygen concentrations of less than 10
(j,g L'1 could be obtained. Dissolution of powdered magnetite was measured using 100
mg L"1 EDTA, pH 9.5, using either hydrazine or morpholine as an oxygen scavenger
(Figure 4). All (100%) of the EDTA injected formed complexes when hydrazine was
used, while 98% of the EDTA formed complexes when morpholine was used. The slight
(2%) difference showed that either compound could be used in an on-line chemical
cleaning formulation.

Metal complexes of HEDTA have been shown to be thermally stable at high temperatures.
The effectiveness of HEDTA in dissolving magnetite was investigated and compared to
EDTA (Figure 5). It can be seen that HEDTA can dissolve magnetite, but the extent of
magnetite dissolution was slightly lower than with EDTA. Under similar experimental
conditions, 100% of the EDTA and 94% of the HEDTA injected were consumed by
dissolution of powdered magnetite.

Thermal Decomposition of Fe-EDTA, Fe-HEIDA, Fe-IDA and Fe-EDDA at 256°C

The rate of decomposition of EDTA increases with increases in temperature in the range
93-250°C. For example, EDTA half-lives of 32.9 h at 150°C, and 6.8 min at 250°C were
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Figure 4: Dissolution of magnetite in EDTA solution, pH 9.5 at 256°C using either
hydrazine or morpholine as oxygen scavenger.
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300

Figure 5: Dissolution of powdered magnetite at 256°C in EDTA and in HEDTA.

measured/65 The major EDTA decomposition products are N(2-hydroxyethyldiamino-
diacetic acid (HEED A), iminodiacetic acid (IDA) and N-(2-aminoethyl)-iminodiacetic acid
(EDDA). The concentration of decomposition products depends on the temperature and
the length of heating at that temperature.

The thermal stability of the free chelant is important; short-lived chelants will decompose
before they can dissolve deposit. Two of EDTA decomposition products, HEIDA and
IDA, are also (weaker) chelants, and can complex metals found in steam generator
deposits/75

The dissolution of magnetite in EDTA, HEIDA, IDA and EDDA was studied at 256°C.
Changes in the concentrations of the initial components, iron complexes and
decomposition products were monitored over 8 h using HPLC. From the changes in the
peak intensity of the Fe-EDTA peak in chromatograms, the half-life of the complex was
determined. Changes in the total dissolved Fe with time was also monitored using ICP.

Initially, a strong peak due to EDTA was observed with a peak intensity of 97.7% of the
total. After 5 min at 256°C, a new peak, due to Fe-EDTA, appeared, with a peak area of
about 76% of the total. The intensity of the EDTA peak had decreased to 5.2%. After 15
min, about 70% of the Fe-EDTA and 1% of the free EDTA remained. It appears that at
256°C, the Fe-EDTA complex is completely formed within 5 min of the addition of
EDTA. The remaining free EDTA decomposes rapidly. The Fe-EDTA complex de-
composes at much lower rate (ti/2~3 h). Figure 6 shows the changes in the concentration
of dissolved Fe in EDTA, HEIDA, EDA and EDDA with time measured using ICP.

The portion of EDTA that does not complex decomposes to HEED A, IDA and EDDA.
The extent of complexation of Fe with these reagents and their thermal stabilities were
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and Fe-EDDA complexes at 256°C.

measured. EDTA complexed the most Fe, and therefore dissolved the most magnetite,
followed by HEJDA, IDA and EDDA (Figure 6). The concentration of dissolved Fe using
EDDA was at the background level. When free EDTA decomposes, the HEIDA and IDA
formed will therefore also dissolve magnetite, though at a slower rate and with a reduced
capacity. The Fe-HEIDA has a high thermal stability, the complexes of Fe-HEIDA can
still be detected in the solution after 8 h.

Thermal Decomposition of Hydrazine at 256°C

The thermal decomposition of hydrazine at pH 9.5 and at 256°C in the presence and
absence of EDTA was measured to determine hydrazine replenishment timing. Hydrazine
decomposition exhibited a complex time dependence. The rate law was clearly first order
with respect to hydrazine concentration at a 600 fig L"1 initial hydrazine concentration. At
lower initial hydrazine concentrations the rate law appeared to be second order in
hydrazine concentration. The observed kinetic behavior is most likely the result of two
parallel reactions: the reaction of hydrazine with oxygen, and the thermal decomposition
of hydrazine. The overall reaction of hydrazine with oxygen is given in Equation [1]

[1]

[2]

[3]

0 2 -> N2 +2H2O

At the same time, thermal decomposition of hydrazine can occur via:

3N2H4-»4NH3

or
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These thermolysis reactions can be catalyzed by oxide surfaces or dissolved metal ions. At
high hydrazine concentrations, the thermal decomposition reaction dominates, resulting in
a first order rate law. At lower initial hydrazine concentrations (100-300 ug L'1), a
combination of reactions [2] and [3] results in a more complex apparent rate law. In
Figure 7, changes in the concentration of hydrazine with time starting at initial
concentrations of 100, 300 and 600 (ig L"1 at 256°C are shown. Initially, the
disappearance of hydrazine is primarily via the reaction with oxygen, and the rate of
disappearance of hydrazine is rapid. When the oxygen is consumed the remaining
hydrazine disappears following a first order rate law, having essentially the same slope at
each initial hydrazine concentration. An average value for the half-life of 42.4 ± 8.4 min
was obtained, in reasonable agreement with the value of 36.9 min reported previously/85

The reaction with oxygen becomes more significant as the hydrazine concentration
decreases. At low hydrazine concentrations, the previous history of hydrazine injections
into the autoclave was important, probably through the amount of oxygen present in the
autoclave. At 600 ug L'1, no dependence on the autoclave history was observed.

50

Time (nan)

Figure 7: Thermal decomposition of hydrazine at 256°C as a function of time at starting
hydrazine concentration of 100, 300 and 600 ug L'Jin the absence of EDTA.

Surprisingly, the rate of decomposition with EDTA present was about twice that in the
absence of EDTA. At 200 and 300 ug L'1 initial hydrazine concentration, a first order rate
law was found, in contrast to the more complex behavior noted in the absence of EDTA.
The half-life for hydrazine decomposition was 23.3 min in the presence of EDTA,
compared to 42.4 min in the absence of EDTA. The rate of hydrazine decomposition at
100 ug L*1 hydrazine was even shorter, only 10.5 min. It is not clear why EDTA speeds
up the rate of hydrazine decomposition. Metal ions are known to catalyze hydrazine
decomposition reactions. Although the autoclave was lined with a passivated zirconium
liner, it is likely that EDTA corrodes the sample bomb prior to injection. This would
introduce some (complexed) metal ions into the autoclave, which could catalyze the
thermal decomposition of hydrazine.
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Corrosion of CANDU Steam Generator Materials in On-line Chemical Cleaning
Solvent Formulations

The total corrosion of SA515-gr.7O and SA106-B carbon steel, and of 1-600,1-800
coupons and 1-800 steam generator tube was measured in three 96 h tests, consisting of
18 solvent injections under steam generator operating conditions (Table 1). Six each of
SA515-gr.70 and SA106-B carbon steel coupons, and 3 each of 1-800 and 1-600 coupons
were used. Six solvent injections were carried out each day. In tests 1 and 2 the effect of
hydrazine concentration at high EDTA concentration was investigated. In tests 1 and 3,
the effect of EDTA concentration at high hydrazine concentration was investigated. Equal
amounts of magnetite were used in these tests.

It should be pointed out that during the application of an on-line chemical cleaning in a
steam generator, blowdown will continuously be removing a portion of the solvent and the
dissolved metals, and corrosion of materials may be reduced. In addition, since a constant
flow of fresh solvent will be introduced, higher oxide dissolution may be obtained. During
the tests reported here, solvent injection and solvent withdrawal (simulating blowdown)
were only carried out for 6 h per day.

At high EDTA concentration, the total free corrosion for all materials tested was highest
at the lower hydrazine concentration (tests 1 and 2). At high hydrazine concentration
(tests 1 and 3), corrosion was higher when higher amounts of EDTA were used. At lower
EDTA concentrations, corrosion was reduced but less magnetite was dissolved. This
suggests that to reduce corrosion, lower quantities of EDTA should be injected, perhaps
over a longer period of time.

Magnetite dissolution and the total dissolved Fe, Ni, Cr and Mn were also monitored
during these tests. The total dissolved Fe was the sum of the iron released by corrosion
and by magnetite dissolution, and contribution from these processes were separated by
subtracting the Fe from corrosion (determined by weight loss) from the total Fe. All of
the EDTA injected during the first day of the test 1 (using total of 914 mg I/1 EDTA and
914 ug L'1 hydrazine) was consumed, and the data points from the free EDTA and
complexed EDTA overlap. However, during the second and the third day of solvent
injections, a slight difference between the added EDTA and the complexed EDTA was
found, which increased with time. The dissolved Ni (and to a much lower extent,
dissolved Cr and Mn) increased with greater EDTA addition. Both 1-800 (32%) and I-
600 (77%) contain Ni. In addition, the thermowell inside the autoclave is made of 1-800,
although it was assumed that the surfaces of the thermowell were passivated, therefore
contributing little Ni. The ratio of dissolved Fe to dissolved Ni was increasing with time
during the first day, suggesting that magnetite was dissolving during the first day of
solvent injection. A similar increase in this ratio was observed during the first few hours
of the second day of solvent injection, but it started to decrease halfway through the
second day. A similar behavior was observed during the third day of solvent injections.

Using 923 mg L'1 EDTA and 221 ug L"1 hydrazine (test 2), a reduction in the total amount
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Table 1: Total Corrosion (urn) of Several Steam Generator Materials using 3 On-line
Chemical Cleaning Solvent Formulations at T=256°C, P=680-710 psi, O2<10
ugL'1, pH=9.5, for 96 h.

Material Tested

SA515-gr.7O
SA106-B
1-600
1-800
1-800 SG tube

Test 1
914 mg I/1 EDTA
914ugU1N2H4

2.51±0.21
2.10±0.22
0.80±0.04
0.15+0.03

0.29

Test 2
923 mg L'1 EDTA
221ugI/1N2H4

3.14±0.60
2.93±0.06
1.20±0.08
0.43+0.01

0.40

Test 3
130 mgU1 EDTA
1300 \ig L^NjHt

0.39+0.02
0.34+0.02
0.01+0.01
0.07+0.01

0.12

of dissolved Fe was observed. During the first day of solvent injection, not all of the
EDTA was complexed and the concentration of dissolved Ni was higher compared to the
test with a higher amount of hydrazine. During the second and the third day the difference
between the free and complexed EDTA increased. The Fe/Ni ratio decreased during the
first day of solvent injection, indicating an increase in corrosion with time. There was a
slight increase in the Fe/Ni ratio with time during the second and third day of solvent
injection. Using 130 mg L'1 of EDTA and 1300 p.g L"1 of hydrazine (test 3), there was a
decrease in the Fe/Ni ratio during the first three solvent injections of the first day,
indicating corrosion was initially occurring. However, during the fourth injection on the
first day, magnetite dissolution dominated corrosion. The Fe/Ni ratio during the second
and third day of the test continued to increase; most of corrosion during this test probably
occurred during the first day.

Only for test 1, using a total of 914 mg L"1 EDTA and 914 ug L"1 hydrazine all of the
EDTA added to the system was used to complex metals. When 130 mg L"1 EDTA and
1300 u.g L"1 hydrazine were used (test 3), only a 60% efficiency was found for the
dissolution. It appears that the best solvent formulation to obtain magnetite dissolution
effectiveness and to minimize corrosion is to combine a high concentration of hydrazine
with a low concentration of EDTA. The presence of sufficient hydrazine reduces
dissolved oxygen, minimizing corrosion.

CONCLUSIONS

Autoclave tests simulating CANDU steam generator operating conditions at temperatures
of 256 and 263°C, pressure of 680-800 psi, pH 9-10 and with dissolved O2< 10 fig L"1,
have demonstrated the suitability of several on-line chemical cleaning solvent formulations
for magnetite dissolution. EDTA was a more effective chelant under these conditions than
was HEDTA, and the iron complex formed was more thermally stable. The iron complex
was sufficiently stable to be removed by blowdown. Either hydrazine or morpholine could
be used as an oxygen scavenger during the process. The results show that magnetite
dissolution continues as long as fresh EDTA or HEDTA is injected into the system. The
dissolution reaction proceeds rapidly at 256 and 263°C, being completed in less than 5
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min. Magnetite sintered on tube surfaces was more difficult to dissolve than powdered
magnetite. The thermal decomposition of EDTA is a competing reaction, removing un-
reacted EDTA from the system quickly. Several of the EDTA decomposition products
are also chelants, and will therefore also dissolve deposits until they too decompose. The
corrosion of system components can be minimized by using low concentrations of chelant,
and a high concentration of oxygen scavenger such as hydrazine. These results are
currently being used to define the application conditions for large-scale tests of on-line
chemical cleaning in a model steam generator.
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DIVIDER PLATE LEAK INSPECTIONS USING AN ACOUSTIC TOOL 'ALIS'

John Kowalewski and Mike Colbert

ABSTRACT CA0000245

Divider plate leakage in the primary head of steam generators may be a
contributor to high Reactor Inlet Header Temperature (RIHT) which can have a
negative effect on the operation of a plant. A method to provide quick
information of divider plate leakage can be very useful in helping operators to
make timely and cost effective repair and maintenance decisions. As part of a
CANDU Owners Group (COG) funded program, a novel acoustic tool for
performing inspections in empty steam generators during a shutdown has been
developed and successfully demonstrated by Ontario Hydro Technologies
(OHT).

The basic principle of this technique utilizes sound transmission through the
leakage paths of a divider plate assembly for creating a graphic image which
reveals the locations and relative sizes of leaks. This is accomplished by
injecting one side of the primary head with a series of airborne, ultrasonic sound
bursts while scanning the divider plates from the opposite side and collecting
transmitted sound pressure levels. Once a scan is completed the results are
processed and displayed graphically as a color mapping of the entire divider
plate assembly showing an image of the leakage locations and relative severity.

The special transducers of the acoustic leak inspection system (ALIS) are
installed through the manways of the steam generator at both sides of the
primary head. These are clamped to the tube sheet and operated from a
convenient remote location within the containment building. This process
minimizes radiation exposure of the workers; as well, it reduces risk of
contamination of the ALIS equipment. The current version of this tool performs
the scans by remote manual control.

Ontario Hydro Technologies
800 Kipling Avenue, KB 214
Toronto, Ontario, Canada

M8Z 5S4
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DIVIDER PLATE LEAK INSPECTIONS USING AN ACOUSTIC TOOL 'ALIS'

John Kowalewski and Mike Colbert

INTRODUCTION

In a CANDU steam generator, pressure differential between the inlet and outlet
sections of the primary head can force primary coolant to flow across the divider
plates through a number of potential leakage paths. The main concern is with
divider plate designs consisting of segmented, bolted panels. Suspect places
are all the joints along the tube sheet, divider plate segments, and curvature of
the bowl. Degradation may also take place along the leakage paths and this can
contribute to unwanted increases in RIHT (reactor inlet header temperature).

Potential leakage paths are typically through indirect routes between lap joints,
set bars, or bolt holes. These can be expected to vary in size, shape, and
location over the divider plate wall, which is typically 3.5 cm in thickness.
Consequently it is not easy to identify and to quantify these paths without
considerable effort, particularly while working in a radioactive environment and
likely with limited outage time.

In order to address this problem, the use of sound energy transmission through
the leakage paths of a divider plate assembly was investigated. The basic
principle is that sound, in an airborne medium, has the capability for effective
propagation through apertures passing across a dividing barrier. Basically,
airborne sound with specific characteristics, can "leak" through very small cracks
of random shape and direction similar to a fluid with pressure differential (AP).
Such acoustic leaks have been studied in architectural acoustics for evaluating
divider walls in buildings.

Based on this principle, the approach taken was to develop a technique for
identifying the locations and obtaining a measure of the total path size
corresponding to such leaks. This would be done with the SG (steam generator)
primary head open for inspection (ie during an outage) but with minimal intrusion
inside. Given the estimated size of the leakage paths would then allow the leak
rate to be calculated.

The technique developed comprises a novel tool referred to as ALIS (acoustic
leak inspection system) and a procedure for leakage path assessment.
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DESCRIPTION

The ALIS tool measures the amount of airborne sound energy of a
predetermined sound signal that transmits through the leakage paths. This is
done by sending a sound burst into one side of the divider plates and receiving
the same but attenuated sound at the opposite side. The advantage of this
approach is that a AP is not required. The general configuration of this tool, as
applied for inspecting a CANDU steam generator, is illustrated in Figure 1.

A specially made sound source attaches at a fixed position on one side of the
primary head. This emits a series of controlled, ultrasonic sound bursts which
propagate through air but cannot penetrate the metallic structures. Any sounds
passing through leakage paths in the divider plates are received by an acoustic
sensor which is positioned on the other side of the primary head. The acoustic
sensor is comprised of a high-frequency microphone, which is mounted on a
specially designed scanning probe. Both the source and the probe are
suspended by clamps which attach to the steam generator tube sheet. The
management of the acoustic signals and probe positioning are done by a
computer-based processor and a remote control which are connected via cables
outside the steam generator.

The source emits sound burst at the rate of about three burst per second. The
acoustic signal received by the microphone is "gated" to receive only the
immediate sounds from plate leaks, while rejecting any delayed sounds that are
transmitted through the tube bundle. This synchronization occurs within a 30 ms
time window as illustrated by the test verification in Figure 2.

A portable case contains the computer-based processor and electronic hardware
needed to operate the ALIS tool. The computer performs the acoustic signal
generation, data acquisition, processing, and displays of the results in real-time.
The equipment is powered by conventional (115 VAC, 60 Hz) power supply. A
hand-held control is used for positioning the probe. An overall view of this
equipment, as it was being prepared for use at a plant, is shown in Figure 3.

The probe which performs the scans is capable of positioning the acoustic
microphone and tracking its location relative to the divider plates. It is supported
by three, manually operated clamps which align to fit the given array of the tube
sheet. Form there the probe is articulated at two joints, like a human arm, in a
two dimensional plane parallel to the divider plates. Thus the microphone is
made to scan at about 5 cm in front of the divider plate wall, while collecting any
sound from the source that may be transmitting through leak paths. The probe is
shown in Figure 4.

722



OPERATION

During an outage, with the SG drained and manways open, a divider plate
inspection may be readily carried out using the ALIS tool. Normally two trained
operators are required for installing and removing the tool equipment and one of
them can perform the scanning. The probe is positioned inside the primary head,
preferably on the side of the divider plates having least interference (ie bolts,
clamps, or protrusions). The sound source is then installed at a predetermined
position on the opposite side of the primary head. Both are secured to the tube
sheet using a quick clamping mechanism operated by hand.

The processor and probe control are positioned within the containment area, at
a close convenient location to the steam generator(s) to be inspected. Cables
permit the control to be up to 30 m from the SG that is being inspected. Once all
connections are made and the power to the equipment is switched on, a set of
reference points are obtained by the probe which set the processor program.
Subsequently the divider plates are scanned using the manual remote control.

While performing a scan the operator is guided by a graphic display of the
divider plate face. The display shows, in real-time, the location of the probe and
the magnitude of sound signals detected by the microphone. The magnitude is
represented by a colour-coded dot which is calibrated in terms of sound
pressure levels in decibels (dB). As the scan is made the display shows a trace
of the dots so the entire divider plate area can be inspected. The display panel
during the scanning procedure is illustrated in Figure 5.

Once a scan is completed the data are stored on disk for final processing. The
probe and source are removed and if needed may be installed on another SG for
inspection. The data points collected are integrated by the program and
displayed as a colour map, showing leakage locations and relative sizes. The
total leakage through the divider plates is computed, based on correlation
between sound intensities and known opening areas. This gives an estimate of
the equivalent leakage path area and is represented in units of cm2.

RESULTS

Initially, ALIS was demonstrated using a mock-up of a Pickering NGS-B type
primary head in controlled test conditions. Results indicated that the technique is
capable of detecting and showing the relative severity of leak paths with
adequate resolution. This included leaks as small as 0.5 cm2 and in locations
such as corners, tube sheet, segments, and head joints.
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Field implementation of this tool was performed successfully on SGs at the
Bruce NGS-B plant during planned outages. Each inspection revealed clearly
the leakage patterns along some of the joints (coloured in red by the graphic
display). A sample of a typical result is shown in Figure 6.

Depending on the physical size of the SG the time required for a complete scan
(after installation) was found to be about 90 minutes. Initial set up and scan of
one SG was found to take up to one regular shift. Analysis and a print of the
findings can be produced within a day.

The radiation exposure of the workers involved in this procedure was found
acceptable since scanning is done remotely from the SG, and the time for
installation/removal of the equipment inside the primary head is very short.

CONCLUSIONS

A practical tool for inspecting divider plate leakage, based on acoustic
transmission, was implemented. Inspections can be done relatively quickly and
with minimal radiation exposure to the workers. The technique is adaptable for
steam generators and divider plates of various configurations.
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Figure 3
Operator Performing a Simulation of Divider Plate Leakage Inspection Using ALIS
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Figure 4
Acoustic Probe and Clamp Attachment Inside a Primary Head Mock-up
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CA0000246
AN EDDY VISCOSITY MODEL

FOR FLOW IN A TUBE BUNDLE

D. Soussanf, M. Grandotto*

ABSTRACT

The work described in this paper is part of the development of GENEPL, a 3-dimensional,
finite element code, designed for the thermalhydraulic analysis of steam generators. It focuses
on the implementation of two-phase flow turbulence-induced viscosity in a tube bundle.

The GENEPI code, as other industrial codes, uses the eddy viscosity concept introduced by
Boussinesq for single phase flow. The concept assumes that the turbulent momentum transfer
is similar to the viscous shear stresses. Eddy viscosity formulation is reasonably well known for
single phase flows, especially in simple geometries (i.e., in smooth tube, around a single body,
or behind a row of bars/tubes), but there exists very little information on it for two-phase
flows.

An analogy between single and two-phases is used to set up a model for eddy viscosity. The
eddy viscosity model examined in this paper is used for a tube bundle geometry and, therefore,
is extended to include anisotropy to the classic model. Each of the main flow directions (cross
flow inline, cross flow staggered, and parallel flows) gives rise to a specific eddy viscosity
formula. The results from a parametric study indicate that the eddy viscosity in the staggered
flow is roughly 1.5 times as large as that for the inline cross flow, 60 times as large as that for
the parallel flow, and 105 as large as that for the molecular viscosity. Then, the different terms
are combined with each other to result in a global eddy viscosity model for a steam generator
tube bundle flow.

Atomic Energy Agency/Nuclear Reactor Division/
Laboratory of heat exchangers and assemblies thermalhydraulics
(CEA Cadarache - DRN/DEC/SECA/LTEA) (d.soussan@cea.fr)
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AN EDDY VISCOSITY MODEL

FOR FLOW IN A TUBE BUNDLE

D. Soussan+, M. Grandotto+

NOMENCLATURE
a constant (= 0.047)
D diameter (m)
D H hydraulic diameter (m)
G
g
h
H
K
L
m
P
P
Q
R
Re
t

Tw
u*

mass flux (kg m'2 s"1)
gravitational acceleration (m s"2)
heat transfer coefficient (W m^K"1)
enthalpy per unit mass (J kg"1)
function of m
latent heat of vaporisation (J kg'1)
tube diameter to pitch ratio
pressure (Pa)
pitch (m)
mass flow rate (kg s"1)
pipe radius (m)
Reynolds number
time(s)
primary side temperature (K)
secondary side wall temperature (K)
wall friction velocity (m s"1)

v, V velocity (m s"1)

quality =
H-Hf

y cross coordinate (m)
Greek letters
a void fraction
P porosity

7b
A

heat area density (m2m'3)

solid fluid friction tensor (s"1)
molecular dynamic viscosity (kg m*1 s"1)

uT
V

p

"1 s"1)turbulent dynamic viscosity (kg m"1 s"1)
kinematic viscosity (m2 s"1)
density (kg m*3)
shear stress (kg m"1 s"2)

ao wall shear stress (kg m"1 s"2)
Xb bundle residence fraction
%T turbulent enthalpy diffusion (kg m
Superscript
' fluctuations
A axial (parallel)
C cross flow
L line
S staggered
Subscript
b bundle
G gas
i interaction
L liquid
R relative
T turbulent

'1 s"1)

1. INTRODUCTION

GENEPI is a 3D finite element code, designed for the analysis of Steam Generator (SG)
thermalhydraulics. Its purpose is to predict the secondary fluid flow inside a SG, under
operating or incidental conditions, in order to assess the heat exchanger performances (steam
flow rate, heat rate, recirculation flow rate) and to describe the flow pattern (bubble size, void
fraction profile) and the flow dynamics (liquid and gas velocities) necessary for a vibration
analysis. Designed for industrial SGs, GENEPI is able to predict global flow rates and detailed
distributions of various parameters, which can be used for vibration analyses. In pressurized
water reactor SGs, the tube bundle offers strong anisotropy to the flow and GENEPI code
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incorporates that in its models. This paper is focused on two-phase flow turbulence-induced
momentum diffusion, or commonly called eddy shear stress.
The first part describes the equations governing two-phase flow and the physical model
implemented in GENEPI for turbulent shear stress tensor; the second part shows the influence
of various eddy viscosity models on the flow in a tube bundle.

2. THREE DIMENSIONAL TWO-PHASE FLOW MODEL

In steam generators, the secondary fluid is a mixture of two phases (steam/water), and under
operating conditions, the flow pattern is mostly a bubbly, dispersed type of flow. We present
hereafter the equations commonly used to predict two-phase flows, based on the Eulerian
approach.

2.1. Governing equations

Based on the conservation of mass, momentum and energy, the flow is described by a set of six
local instantaneous phase equations and three jump conditions on interface area. Due to
random nature of the flow, the equations are time-averaged. The equations for each phase are
added together; thus, they are reduced to three time-averaged equations for a liquid-gas,
homogeneous mixture. Due to the complexity of the tube bundle, they are also space-averaged
over a control volume.
This averaging process leads to a new set of three time and space-averaged governing
equations which govern the behaviour of the mean flow in an equivalent fluid-solid porous
continuum. The fluid volume fraction or porosity is defined by :

volume occuped by steam and water

total volume

The mixture equations make the interfacial terms disappeared, but they include the drift terms.
The following assumptions are applied :
- surface tension, work of interaction forces, and viscous and turbulent dissipation are

ignored,
- thermodynamic saturation, which entails : PG = PL ,

ap
- pressure terms — + j • grad P are negligible in the energy equation,

at

The three governing equations, in Cartesian coordinates, for the mixture are as follows :

Continuity equation:

0 (1)
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Momentum equation :

"ytV / / • _ _ _ _ ___-r V\

pp — + pp(v-grad)V-dW P^TfgradV + grad Vjl + pgradP =

pp§-pApV-d^({k(l-x)pVR © VR)

Enthalpy equation:

^ H)-d iv (p XT ̂ d H ) = xbToh(Tp -T w ) -d iv (px ( l-x) pL VR) (3)

with closure relations:
- density p and quality x are functions of pressure P and enthalpy H,
- latent heat L is a function of pressure P,
- %T , HT , VR = VG - VL , A are obtained by empirical correlations,
- Tp is the solution of the energy equation solved on the primary domain and h is given by

heat transfer model between the primary and the secondary fluids through the tubes,
and :
- P , Xb and yo are properties of SG internal structures.
The diffusion terms in the momentum equation model the mixture turbulent stress tensor,
similar to the Reynolds stress tensor in single phase. The model is based on the virtual
kinematic viscosity concept, also called the eddy viscosity concept, for which the following
assumptions are made:
- diffusion flux is proportional to the mean gradient,
- momentum is carried from high level turbulence areas to lower-level turbulence areas.
Hence:

- p < v ' i v ' j > = aT. - ^ - , with U ^ O (4)

Given the symmetry condition for the stress tensor (issued from the angular momentum
conservation equation), it is customary to write :

(5)

as mentioned in equation (2).
Currently, GENEPI solves steady state cases and its algorithm is based on a semi-implicit
scheme. Its final result is obtained from a converged solution of a transient case.

2.2 Eddy viscosity model

The eddy viscosity occurring in the turbulent momentum transfer model described above is
usually reduced to a scalar, which is a good approximation for isotropic turbulence. A new
model is proposed in this paper to take into account the 3-D features of the flow using the
eddy viscosity concept.
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Different literature models are described first.

* Schlichting Model
Based upon the Prandtl mixing length theory, a correlation is derived from a study of the
velocity profiles in the wake behind a circular cylinder [2], which leads to :

HT = a Gmax L (6)

where:
- a = 0,047 as Schlichting coefficient,
- Gmax " maximum mass flux in the direction of flow,
- L : a function of the mixing length.
Following theoretical and experimental investigations, R. Gran Olson [2] generalized the model
for a wake behind a row of bars :

uT=K(m)[Gmax-Gmin]-P (7)

where:
- P is the bundle pitch,
- m is the ratio of the tube diameter over the pitch P,
- K is a function varying with m,
- Gmk : minimum mass flux in the direction of flow.

Goertler [2] found, for instance, K = 0.033 for m = - .
8

J.G. Van Bohl [2], performing experiments on several rows of parallel polygonal bars, has
determined a limit ratio above which the jets between rows are closing in, thus increasing
momentum diffusion. On the basis of experiments, the K function increasing with m can be
assessed.

* Blasius-Nikuradze Model
This model has been set up for turbulent flows in smooth pipes.
- For Reynolds number bounded by 2000 and 105, Blasius empirical correlation established

for the assessment of head losses along a smooth cylinder pipes allows modelling the wall
friction velocity by:

(8)

- Based on Prandtl's hypothesis, the turbulent stress tensor is expressed as :

dv
a = n T - (10)

- Assuming a linear shear stress distribution over the tube diameter of R radius :
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where:
Go is the wall shear stress.

- With equation (8) to (11) Nikuradze [2] determined the variation of — — over pipe
u* R

diameter, from a measured velocity distribution.
In GENEPI, as flow calculation is performed for each control volume, we have decided to
consider the average eddy viscosity. So for an axial flow, we find :

= 0,0053 \i (Re)1^ (12)

* Van Der Welle Model
This model takes into account the two phase features. Van Der Welle [3] assumes that the
turbulent shear stress may be subdivided into a part due to the movement of the liquid phase

and another part attributed to the momentum exchange caused by the presence of the

(13)

gas phase (phase interaction n ^ ) , so :

With HT L and |i;q resulting from empirical correlations :

(X ReL
(14)

R e
V L DL (16)

TJ = a 100 + 0,0024 G P L (17)

* Dwyer Model
This model has been implemented in the TRIO-VF computer code, a thermalhydraulic code for
transient 3D turbulent single phase flows [4]:

H T =^i (T X +T Y + (18)
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T x = 2,98 lO^Rex1-71 if Rex > 450

TY = 2,98 lO^Rey1'71 if Rey>450 (19)

Tz = 10'3 Rez1-71 if Rez > 2500

Tx = TY = Tz = 0 otherwise,

where Rex, Rey, Rez are the Reynolds numbers computed in each direction (X, Y for cross
flow directions and Z for axial direction).

Figures 1 and 2 show the eddy viscosity plotted against mass flux and void fraction,
respectively, for a Freon Rl 14 two-phase flow, assuming a slip ratio between gas and liquid
velocity of 2.
Profiles are similar, except at very high void fraction (a = 1), for which only Van Der Welle
Model drops.
In general, the correlations set up for cross flow (the Schlichting and Dwyer correlations for
cross flow) result in eddy viscosity 30 times higher than the correlations established for
turbulent flow through smooth pipes (Blasius-Nikuradze & Van Der Welle & Dwyer axial).
Thus, models are consistent with each other.

2.3 3D Implementation

In a SG tube bundle, there are 3 main flow configurations :
c - axial flow, where an analogy between

h fl h h h i d h^J ^y I the flow through smooth pipes and the
L — • f~\ • f \ axial flow in a subchannel is made,

Qj C~j T _^—' ^ - ' - inline cross flow,
X f\ - staggered cross flow.

We propose that the eddy viscosity be a function of 3 terms dependent on turbulent diffusion in
each direction:

Arbitrary, due to the lack of analytical experiments, we propose a quadratic average between
the axial viscosity and the cross viscosity, that allows satisfying the limit cases :

(21)

The cross component is issued from an interpolation between inline and staggered models,
according to a cosines law, as used for the friction factor in the CAFCA code [5] and in
GENEPI[1]:

A [(u^+n|)+(u|-U?)cos2kV] (22),c _
2
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with : \\f = (G, G C ) , G c is the cross component of the mass flux,

and : k = 2 for square pitch bundle,
k = 3 for triangular pitch bundle.

Each terms in equations (21) and (22) is calculated with models described in section 2.2, by
using the characteristic sizes for each direction (velocity, wake width) shown in the table 1
below.

Mass Flux

Characteristic Length

(L in Schlichting model,

D in Reynolds numbers)

Square bundle

Axial Line Staggered

GA Gc G c

DH P V2P

Triangular bundle

Axial Line Staggered

GA Gc Gc

DH P V3P

Table 1

Turbulent diffusion in the energy equation (3) is deduced from the kinematic viscosity and
turbulent Prandtl number:

Pr --2CT.
U.T

It is customary to consider a turbulent Prandtl number around unity in a subchannel [13].

(23)

As a result, turbulent diffusion in terms of momentum and enthalpy transfer is non-uniform in
the tube bundle, strongly dependent upon the inclination of the flow towards the bundle
obstacle.

3 APPLICATION TO AN INLET ENTHALPY NON-EQUILIBRIUM FLOW IN
TUBE BUNDLE

The test section is a vertical channel of rectangular cross-section (0.411 x 0.0685 m), about
1 m high, fully occupied by a tube square pitch bundle (pitch P = 0.01370 m, tube diameter
D = 0.00952 m). An enthalpy step as inlet boundary condition is imposed to the vertical
upward flow (the inlet section is divided into two areas : in half of the section, the fluid - Freon
R114 - comes with a constant enthalpy HI, in the other, the fluid - also Freon R114 - comes
with a constant enthalpy H2 different from HI) . Outlet pressure is set to 3.86 105 Pa. There is
no energy source term, so no boiling correlation is required. Three geometries are examined :
vertical bundle (axial flow), oblique bundle (the angle of flow inclination with regard to the
tube axis = 30°), and horizontal bundle (staggered cross flow). Enthalpy diffusion induced by
turbulence is studied for a liquid (calc. 1) and a two phase flow (calc.2).
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The GENEPI code is used to solve the Navier Stokes equations for the mixture, with the
following assumptions.

pitch bundle

- Kinematic equilibrium exists between
phases : VG = VL.

- Turbulent viscosity: the Schlichting
model for cross flows (a = 0.047), the
Blasius Nikuradze model for parallel
flows, velocities projected onto
parallel and cross directions in the
bundle local system of reference.

- Turbulent Prandtl number = 1.
- Friction due to tube bundle: the

Colburn model [10] for parallel flow,
the Idelcik model [11] for cross flow,
the Chisholm correlation [12] for the
two-phase multiplier.

The table 2 below summarises the boundary conditions of the six simulations performed with
GENEPI and the associated void fractions, calculated from enthalpies.

Calcl

Calc.2

Bundle position
CASE a
CASEb
CASEc

Vertical bundle => axial flow
Bundle turned by 60° from vertical =>inUne cross flow + parallel cross flow

Horizontal Bundle turned by 45° from Ox => staggered cross flow

Boundary conditions

CASE a
CASEb
CASEc

CASE a

CASEb

CASEc

Ql(kg/s)

1
ho.
J
10.

10.

10.

Q2(kg/s)

1
ho.
J
10.

10

10.

Hl(J/kg)

TICK)
1
1*0.6 105

J
297°K

0,83
318,9°K

1,0
332,6°K

0,95
329°K

H2(J/kg)

T2CK)

1
fo.7 105

J
307°K

0,90
318,8°K

U
335,2°K

1,05
330°K

Poutlct

(10s Pa)

1
(•3.86

J

3.86

3.86

3.86

Void fraction (%)

OCl

1

J
0,24

0,20

0,34

1

J

0,76

0,76

0,78

OCoutfct

1
\o.
J
0,57

0,91

0,90

Table 2

In order to emphasise the diffusion cone along the test section, we have represented, in
Figures 3 and 4, the enthalpy profiles for two heights z = 0.1 m and z = 0.8 m, measured from
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the inlet face. We notice, as expected, that the more the bundle is inclined towards the flow
(case a to case c) thus constituting a bigger obstacle to the flow, the more the turbulent
diffusion increases. The difference between the first and the second calculation is due to the
mixture nature, either liquid or liquid-gas, which changes the parameters in the model (density,
molecular viscosity).

4 DISCUSSION-CONCLUSION

This article draws a list of current eddy viscosity models, established for one-dimensional or
two-dimensional axisymetric flows. For more complex flow, such as occurs in steam
generators tube bundle, we propose to split the turbulent viscosity into three terms, correlated
to the three main directions of the flow (parallel flow, inline cross flow, and staggered cross
flow), then to use the most appropriate model in each direction, and finally to combine
between each other the three quantities. The goal purchased is to vary the diffusion of
momentum and enthalpy according to the obstacle encountered by the flow. The simulation
test illustrates this effect.
However, the eddy viscosity concept is a very approximate way to assess turbulent diffusion,
which hardly takes into account turbulence dynamic phenomena such as production or
dissipation. Above all, most models have been established for single phase flow whereas flows
occurring in steam generators are two-phase and many papers e.g. [6,9], indicate that two-
phase turbulence greatly depends on the flow pattern, void fraction, bubbles size, liquid
velocity. So, we are conscious that the proposed model is very approximative.
As a result, experimental validation is required before going further on modelling, which could
start first with a turbulent single phase flow under different bundle geometries, then on the
impact of bubbles.
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Figure 2 : EDDY VISCOSITY MODEL
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Zhang Mengqin
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The study of chemical cleaning technique for removing corrosion

products in PWR type plant and power reactor have been carried in China

Institute of Atomic Energy (CIAE), Beijing. The report summarizes the

results of screening test and qualification test of chemical cleaning

technique, and the results of chemical cleaning to remove corrosion

products (Fe3O4) in primary side of PWR type power reactor which

chemical cleaning process has been carried by CIAE.

The chemical cleaning agent (EDTA + assistant agent + inhibitor ) is

effective for removing magnetite (Fe3O4 ^ 17.5g/l).The process of

chemical cleaning includes cleaning, rinse, passivation. The corrosion rate

of materials is acceptable. The chemical cleaning technique is effective and

safe for PWR type reactor.

1. Introduction
Transport of corrosion products to PWR core region and steam

generators (SG) by the feed water and coolant of secondary and primary

side leads to crud build on the fuel cladding, to sludge build on the tubes,

the tube plate, tube-to-tube support plate crevices of SG. Deposit of

corrosion products can lead to power generation limitation. In sludge

regions, chemical impurities are concentrated which accelerates corrosion

of materials under sludge. To remove corrosion products is important,

chemical cleaning is one of the methods.

The study of chemical cleaning technique for removing corrosion

products in PWR plant SG secondary side and primary side of PWR type

reactor was carried out in CIAE since 1990.
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This report summarizes the results of screening test of chemical cleaning

agent component and condition of chemical cleaning process, the results of

qualification test of chemical cleaning technique which are available for

removing corrosion products in primary and secondary side of PWR, the

results of chemical cleaning to remove corrosion products in primary side

of PWR type power reactor.

2.Test equipment

Screening test and qualification test were conducted. Different test

equipment were used for each type of test.

2.1 Screening test equipment
One liter (or 0.5 liter)-three neck round bottom flasks with stirring rod in

middle neck was used for screening test. The corrosion specimen was

inserted in the side neck of the flask. Six flaskses could be placed in a

thermostat-water bath. Six stirring apparatuses were used for stirring the

flasks.

2.2 Qualification test equipment
Small scale chemical cleaning test loop and medium scale chemical

cleaning test loop were used for qualification test of chemical cleaning

technique.

2.2.1 Small scale chemical cleaning test loop
A schematic diagram of the small scale test loop is shown in reference1-13.

The test loop parameters are 301 total volume, <120±5, 0.5~2.5t/h flow

rate. The test loop consists of a pump, a test section, valves, a reservoir,

flow meter and heating element, which is constructed with stainless steel.

2.2.2 Medium scale chemical cleaning test loop
The parameters of medium scale chemical cleaning test loop (MSCCTL)

are <200, <2.45106Pa, 0~10t/h. Total volume of the loop is 1351. The

schematic diagram of MSCCTL is shown in reference[2]. The MSCCTL

consists of two test section (0300mm, HI000mm and <£300mm,

H400mm), a main pump, valves, a flow meter, a mixer, a storage tank, a

stationary pressure tank, a injection pump, outside-heater and a desk of

measure meter and control. MSCCTL is constructed with stainless steel.
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3. Experiments and Results

The sludge of steam generator (SG) secondary side is magnetite (Fe3O4).

The amount of magnetite dissolved in cleaning agent that is used to

evaluate effectiveness of chemical cleaning. The main materials of SG

secondary side are 800 alloy (tubes of SG), S27i low alloy steel(tube plate

and shell of SG), A3 carbon steel, 20* steel, 0Crl8Ni9Ti stainless steel and

600 alloy. The main materials of primary side in PWR type power reactor

is Zr-2 alloy (fuel cladding). Above materials are used to evaluate safety in

chemical cleaning process.

The experiments include the screening test, the small loop test and the

medium scale test to study technique of chemical cleaning for removing

sludge (17.5g/l Fe3O4) in PWR SG secondary side, the qualification test of

chemical cleaning process for removing corrosion products (lg/1 Fe3O4) in

secondary side of SG during the early period of PWR plant operation, the

qualification test of chemical cleaning to remove corrosion products (5g/l

Fe3O4) in primary side (contain core) of PWR type power reactor.

3.1 Technique of chemical cleaning for removing sludge in PWR SG
secondary side.

3.1.1 Screening test of basic component and condition of chemical
cleaning

The screening tests have been carried in the screening test equipment

and small test loop. The component of chemical cleaning agent consists of

cleaning agent (EDTA), assistant agent, inhibitor and pH adjustor. The

condition of tests are 4-8 pH, 2-10% EDTA, 55-93, 0-2.0t/h, 2-48h.

The results111 of tests show that solubility of magnetite(Fe3O4) increase

with increase of concentration of EDTA and assistant agent, temperature,

cleaning time and flow rate. The assistant agent increases solubility of

Fe3O4 in EDTA(pH=7).

The special inhibitor (A, B3) have been prepared by CIAE. The rate of

inhibition of inhibitor (A.B3)is 90%.

The screening tests have got that the process of chemical cleaning (10%

EDTA+1% assistant agent +inhibitor A or B3,PH=7~8, 93±5,112rpm or
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1.5~2.0t/h ,8h) is effective for removing sludge (17.5g/l Fe3O4), the

corrosion depth of A3 caribou steel and S2?i low alloy steel are 15.9|nm and

2O.S\im respectively.

3.1.2 Medium scale test for removing sludge in SG secondary side[2].

The medium scale tests have been completed in MSCCTL. The tests

study effectiveness of removing sludge (17.5g/l Fe3O4) of SG secondary

side, and safety of main materials and their weld and construction of SG

(A3 , S27i, 800, 600, 20#, S271/S271, S271-8OO) in process of chemical

cleaning.

The part of sludge were prepared on tube to tube plate construction by

equipment of similar condition of SG.

The process of chemical cleaning includes cleaning, rinse, passivation.

The technique and the corrosion rate of materials in cleaning process have

been shown in Table 1.

Table 1 Results of medium scale chemical cleaning test for
PWR SG secondary side: the corrosion depth of materials

Materials

S271

S271-8OO

S271/S271
weld
A3
A3
20*
800
0Crl8Ni9Ti
600
Technique

Area
/cm2

58.9
10.8
10.8

36.4
11.8
48.2

C type sample

Crossion depth /(xm

large section
7.2
28.0
30.0
10.0

8.7
21.0
9.25

small section
4. 3
14.3

7.8
6.9
9.3

no SCC
no SCC
no SCC

Total time :20h
chemical cleaning: 10% EDTA+1%
assistant agent+0.25% inhibitor A (pH=7),
93±5,5±0.5t/h,8h.
rinse:600ppm rinse agent, pH=9.5-10.0,20-
30,5±0.5t/h,1.5h.
passivation::600ppm passivation agent,
pH=9.5-10.0,60±5,5±O.5t/h,8h.

large section
4.6

37.2
12.9

6.4
5.9
8.5

small section
7. 2
28.9

2.8
26.4
4.5

no SCC
no SCC
no SCC

Expect for inhibitor is B,
technique is same.
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The medium scale chemical cleaning test have proven the cleaning on

Table 1 process which is effective for removing magnetite (17.5g/l Fe3O4)

and safe for materials. 800 alloy,600 alloy and 0Crl8Ni9Ti is no stress

corrosion cracking, The corrosion depth of A3 carbon steel ,S27i low alloy

steel and S271/S271 weld 20* steel are less than 30pm.

3.1.3 Qualification test of chemical cleaning for removing corrosion
products in secondary side of SG during the early period of
PWR plant operation131.

There are about lg/1 Fe3O4 in secondary side of PWR plant SG during

the early period of operation. The chemical cleaning process will be

carried during shut down.

A low concentration cleaning agent has been chosen. The condition of

process of chemical cleaning are ambient temperature, static.

The inhibitor 1# and 2# have been prepared by CIAE, which used for low

concentration cleaning process. Reference1-31 shown date in detail.

The results of the qualification test indicate that the process of low

concentration cleaning (2% EDTA+1% assistant agent + inhibitor l#or 2#,

pH~7, 20~30, 48h, static) is effective for removing corrosion products (1

g/1 Fe3O4) in SG, the corrosion rate of main materials of SG secondary side

is acceptable. The corrosion depth of A3 carbon steel and S271 low alloy

steel are l-3pm only. The chemical cleaning process consists of cleaning,

rinse, passivation.

3.2 Technique of chemical cleaning in primary side (contain core) of
PWR type power reactor.

In primary side of PWR the corrosion products consists of Fe3O4(2g/l)

and a little of CrNi oxide, the material of cladding is Zr-2 alloy. The

qualification test had been completed in the small test loop.

The technique of chemical cleaning for removing magnetite in primary

side of PWR have been quilified. The cleaning agent components of the

technique of chemical cleaning are 5% EDTA +0.5% assistant agent

(pH=7). The condition of cleaning are 93±5, 1.5-1.8t/h, 8h.

The results of study of qualification indicate that the technique is

effective for removing magnetite (~5g/l Fe3O4),and is safe for Zr-2 alloy
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(fuel cladding of PWR).

Above chemical cleaning technique was used in primary side of PWR

type power reactor for removing corrosion products. Total 25Kg magnetite

were removed in 24h, fuel cladding is integral.

4. Conclusions
The chemical cleaning agent (EDTA + assistant + inhibitor + pH

adjuster) is effective for removing corrosion products (magnetite) in PWR

secondary and primary side, and is safe for materials of PWR.

Four varieties of inhibitor (A, B3, 1* and 2#) have been prepared by

CIAE.

Three type chemical cleaning technique have been obtained, which

could be used to remove magnetite in primary and secondary side of PWR

during early, medium, older period of PWR type reactor operation:

(1) The cleaning technique (10% EDTA + 1 % assistant agent +inhibitor

A or B3,93±5,pH=7~8,5t/h) removes 17.5g/l magnetite (Fe3O4).

(2) The cleaning technique (2% EDTA +1% assistant agent , pH=7,20-

30,>48h, static) removes lg/1 Fe3O4.

(3) The cleaning technique (1.5% EDTA + 0.5% assistant agent,

pH=7,93±5, 1.8-2.0t/h) removes ~5g/l Fe3O4. This technique have been

used in primary side of PWR type power reactor. The total 25kg magnetite

( Fe3O4) were removed, fuel cladding (Zr-2 alloy) is integral.
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GUIDELINES FOR RANDOM EXCITATION FORCES
DUE TO CROSS FLOW IN STEAM GENERATORS

C.E. Taylor and M. J. Pettigrew

ABSTRACT

Random excitation forces can cause low-amplitude tube motion that will result in long-term
fretting-wear or fatigue. To prevent these tube failures in steam generators and other heat
exchangers, designers and trouble-shooters must have guidelines that incorporate random or
turbulent fluid forces. Experiments designed to measure fluid forces have been carried out at
Chalk River Laboratories and at other labs around the world. The data from these experiments
have been studied and collated to determine suitable guidelines for random excitation forces.

In this paper, a guideline for random excitation forces in single-phase cross flow is presented in
the form of normalised spectra that are applicable to a wide range of flow conditions and tube
frequencies. In particular, the experimental results used in this study were carried out over the
full range of flow conditions found in a nuclear steam generator.

The proposed guidelines are applicable to steam generators, condensers, reheaters and other shell-
and-tube heat exchangers. They may be used for flow-induced vibration analysis of new or
existing components, as input to vibration analysis computer codes and as specifications in
procurement documents.

Atomic Energy of Canada Limited
Chalk River Laboratories

Chalk River, Ontario
Canada KOJ 1J0
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GUIDELINES FOR RANDOM EXCITATION FORCES
DUE TO CROSS FLOW IN STEAM GENERATORS

C.E. Taylor and MJ. Pettigrew

1. INTRODUCTION

Many heat exchangers operate with a single-phase fluid. As well, tubes near the Met region and
preheater of two-phase heat exchangers, such as a nuclear steam generator, are exposed to single-
phase cross flow. In single-phase cross flow, three major mechanisms can lead to tube failure in a
shell-and-tube heat exchanger: fluidelastic instability, periodic wake shedding and random
excitation forces. Both fluidelastic instability and periodic wake shedding can cause large
amplitude vibrations in a tube bundle and quickly lead to catastrophic tube failure. However,
random excitation forces cause comparatively small amplitude vibrations, which will not lead to
short-term failure. These vibrations do lead to continuous rubbing of a tube against its supports
resulting in progressive damage to the tube due to fretting-wear. As existing reactors age, it is
increasingly important to be able to assess the effects of random excitation vibration to determine
the maximum safe operating life for each component. As well, the production of more reliable
and longer lasting steam generators requires an accurate assessment of tube response to random
excitation during the design process. To this end, it is necessary to have accurate design
guidelines.

While a great deal of experimental and theoretical work on flow-induced vibration is available, it
is widely agreed that design-oriented information focusing on random excitation vibration is
insufficient In preparation for this paper, a database containing most of the available single-phase
random-excitation data for tube bundles was compiled. Based on the available data, this paper
presents a guideline for determining the random excitation forces in tube bundles subjected to
single-phase cross flow.

2. THEORETICAL BACKGROUND

2.1 Random Vibration Theory

The equation for the mean square tube deflection has been derived from the equation of motion
for the forced vibration of a beam. The initial stages in the development of this equation can be
found in advanced vibration texts, but the final form, applied to cross flow, was first presented by
Pettigrew and Gorman (1973). They show that the mean square of tube response for mode 1 can
be expressed as follows:

where, 0/ is the normalised mode shape for mode 1, SF (/) is the auto-power spectral density of
the input force per unit length, Ji2 is the joint acceptance for mode 1,/; is the tube natural
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frequency for mode 1, Mj is the generalised mass for mode 1, and £2 is the generalised damping
ratio for mode 1.

It should be noted that, for most applications, the generalised mass, Mi, and the generalised
damping, £/, can be assumed to be constant along the tube length. Under this assumption, the
generalised mass is equal to the tube mass per unit length. The total mass per unit length, m, is
equal to the tube mass, mt, plus the hydrodynamic mass, nih. The joint acceptance, Ji, can be
calculated if the correlation factor is known. The correlation factor is difficult to measure and
values have been reported in very few papers in the literature.

Antunes (1986) has shown that for values of X/L « 1 , the joint acceptance is proportional to the
correlation length divided by the excited tube length, X/Le, if the correlation factor is represented
by a function which is exponentially decreasing with separation distance along the tube, such as
y(x, x') = exp(- \x - xr\j9ic). An expression for the joint acceptance can then be written using a

proportionality coefficient, a,, as jf = at kcjLe . Then, the expression defining the first mode

mean square tube response, y (x)1, in terms of the power spectral density of the excitation force,
SF(J), can be written as follows:

Values for (j>i(x) and aj for a variety of end conditions are given in Table 1.

2.2 Nature of the Flow

Inside the tube bundle, the pitch velocity, Vp, is defined asVp=Veo P/(P - D) where, P is the
pitch between tubes, D is the tube diameter and V^ is the free stream (or upstream) velocity. A
highly turbulent upstream flow can cause a significant increase in tube response in a tube bundle.
This effect is discussed further in Section 5.4.

3. LITERATURE SEARCH

A great deal of research on flow-induced vibrations has taken place in the past 25 years.
However, much of this work has focused on fluidelastic instability and vortex-shedding, since
these mechanisms can quickly lead to catastrophic failures. It is comparatively recently that
random excitation vibration has been widely studied. As well, much random excitation research
has been conducted on single tubes and tube rows, rather than tube bundles.

One of the earliest sources of data on single-phase random excitation in tube bundles was
presented by Pettigrew and Gorman (1978). This work covered a variety of bundle orientations,
though only in a narrow reduced frequency band. Chen and Jendrzejczyk (1987) gave the results
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of tests on a normal square bundle over a wide range of reduced frequencies. Axisa et al. (1990)
presented new tests on normal triangular, square and rectangular bundles in air and water. Their
results were compared with row data from Taylor et al. (1988) and an upper boundary was
proposed. Oengbren and Ziada (1992) proposed a boundary based on tests on a normal square
bundle in air cross flow as well as bundle data from Chen and Jendrzejczyk (1987) and row data
from Taylor et al. (1988). Blevins (1990) presented another bounding spectrum based on data
from Axisa et al. (1990), Taylor et al. (1988) and Chen and Jendrzejczyk (1987). It should be
noted that the boundary spectrum given in Axisa et al. (1990) was presented incorrectly in both
Blevins (1990) and in Oengoren and Ziada (1992). Tests on a normal square bundle in water are
reported in Taylor et al. (1996). Results from a normal triangular bundle in air are provided in
Oengoren and Ziada (1992). Wolgemuth (1994), while focused primarily on the effect of tube
support clearances, gave valuable data on the effect of highly turbulent flow on random excitation
forces in a tube bundle. The geometric characteristics for the tube bundles used in each of these
studies are summarised in Table 2

4. APPROACH TAKEN

Axisa et al. (1990), Blevins (1990) and Oengbren and Ziada (1992) have compared their data with
that of other researchers and proposed bound spectra. In this paper, the effect of many different
parameters such as bundle geometry, upstream turbulence, and fluid properties will be considered
as new bound spectra are developed. These upper bounds can be used as guidelines by heat
exchanger designers, trouble shooters and analysts.

The experimental studies examined in this paper have collected random excitation data using one
of two methods:

1) Random excitation determined from reaction forces. These tests used force
transducers to directly measure the reaction forces.

2) Random excitation determined from tube response. In these tests, strain gauges were
used to measure tube displacement. In this case, tube displacement was used to
calculate excitation force PSDs, using Equation 6.

To be able to compare the data and find an upper bound, the results must be presented as a
normalised excitation force spectrum. Researchers in this field have used various methods of
normalising their results. Therefore, it was necessary to select one means of normalisation and
apply it all of the data. The method adopted was the "equivalent power spectral density" (EPSD)
described by Axisa et al. (1990).

The power spectral density, SF{JR), can be rendered dimensionless using the dynamic pressure
head, as follows:
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where, fR is the reduced frequency, defined as fD/Vp , p is the fluid density, Vp is the pitch

velocity, and D is the tube diameter.

A difficulty arises in the calculation of SFW since the correlation length, Ac, is rarely known.
Axisa et al. (1990) present an "equivalent power spectral density" (EPSD), Stifle, defined as:

~SF(fR)e=-£-SF(fR) (4)

Substituting Equations 2 and 3 into Equation 4, one obtains:

S r W . •
( 5

D

Using Equation 5, the mean square tube displacement can be found without knowledge of the
correlation length. Instead, a small correlation length has been assumed, as discussed in
Section 2.1. To correctly compare spectra obtained using experimental rigs with varying
geometries, it is necessary to reference a single excited tube length, Le. In this paper, a reference
length of 1 metre is applied, as follows:

(6)

5. DISCUSSION OF PARAMETERS

5.1 Directional Dependence (Lift vs. Drag)

Figure 1 gives three examples of lift and drag results from different papers in the literature. Based
on this figure, it can be said that the excitation forces in the lift direction are either greater than or
equal to the forces in the drag direction. Using this fact, the remainder of this paper deals only
with lift direction results.

5.2 Bundle Orientation

The standard tube bundle orientations are normal square, rotated square, normal triangular and
rotated triangular. In a real heat exchanger, both normal and rotated flow orientations are
possible within a given tube bundle. Therefore, it is necessary to consider the bundle orientation
with the highest excitation force spectrum for design purposes. The bounds for a normal square
and a normal triangular bundle of similar P/D are shown in Figure 2. The differences in excitation
force magnitude between the bundles are not significant for P/D < 3.0. Similarly, Pettigrew and
Gorman (1978) (1.23 < P/D < 1.57) did not find any significant differences between the various
bundle orientations.
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5.3 Pitch-to-Diameter Ratio (P/D)

Oengoren and Ziada (1995) tested normal triangular tube bundles with a large range of pitch-to-
diameter ratios. Oengbren and Ziada (1992) tested normal square bundles over a smaller range of
P/D. The results of these tests are shown in Figures 3a and 3b, respectively. The data does not
reveal a clear trend. From P/D = 1.26 to P/D = 1.95, there is an increase in EPSD magnitude
with pitch-to-diameter ratio. However, at P/D = 2.08 and greater, there is no such trend.

Most heat exchangers are designed with pitch-to-diameter ratios between 1.2 and 1.6. The
proposed guideline in this paper will be based on data from P/Ds of 1.5 to 1.75. The designer of
tube bundles with smaller P/Ds may wish to use the trends shown in Figure 3 to appropriately
reduce the proposed upper bound that is presented in Section 5.6.

5.4 Upstream Turbulence

Highly turbulent flow, such as that found in the inlet region of a steam generator, is observed to
have significant effect on tube response. Figure 4 (Wolgemuth 1994) shows the tube responses
for the first two rows and two interior rows when the bundle was exposed to highly turbulent
flow.

A high upstream turbulence can cause a significant increase in tube response. However, this
effect is observed only in the first few rows of the bundle. Wolgemuth (1994) also showed that
by the fifth row, tube response is similar to that caused by uniform flow.

Since turbulence can cause a significant increase in tube response, a separate bound will be
proposed for use as a guideline when designing tube bundles which will be exposed to highly
turbulent upstream flow.

5.5 Fluid Density (Gas vs Liquid)

Figure 5 shows EPSD results for air and water data. Most heat exchangers using gas as a
secondary fluid will have very high flow rates and consequently, low reduced frequencies.
Examination of Figure 5 shows that most air data fall below /R = 0.2. Very few water heat
exchangers have flow rates that result in reduced frequencies below 0.2. Thus, the proposed
guidelines will place a greater emphasis on air results for/s < 0.2.

5.6 Summary

The proposed boundary spectra of equivalent power spectral density of the excitation force per
unit length (EPSD) resulting from single-phase cross flow for bundles with P/Ds between 1.5 and
1.75 are shown in Figure 6. The general collapse of the data is surprisingly good. An upper
bound is drawn over most of the data and then a second boundary is provided for tubes that are
subjected to highly turbulent inlet flows.

A comparison with previously proposed guidelines is presented in Figure 7. The guideline
proposed in this paper is based on the largest amount of data from the literature and therefore
provides an upper bound. The bound from Blevins (1990) includes the effects of vortex shedding.
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6. DESIGN GUIDELINES

This section will provide the designer with the necessary methodology to estimate the random
excitation forces for specified flow conditions. These guidelines are based on a limited database
and should not be applied outside of the limitations given.

The lower bound in Figure 6 should be used when the upstream turbulence is less than or equal to
the turbulence within the tube bundle. The upper bound in Figure 6 should be used if the
upstream turbulence exceeds the turbulence inside the tube bundle.

Using the following expression, the random excitation power spectral density times the
correlation length, Sp(f)hc, can be calculated from the equivalent power spectral density.

(ip)
=SF(fR)e X V2 ; J (7)

vp

where p is the fluid density [kg/m3], Vp is the pitch velocity [m/s] and D is the tube diameter [m].

For a single-span tube, the maximum mean square vibration response ,y2 , can be calculated from
the power spectral density of the excitation force as follows:

where, (pi(xi) is the normalised mode shape for the 1st mode, ai is the numerical coefficient for the
1st mode,/is the tube natural frequency in single-phase flow, m is the total tube mass (tube mass +
hydrodynamic mass), £i is the damping ratio for the 1st mode, and Le is the excited tube length
(the length of the portion of the tube that is subjected to flow). Table 1 contains values of <pi and
ai for various end conditions.

Once SFO) is known, the tube response for multispan heat exchanger tubes can be calculated using
computer codes such as PIPO and VIBIC.
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Table 1: Modal Factor (aO and Mode Shape (^imax)
2 Constants for Mode 1

Modal Factor

Mode Shape

Rigid Tube

2

Translation

Clamped-
Clamped

0.8

2.522

Clamped-
Pinned

0.9

2.278

Clamped-Free

0.5

4.0

Pinned-
Pinned

1.1

2.0
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Table 2: Summary of Bundle Geometries

Ul

Reference

Taylor (1996)

Pettlgrew &
Gorman (1978)

Oengoren &
Ziada (1992)

Oengoren &
Zlada(1995)

Chen&
Jendrezjczyk(1987)

Axlsaetal. (1990)

Wolgemuth(1994)

Bundle
Orientation

90

30
30
30
45
60
60

90

30
30

30

90

90
90
90
30
30
30
90
60
90

60

Tube
Diameter

(mm)

30

19
13
19
13
19
13

20

31
18

22

25.4

24
20
20
24
20
15
25
38

19.05

16

P/D
(P/D drag)

1.5

1.33
1.36.1.54

1.57
1.3

1.33, 1.57
1.36

1.26,1.5, 1.95,3.0

1.61
2.08

3.41

1.75

1.25(2.16), 1.25(1.44)
1.5(2.6), 1.5(1.73)

1.5
1.25(1.08)
1.5(1.3)

2.0(1.73), 2.0(1.15)
1.5

1.18
1.44 (80U-tubes)

1.38

Excited
Length

(m)

0.3

0.051
0.051
0.051
0.051
0.051
0.051

0.2

0.2
0.2

0.2

0.3

0.25
0.25
0.25
0.25
0.25
0.25
0.48
0.43

0,3 (average)

0.87

Total
Mass

(kg/m)

_

1.19
0.52
1.19
0.52
1.19
0.52

-

-

0.624
0.433
0.244
0.624
0.433
0.244
0.3
1.71

-

0.6093

Natural
Freq.

(Hz)

268

40
30
40
30
40
30

900

>1000
>1000

>1000

78.8
68.6
57.8
78.8
68.6
60.4
33
109

-

36

End
Conditions

Clamped-Clamped

Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free

Clamped-Clamped

Clamped-Clamped
Clamped-Clamped

Clamped-Clamped

Clamped-Clamped

Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free
Clamped-Free

Clamped-Plnned

Notes

Water flow

Water flow
"

i i

•1

n

Air flow

Air flow

Water flow

#1 Airflow
I I

11

"

II

11

#2 Air Flow
#3 Water Flow
#4 Water Flow

Water flow
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Peculiarities of Cyclic Deformation and Fracture of Heat-Resistant Steel
10GN2MFA under Conditions Typical for the Steam Generator PGV-1000 Col-

lector Material

F.F.Giginyak

1. INTRODUCTION

In recent years the guaranteed reliability of steam generators in NPPs is one of the most ur-
gent problems. Collectors ("cold" collectors) made of steel, 10GN2MFA are the most critical
components of those products [11, 12]. Therefore, a comprehensive investigation of the de-
formation under a single load application, from creep and low-cycle fatigue processes in the
above steel, is of great importance for further development and validation of the methods for
assessing their serviceability in structures during the calculated service lifetime, taking into
account the specific nature of the thermomechanical loading. The present paper is devoted to
the analysis of the peculiarities of the deformation and fracture processes occurring in heat-
resistant steel 10GN2MFA at different ratios of principal stresses in the operating temperature
range of PGV-1000 steam generators, as well as an extension of some versions of the meth-
ods for assessing life from a quasi-static fracture under a low-cycle repeating loading at a
complex stress state.
The test method used in this work involves a comprehensive investigation of deformation,
fracture kinetics and life of metallic materials under static and low-cycle loadings using the
same equipment and thin-walled tubular specimens of the same geometry, which are loaded
by an axial force and internal pressure. Heat-resistant steel 10GN2MFA in the as-received
state, which is in common use in the reactor industry, has been chosen as the test material. As
indicated above, the tests were carried out on thin-walled tubular specimens (D/5 = 50 where
D is the specimen inner diameter, 5 is the thickness of the specimen wall) under static, step-
wise and repeating loading.
Under conditions of static loading, the rate of loading or strain rate was kept constant; the
cyclic loading was realized with a trapezoidal cycle developed through an axial force and in-
ternal pressure which were pulsating both in different combinations, at a frequency of 2 cy-
cles / min and holding at a maximum load for 2s. For all the loading regimes, the ratios of
principal stresses K = a z / a g = oo; 2; 1 and 0.5 were achieved where crz and GQ are the
axial and tangential stresses, respectively. The tests were carried out using the unique bench-
type testing machine SNT-8U (Fig. 1) [1, 2, 3] which includes arrangements for loading by
combinations of axial force and torque, axial force and pressure in the specimen internal cav-
ity, with an automatic control over (a) static and cyclic loading, (b) the cooling and heating
systems, and (c) the systems for measuring and recording forces and strains. The test bench
enables one to obtain a biaxial loading of tubular specimens at various ratios of principal
stresses a z / GQ in a range of -<» < a z / o"0 < <» with a stress ratio of 0.06 < r < 1.

Axial force (maximum): 10,000 kgf
Maximum internal pressure: 1500 atm
Maximum torque. 50 kg • cm
Temperature range: 400°C down to - 150°C
Proportional static and cyclic biaxial loading with a various shape of a cycle under both
strain-controlled and stress-controlled modes at a frequency of 0.001 to 1 s"1is implemented by
a simultaneous supply of fluid from a pressure generator assembly to an actuating cylinder of
a reverser and to the inside cavity of the specimen. The pressure generator assembly has be-
enbuilt around a thyristor drive-controlled hydraulic actuating piston mechanism. The ad-
vantage
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of this arrangement is in the static equilibrium of the loading system. This last circumstance
enables one to change from the strain-controlled to the stress-controlled mode of loading and
vice versa in the course of the experiment, the fact which extends considerably the potenti-
alities of the test bench.
Electromechanical strain gages mounted on the specimen working sections are employed for
measuring and recording axial and circumferential strains under static and cyclic loading. The
novelty and practical usefulness of those strain gages were protected by the author's certifi-
cates. The strain gages were used together with the "TIS-DELTA-16" strain gaging system
developed at the Institute for Problems of Strength of the National Academy of Sciences of
Ukraine. The test procedure was described in more detail in [2, 3] for a single static loading
and in [3, 4] for conditions of stepwise and cyclic loading.
Under cyclic loading, the maximum cyclic stresses used were determined by their capability
to produce fracture of a specimen at service lifetimes not exceeding 2-104 cycles, which cor-
responds to c ? / m a x ^ 0-8cr/£ where G/£ is the stress intensity at a given stress state corre-
sponding to the specimen fracture under conditions of a single loading.
The test equipment built made it possible to perform a wide scope of experimental investiga-
tions and to obtain a large number of experimental results sufficient for generalizations.
As has been already pointed out above, the development of the method for assessing the
service life of structural materials implies the availability of the required initial information on
their mechanical properties under conditions of a single load application taking into account
the main operational factors and, most importantly, the stress state type and temperature.
The findings of the investigations have shown the isotropic character of the metal studied, en-
abled one to establish the peculiarities of the stress state type and temperature effect on its
strength and plasticity characteristics as demonstrated by some initial stress-strain diagrams
for different principal stress ratios and temperatures given as an example in Fig. 2.
The anisotropy of strength properties of the steel under study is evidenced by the testing re-
sults for uniaxial and biaxial tension. Under conditions of uniaxial tension in longitudinal and
transverse directions the stress-strain curves almost coincide (maximum discrepancy between
the stresses does not exceed 3 % ) and differ only in strains. In biaxial nonuniform tension,
there is practically a total absence of plastic strain in the direction of lesser stress (K = 0.5 and
2) and the identical resistance to plastic deformation in longitudinal and transverse directions
in uniform biaxial tension have been observed. Moduli of elasticity, Ez and JEQ , and Pois-

son's ratios have been found to be practically equal as well.
Based on the above data for the steel investigated, the generalized stress-strain diagrams were
substantiated in the stress intensity, 07, - strain intensity, ej, coordinates over the whole tem-
perature range studied, as evidenced by the results presented in Fig. 3. The above circum-
stance gives grounds for the further use of the stress intensity, ay , and strain intensity, Sy,
as representative characteristics of strength and deformation properties of this material.
It follows from the results obtained that the stress state type influences considerably the plas-
tic properties of heat-resistant steel 10GN2MFA. In particular, the minimum plasticity as in
the case of other materials [5] is observed at the principal stress ratios K — o z I OQ = 0.5 and

2 over the whole temperature range.
The increase in temperature to 320°C somewhat deteriorates the strength and plasticity char-
acteristics of the steel at all the principal stress ratios realized. In this case, the intensity of
strength loss with the increase in temperature depends on the stress state type.
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Establishing the criteria for the material ultimate state is of great importance when assessing
the load-carrying capacity of structures. At the same time, it is known that the exhaustion of
the load-carrying capacity of structures under a single loading or in long-term operation, can
be caused not only by their discontinuity and inadmissibly wide deviations from the initial
shape, but also by the loss of stability of the deformation process. Consequently, load carrying
capacity is determined by both the mode of loading of the deformable object and its shape.
In this connection, for purposes of assessing the ultimate state at the Institute for Problems of
Strength of the Nat. Ac. Sci of Ukraine it was proposed to use the condition of the loss of
stability in the process of plastic deformation of the object (specimen) under study taking into
account the effect of its size and mode of loading. This made it possible to develop a system
of relationships which enables one to calculate the above characteristics for any ratio of prin-
cipal stresses in the region of biaxial tension using a special procedure with a limited scope of
simple experiments.
A detailed description of those developments is given in [6] together with the theoretical re-
lationships used to describe the experimental results.
In order to validate the approaches developed, the limiting fatigue crack growth and yield
curves were plotted. The 0.17% offset yield stress was determined from the generalized dia-
gram, O"y(syj, as a stress corresponding to 0.17 % of the residual deformation. The calcula-
tion was made both using the known criteria of equivalence of isotropic media (those of
Coulomb-Mohr, Mises and Pisarenko-Lebedev [7]) and basing on the above-mentioned crite-
rion of the loss of stability in the process of plastic deformation.
It is seen from the results given in Fig. 4 that the best agreement between the calculation and
experimental data is observed when the von Mises criterion is used for the yielding onset and
the condition proposed in [6] for fracture.
To describe the kinetics of attaining the ultimate state of the metal in a structure under various
loading conditions, the elastoviscoplastic model developed earlier [8] can be used which
makes it possible to describe, from the unified standpoint, the processes of plastic deforma-
tion in the material under single and repeating loading under a complex stress state. The
above model enables one to describe actual properties of the steel under study to a higher de-
gree of validity than the other known models.
According to this model, metal creep is considered to be a result of relaxation of local stresses
in a crystal lattice which occur by a process of active deformation. It is supposed that the
material relaxation properties are amply reflected in the diagram of equilibrium state (quasi-
static diagram) which is physically equivalent to the stress-strain diagram at a strain rate
tending to zero. A comparatively simple method has been proposed and implemented for ob-
taining those diagrams by way of stepwise loading which will be discussed below. The ex-
perimental results have shown that for the heat-resistant steel studied, the strain curve in the
stress intensity cry - strain intensity Sy, coordinates is invariant to the stress state type.
At a final strain rate, a stress-strain curve always passes above an equilibrium (quasistatic)
one. Here, the stress intensity, Gj, corresponding to the specified strain, Sy, can be presented

as a sum of equilibrium stresses ^eq\£i) an<^ some excessive stress <5 j (nonequilibrium)

which determines the creep rate of the material under stress ay.

The investigation of the viscoplastic characteristics of steel 10GN2MFA has been carried out
in accordance with the procedure of stepwise loading mentioned above. At each step of its
loading, the specimen is subjected to an active deformation to a certain specified level of
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strain. Then the tests for relaxation are performed at the strain level attained until the equilib-
rium stress-strain state is reached, following by a change-over to creep tests without the un-
loading of the specimen at a maximum - for this loading step - load, preceded by relaxation
and a hold time until the equilibrium stress-strain state is reached.
When the testing machine is switched to the strain-controlled regime of loading, the tests for
relaxation are performed with a hold as before, followed by unloading. The experiment is re-
peated once again at a higher level of stress and so on until the stability of the deformation
process is lost.
The results of the studies on viscoplastic characteristics of a number of materials based on the
proposed model are amply presented in [9, 10].
We use the coefficient of ductility, Kj, as a parameter characterizing the ductility of the steel
under study. Here, the interrelation between the above coefficient, minimal rate of creep
s /min an(^ va^ue of intensity of nonequilibrium stresses in accordance with the Newton non-
linear model takes the form

8/ = Kpi

The invariance of the 7^-parameter to the stress state type and the value of the irreversible
strain attained has been established experimentally. This coefficient depends on the level of
nonequilibrium stresses only, and this dependence is satisfactorily described by the power

/ *\ / *\b
function KA Cy I = a\ 07 I where a and b are the material constants for the specified tem-
perature conditions which are determined from the results of two experiments in uniaxial ten-
sion. Some results in support of the above for static and cyclic loading are presented as an ex-
ample.
The cycle of investigations carried out made it possible to offer and substantiate experimen-
tally the method for assessing the viscoplastic characteristics of heat-resistant steels based on
the equilibrium diagrams and the procedure for their obtaining which enables a significant
reduction in time necessary for conducting the corresponding experiments as protected by the
author's certificate.
Based on the results of a series of investigations on viscoplastic characteristics of steel
10GN2MFA, the estimation of the stress state type effect on the material behaviour has been
made. It has been found that the value of the irreversible plastic strain preceding the loss of
stability of the plastic deformation process depends essentially on the stress state type. It is
minimal at the ratio of principal stresses K = c z / OQ =0.5 (loading by internal pressure).
The experiments have shown that in the region of the quasistatic fracture the instant of the
transition from the first stage of creep to the second, already steady-state, one is conditioned
by the equilibrium between the material strain hardening and the process of softening due to
the change in the effective cross-sections of the specimen and its associated change of true
stresses.
We note that under conditions of stepwise loading, considerable creep caused by the rate ef-
fects of the preceding active deformation, is observed at 20°C, much lower at 320°C and it is
absent at 285°C.
The absence or significant retardation of the creep processes at elevated temperatures is
likely to be explained, primarily, by thermal or strain aging of the heat-resistant steel studied
which manifests itself best when the process of deformation ceases under conditions of step-
wise loading. Note that under repeated loading (stepwise static and stepwise cyclic loading),
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the yield stress of the steel under investigation at 285°C increased by 20 to 50 MPa compared
to the value of the stress preceding unloading at which the experiment on creep (stepwise
static loading) or cyclic creep (stepwise cyclic loading) was carried out.
After the stresses of the previous stage of loading have been exceeded, the deformations are
accumulated in a jump-like manner in one or two cycles, which is evidenced by the data pre-
sented as an example in Fig. 5b, as compared to the diagram of Fig. 5a, obtained at room tem-
perature. Under conditions of stepwise loading at 285 °C no quasistatic fracture in creep was
attainable: the specimen either fractured under loading or transited into the equilibrium stress-
strain state.
The peculiarities of the behaviour of heat-resistant steel 10GN2MFA make it possible to ap-
ply certain considerations, together with the known ones [11], to possible causes for crack nu-
cleation in some highly loaded elements of nuclear power facilities, in particular, "cold" col-
lectors of PGV-1000- type steam generators made of steel 10GN2MFA.
The defects in "cold" collectors are likely to be attributable to an unfavourable combination of
a number of causes including those associated with manufacturing ( a process of pressing of
heat-exchange pipes into a collector by the explosion method) and service factors (stress state
type, mode of loading, i.e., a cyclic loading, temperature and corrosive attack on a collector
metal).
The following scheme can be assumed for the damage development in the most critical col-
lector zone (close to a wedge). The analysis of the results of the investigations carried out at
the "Hydropress" Experimental Design Office using the models of an optically active material
has shown that the area of the perforated section (close to the wedge tip) of a collector under
actual operating conditions is subjected to a force action in nonuniform biaxial tension with K
= a z / a 0 = 2, i.e., the plasticity characteristics prior to fracture, which are commonly used

for calculated estimations, are essentially lower in this case than in the uniaxial tension. We
note that at the temperature of the "cold" collector (285°C), the mechanism of accumulation
of residual deformation in the process of cyclic loading changes considerably as compared to
that under conditions of room temperature (Fig. 5,a and b). Here the situation is complicated
by the availability of considerable local plastic strains in the danger zone of the collector per-
foration caused by the procedure for pressing heat-exchange pipes into the collector as well as
the availability of mounting stresses in the collector.
It we imagine that in the danger zone of perforation of the collector, preloaded by mounting
stresses whose metal is, in a way, perforated in the process of pressing the pipes into the col-
lector, a cyclic loading is realized under conditions of biaxial tension (K = a z / OQ = 2) at

285°C, and what is more, in the process of operation, overloads in stresses can occur, then as
a result of the jump-like exhaustion of the deformability of the collector metal (under the ac-
tion of one or several overloads) a site of origin for fracture in the above mentioned collector
zone occurs well before the calculated time of the occurrence of the collector damage, which
has been obtained by calculation on the basis on the initial data on the metal properties de-
termined by the standard procedures for conditions of uniaxial tension. It is necessary to em-
phasize that the situation with crack initiation is accelerated considerably due to the action of
the corrosive environment on the collector metal.
The analysis of the above considerations on possible reasons for the development of damage
in "cold" collectors of the PGV-1000-type steam generators based on the experimental data
obtained for the mechanical properties of the heat-resistant steels, their viscoplastic charac-
teristics, the governing laws for cyclic creep and low-cycle fatigue taking into account the
stress state type and temperature, has made it possible to outline the ways of improving the
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methods for assessing the service life of highly loaded elements of nuclear power facilities
which operate under complex conditions of thermomechanical loading.
It is proposed to accept the condition of the loss of stability of plastic deformation as that of
the ultimate state (up to the instant of the crack occurrence) and to use the approaches based
on the viscoplastic characteristics of the steel investigated for the description of the kinetics
of attaining the above ultimate state.
Let us concentrate on this point using a diagram involving a generalized equivalent stress,

aeq, - strain intensity, sj, diagram crj{ej) and lines corresponding to the condition of the

loss of the load-carrying capacity of the structure studied (specimen) at different stress state
types in view of its size and shape variation at the points intersecting the generalized diagram
and corresponding to the material strength at a prescribed ratio of principal stresses.
If the material fracture under cyclic loading is developed by the quasi-static mechanism, then,
by analogy with the fracture kinetics under a single loading, as considered at the beginning of
the paper where the approaches have been used based on the evolution of the process of the
loss of the plastic deformation stability in relation to the proposed criterion for the ultimate
state, it can be suggested that, on the one hand, with the service life, the increase in the
strength of the material will occur at the expense of its strain hardening and, on the other
hand, the reduction in the load-carrying capacity of the object under study will occur as a re-
sult of changes in its sizes and geometry, e.g., the decrease in the cross-section of the cylin-
drical specimen subjected to cyclic tension. At the first stage of creep, the reduction in the
load-carrying capacity of the specimen, by decreasing its interior cross-section is compen-
sated in abundance by the strain hardening of the material. Therefore, creep proceeds at a de-
celerating rate. The second (steady-state) stage is an equilibrium one; its duration can be dif-
ferent depending on the capacity of the material for hardening, structural peculiarities of the
specimen and stress state type. The process of creep is further activized and proceeds at an
increasing rate (the third stage).
Thus, taking into account the above-proposed analogy between the process of deformation
under single loading and the development of creep due to the rate effects of the preceding ac-
tive deformation, we arrive at the conclusion that the second (equilibrium) stage of creep cor-
responds to the development of the loss of stability of plastic flow, whose condition for biax-
ial tension in the range of relations K = a z / OQ = 00...O can be written in the same way as it
has been shown at the beginning of the paper for the case of a single loading and the diagram
presented here (Fig. 6) can be used, as earlier, for the geometrical interpretation.
Based on this diagram, it is possible to determine the magnitudes of stresses and strains which
correspond to the loss of the load-carrying capacity of the element as well as to calculate
some parameters entering in the equation for assessing the lifetime under cyclic loading at a
complex stress state.

In the case of quasi-static fracture as shown in [4, 10], extremely encouraging results can be
obtained with the use of the relationships of a strain-kinetic nature wherein the intensity of
deformation processes and service life are the correlated parameters. The condition for the
loss of stability of the plastic deformation and the elastoviscoplastic model developed has
formed the basis of the strain-kinetic criterion proposed by the present author et al. in [9]
which has been used in the extension of the computational-experimental method for assessing
the life of steels in the case of quasi-static fracture under repeating low-cycle loading at a
complex stress state [4].
The calculated relation has the form
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where Nfo is the number of cycles to fracture; Cj is the parameter which in the general case
characterises the deformation properties of the material and, being independent of the level of
stresses in a cycle at a specified ratio of principal stresses, is determined from the condition of
the loss of stability of the plastic deformation; a and b are the constants determined by the
characteristics of the viscoplastic properties of materials at specified temperatures; <?/£- is

the stress intensity corresponding to the fatigue-to-quasistatic fracture transition which is cal-
culated for various ratios of principal stresses from the condition of the plastic deformation
stability. The proposed computational-experimental method for assessing the lifetime is de-
scribed in detail in [4].
A sufficiently large scope of investigations carried out on various steels has lent support to the
high validity of this method which is evidenced by the results presented in Fig. 7 for the steel
under study.
As is shown, a satisfactory agreement between the calculated values of lifetimes and the ex-
perimental ones is observed for all the realized ratios of principal stresses and temperatures,
when the fracture proceeds by the quasi-static mechanism.

CONCLUSIONS

To assess the service life of a compared with highly-loaded structural elements in nuclear
power plant equipment and for the steam generator collectors in particular, which in their op-
eration are subjected to the action of cyclic thermomechanical loading when the quasi-static
fracture is realized, it is proposed to use a computational-experimental method developed us-
ing the experimentally justified strain-kinetic criterion which enables one to take into account
the viscoplasticity behaviour of the material and the loss of stability of the plastic deformation
process for the particular stress state.
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Fig. 3. Generalized stress-strain diagrams for steel 10GN2MFA at various
temperatures and ratios of principai stresses: 1) K = OZIOQ = <»; 2) K - 0.5;
7>)K= 1;4)/C = 2.
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Fig. 4. Limiting curves of yielding (open points) and fracture (dark points) for
steel 10GN2MFA at various temperatures; 1. Saint Venant's condition; 2. Von
Mises condition; 3. The Pisarenko - Lebedev condition; 4. Based on the condition
of the loss of stability of the plastic deformation.
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ABSTRACT

The effectiveness of three different dispersants - a polyphosphonic acid (PIPPA); a
polymethacrylic acid (PMA); and a hydroxyethylidene methacrylic acid (HEME) - at controlling
magnetite deposition has been examined under steam generator operating conditions. Tests in a
cycling research model boiler showed that the dispersants resulted in corrosion products with a
smaller average size and a bimodal size distribution. At a concentration in the boiler of 10
mg/kg, density weight deposit on heated probes was reduced 4-, 3-, and 2-fold for PMA, PIPPA,
and HEME, respectively. PIPPA was the most effective at increasing iron transport out of the
boiler. In deposition loop tests using a 59-Fe radiotracer, only PIPPA and HEME were effective
at reducing the particle deposition rate under flow-boiling conditions. None of the dispersants
had any impact on deposition under single-phase forced-convective flow.

+Betz Dearborn Laboratories
4636 Somerton Road

Revose, PA 19053 USA

+ Atomic Energy of Canada Ltd.
Chalk River Laboratories

Chalk River, Ontario KOJ 1 JO

779



EFFECTIVENESS OF SELECTED DISPERSANTS ON MAGNETITE DEPOSITION AT
SIMULATED PWR HEAT TRANSFER SURFACES

Paul Burgmayer, Rosa Crovetto, Carl Turner, Stan L. Klimas

INTRODUCTION

The deposition of iron-based corrosion products and other soluble contaminants in steam-raising
plants is a significant problem in both the nuclear and the process industries. Strategies to
control the buildup of deposits and minimize corrosion of heat transfer surfaces in the boiler
include water treatment to remove soluble contaminants and the addition of an oxygen scavenger
along with pH adjustment to reduce corrosion. With gas-fired boilers, where the water boils on
the inside of the boiler tube, nonvolatile dispersants are generally added to the boiler feedwater to
inhibit scale deposition on the boiler tubes and to reduce the settling rates of corrosion products.
Traditionally there has been some reluctance in the nuclear industry to add nonvolatile
dispersants to the boiler feedwater because boiling takes place on the shell-side in a nuclear
steam generator; however, some utilities are now considering the possibility of adding
nonvolatile dispersants to the feedwater to reduce the rate of corrosion product deposition in the
steam generators of nuclear power plants.

In this investigation, the effectiveness of selected dispersants to reduce the rate of corrosion
product deposition was examined. Both high temperature loop deposition tests, employing an
59-Fe radioisotopic tracer, and model boiler tests were used. The radiotracer tests were
performed at Chalk River Laboratories (CRL) under contract to BetzDearborn. They focused on
the initial particle deposition rates of spherical particles of magnetite under both single-phase,
forced-convective flow and flow-boiling conditions. The model boiler tests were performed in a
cycling model research boiler at the BetzDearborn laboratories, and focused on the impact of the
dispersants on iron transport, deposit weight density, and particle size of the in-situ formed
corrosion product. The dispersants investigated were polyisopropenyl phosphonic acid (PIPPA),
an hydroxyethylidenemethacrylic acid (HEME), and a polymethacrylic acid (PMA).

EXPERIMENTAL METHODS

Cycling Model Research Boiler Tests

Test runs were made in Research cycling boilers described elsewhere (1). For this work, four
cooled sample ports were added (Figure 1) in different sections of the fluid circulation. Two
streams with compositions given in Table 1 were mixed to give the final feedwater to the boiler.
The water was cycled up 15 times in the boiler to give a blowdown pH^s of 9.5±0.1. Nominal
operating conditions for the tests are listed in Table 2.
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Schematic of the Research Boilers Loop

Research Boiler Schematic Detail
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Figure l(a): Schematic of the cycling research
model boiler.

Figure l(b): Research boiler schematic
detail.

Particle size and the total iron concentration of the collected samples were determined. Sampling
was performed so as not to disturb the water flow in the boiler. Particle size was measured with
a Coultier N4 Plus, which provides particle size measurements from 3 to 3000 nanometers using
a light scattering method. Software provided by the manufacturer calculates the diffusion
coefficient which is related to the particle size by the Stokes-Einstein equation. The analysis
assumes that the particles are spherical. Total iron concentration in the sample was determined
by Inductively Coupled Plasma Emission Spectroscopy (ICP).

The boiler water chemistry was adjusted so that only the anions, cations and iron oxides existing
in a typical PWR steam generator were present in the boiling liquid phase. Boiler pH was
controlled using 3-methoxypropylamine (MOPA). Carbon dioxide dissolved in distilled water
was used to produce and introduce soluble iron as iron carbonate from a corroding mild steel
coil. Carbon dioxide flashes to the vapour phase in the boiler and leaves the iron behind in the
form of precipitates of various iron oxide corrosion products. The corrosion products, thus
formed, are cycled up and aged in an amine environment.
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Table 1: Composition of streams 1 and 2 used for boiler feedwater.

Mass Flow (%)
MOPA (mg/kg)
Hydrazine (mg/kg)
Oxygen (mg/kg)
Dispersant (mg/kg)
pH25

Iron (mg/kg)

Stream #1
60
10
1

<0.30±0.10
0-1.33

9 .0 - 9.5
-

Stream #2
40

<0.002

5
soluble = 2 - 3
total = 2.2 - 3.3

At the end of each test, the heated portion of the probes was subjected to a wet chemistry
treatment. This treatment consisted of immersing the probes first into a known volume of
concentrated HCI solution, then into concentrated HF, and finally scraping them with a plastic
spatula to remove insoluble species. The solutions were filtered and the filter paper dried and
weighed. The acid solutions were sent for chemical analysis using ICP. The ICP results,
weighed insolubles, and the area of the heated portion were used to calculate the deposit weight
density (DWD).

The deposit obtained in all cases was 40 to 60% acid soluble. The remaining insoluble residue
was sent for X-ray diffraction analysis to determine the phase composition and energy dispersive
X-ray analysis (EDX) to ascertain the elements present.

The sample streams were monitored daily for soluble and total iron. Using these data and the
total sample flow, the total iron in the cycled up boiler water was calculated. The iron transport
is defined as the ratio of the iron removed by blowdown to the total iron injected into the boiler.
For the boiler runs with PIPPA, both ortho and total phosphate were also measured in the boiler
blowdown samples.

Table 2: Nominal experimental conditions for the model research boiler tests.

Pressure
(MPa)

6.2

Heat Flux
(kW/m2)

790

Steaming Rate
(kg/h)

8.3±0.4

Residence Time
(h)
8.3

Running Time
(h)
69

Radiotracer Tests: Initial Particle Deposition Rate

Details of the experimental methods and analyses used to deduce particle deposition rates from
radiotracers injected into the loop flow are reported elsewhere (2,3), and are only briefly
summarized here. The deposition tests were performed under both single-phase, forced-
convective flow and flow-boiling conditions in the H-3 high temperature loop located at CRL. A
schematic of the loop is shown in Figure 2 and loop operating conditions are shown in Table 3.

All deposition tests were performed using an Inconel 600 heated test section. The test section
was rinsed with hexane and methanol and preconditioned under test conditions for 48 hours
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prior to the start of each run. Corrosion product was simulated using 0.25 ^m particles of
magnetite, synthesized by the controlled oxidation of a ferrous hydroxide precipitate (4).
Magnetite was irradiated in the NRU reactor at CRL to active 59-Fe and continuously injected
into the loop as a suspension at a location approximately 2 meters upstream of the heated test
section. Back-washable filters were placed downstream of the test section to prevent the
activated corrosion product from being transported around the loop. The pH of the loop water
was adjusted to 10 using morpholine. The hydrazine concentration was maintained between 50
and 100 |xg/kg and the oxygen concentration was generally less than 10 Jig/kg. The suspension
of radioactive magnetite was equilibrated with morpholine at pH 10 prior to injection.
Dispersant was added to the loop about one hour prior to injecting the magnetite.

Sample Sample
Filter Cooler

Slurry Tank

Nitrogen

Slurry Addition Pump

Schematic of the
H —3 Fouling Loop
(B-250)

Figure 2: Schematic of the H-3 loop used for the deposition tests.

Loop samples were taken at regular intervals during each test and filtered hot through silver
membrane filters with 0.2 [im pore size to determine the particle concentration in the loop. The
filtrate was analyzed for dissolved oxygen, hydrazine, and pH. Concentration of PAA and
PIPPA dispersants was determined by gel permeation chromatography. No analytical method
was available for HEME, so its concentration in the loop water was calculated based on the
amount of stock solution that was added to the loop. At the end of the run, the test section was
removed from the loop and cut into a number of 30-mm sections. The deposit mass and
corresponding deposition rate was calculated from the measured radioactivity of 59-Fe on each
section.

A normalized deposition rate, p2<j>K2(|), was calculated from the measured deposition rate using:

dm
(1)
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The boiling deposition coefficient, at was calculated from the deposition rate constant,
using [5]:

_p2,Hf_g(\-X)K2,
(2)

Steam quality was calculated as a function of distance along the test section using:

FL
Hf

(3)

The boiling deposition coefficient is the more fundamental parameter because it factors out the
effect of system parameters such as heat flux, mixture density, and steam quality.

Table 3: Nominal loop operating conditions for the radiotracer deposition tests.

Pressure
(MPa)

5.6

Heat Flux
(kW/m2)

250

Mass Flux
(kg/m2s)

300

Re (X=0)

30,500

Velocity (X=0)
(m/s)
0.34

Outlet
Quality

10%

RESULTS

Cycling Model Research Boiler Tests

Deposit on the heated probes was adherent and of a powdery, semicrystalline nature. The
dominant color was black with occasional dark maroon bands. Table 4 lists the results of the X-
ray diffraction analyses of the insoluble deposits, and shows that the phase composition varied
with chemical treatment. Whereas the dominant crystalline phase was magnetite in runs either
without dispersant or with PIPPA, there was a trend toward increasing hematite formation with
HEME and PMA dispersants.

Deposit control results for PMA, PIPPA, and HEME are shown in Figure 3. The average DWD
for the runs without dispersant served as the reference for the other tests. The concentration scale
in Figure 3 is expressed as the molar ratio of the repeating unit in the polymer to the total iron.

Table 4: Phase Composition of deposits for different boiler water chemical treatments.

Magnetite (%)
Hematite (%)

-
97

Dispersant
PMA
40±10
50±10

PIPPA
95-97

-

HEME
91
9
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concentration of the dispersant in the boiler for
the three dispersants. The results show PMA
and PIPPA to be more effective at reducing
corrosion product deposition on the heated
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Figure 3: Deposit control results for PMA,
PIPPA, and HEME.

Figure 5 shows the % iron transport as a
function of polymer concentration in the boiler.
PIPPA is clearly the most effective dispersant,
with over 25% of the injected iron transported

out at a dispersant concentration of 10 mg/kg. PMA is less effective, with just over 10% of the
injected iron transported out of the boiler at a dispersant concentration of 10 mg/kg; HEME
appears to be the least effective with less than 10% transport at this concentration.
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The dispersants also had an effect on the particle size distribution of the corrosion products
formed in the boiler, as shown in Table 5. In each case, the particle size distribution in the
presence of dispersant was bimodal, with some fraction of the particles being formed at an
average size that was 6 to 30 times smaller than in the absence of dispersant.

Table 5: Effect of dispersant on particle size of corrosion products formed in the boiler.

Blank
PMA

PIPPA

HEME

Average Size
((Am)

0.6±0.2
0.70+0.10(50%)
0.08±0.01(50%)
0.20±0.10(98%)
0.02+0.01(2%)
0.60+0.20(60%)
0.1010.02(30%)

%>2 |nm

4-30
0-4

0

0-6

Bimodal

No
Yes

Yes

Yes

Radiotracer Tests: Initial Particle Deposition Rate

Figure 6 shows magnetite deposition data for a test with 10 mg/kg of PMA dissolved in the test
loop. The radiotracer data from the on-line y-ray detector is shown in Figure 6 (a). Injection of
the active suspension of magnetite started at t = 0. Thereafter, the radioactivity of the heated test
section increased steadily over the next 10 hours, signifying a constant rate of particle deposition.
Deposition stopped at t = 10 h when the injection pump was switched off and the deposit mass
remained constant with continued loop operation over the next 18 h, signifying a negligible rate
of particle removal.

Figure 6(b) shows both the normalized particle deposition rate and wall superheat temperature
versus mixture quality for the test with 10 mg/kg PMA. This is an example where the addition of
dispersant had a negligible effect on the particle deposition rate. The normalized deposition rate
was relatively low for mixture qualities less than -0.2, where the heat transfer mode is single-
phase, forced-convection. With the onset of subcooled nucleate boiling at X = -0.2, the
deposition rate started to increase dramatically with increasing mixture qualify and reached a
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plateau for X = -0.1 to 0. With the attainment of saturated nucleate boiling at X = 0, the
normalized deposition rate started to decrease gradually with increasing mixture quality. A
second set of measurements on adjacent 3-mm lengths of the test section showed that the trend
with X was real.
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Figure 6(a): On-line radiotracing data for
magnetite deposition with 10 mg/kg PMA.

Figure 6(b): Normalized deposition rate and wall
superheat versus mixture quality with 10 mg/kg PMA.

Figure 7 shows an example where the addition of dispersant, in this case 10 mg/kg of PIPPA, had
a significant effect on the particle deposition rate. The on-line radiotracing data are shown in
Figure 7(a). Again, the level of radioactivity on the test section increased linearly with time once
injection of the active magnetite suspension was started at t = 0. There was a slight increase in
the activity on the test section after the injection pump was switched off, suggesting some
movement of active corrosion product from one part of the loop to another. The normalized
deposition rate and wall superheat are shown in Figure 7(b). There was no increase in the
particle deposition rate with the onset of subcooled nucleate boiling at X = -0.2, and, apart from a
"spike" near X = -0.1, the normalized deposition rate remained low throughout the saturated
nucleate boiling regime up to a mixture quality of X = 0.1. Repeat measurements on adjacent 3-
mm lengths of the test section showed that the "spike" near X = -0.1 was quite localized, with
adjacent pieces of tubing having significantly different levels of radioactivity. This suggests that
the spike may be the result of some local contamination after the test was completed.

The results of all the tests are shown in Table 6. Included in the table for comparison are
normalized deposition rates and wall superheat temperatures for two runs under similar operating
conditions but without the addition of a dispersant. The presence of dispersant had no significant
effect on the magnitude of the normalized deposition rate under single-phase, forced-convective
flow. In one case (HEME 10 mg/kg), the rate was actually higher in this regime. Under flow-
boiling conditions, however, PIPPA at 10 mg/kg and HEME at 20 mg/kg reduced the particle
deposition rate by factors of 10 and 20 respectively. PMA was not effective under flow-boiling
conditions at concentrations of either 10 or 20 mg/kg.

Also shown in Table 6 for each of the tests is the boiling deposition coefficient, at,, which is
equivalent to the fraction of magnetite deposit per kg of liquid evaporated at the heat transfer
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surface. In the reference cases, i.e., pH 10 adjusted with morpholine, about 1% of the particles
that are transported by convection to the heat transfer surface actually deposited when the liquid
was vaporized. The presence of PIPPA at 10 mg/kg reduced this to approximately 0. 1%, and
HEME at 20 mg/kg reduced the fraction further to approximately 0.05%. Table 6 also shows
that all of the dispersants reduced the wall superheat for bubble nucleation, regardless of whether
they had any effect on the particle deposition rate.
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Figure 7(a): On-line radiotracing data for
magnetite deposition with 10 mg/kg PIPPA.

Figure 7(b): Normalized deposition rate
and wall superheat for 10 mg/kg PIPPA.

Table 6: The effect of selected dispersants on the normalized
deposition rate and wall superheat temperature.

Dispersant

PMA
10 mg/kg

PMA
20 mg/kg

PIPPA
10 mg/kg
PIPPA

10 mg/kg
HEME

10 mg/kg
HEME

20 mg/kg

Normalized Deposition Rate, pK (kg/m2s)

average for X<-0.2
single-phase

"1.6X10"4

•1.6X104

1.6X10-4

0.79X10-4

1.2X10"4

0.95x10"4

7.4x10"4

1.0x1 a4

average for 0<X<0.12
saturated nucleate boiling

1.9xl0-J

1.7xlO"3

2.0x103

1.2xl0-J

2-OxlO"4

1.6X10"4

1.7xlO'3

8.3xl0"5

ab (average)

0<X<0.12

l.lxlO"2

0.99xl0"2

l.lxlO"2

O.72xlO"2

0.12xl0"z

0.090xl0"2

0.94xl0"2

0.049xl0"2

Superheat
(°C)

7.5
8.5
7.2

6.1

6.9

6.1

6.8

5.5
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DISCUSSION

We have used two independent, complementary methods to assess the effectiveness of
dispersants in preventing tube deposition under boiler operating conditions. In the research
model boiler cycling tests, the corrosion products were formed in-situ in the presence of
dispersant, thus capturing the effect of the dispersant on the particle size. The effectiveness of
the dispersant in preventing tube deposition was assessed on the basis of both the percentage of
iron that was removed from the boiler by "blowdown" and by the deposit weight density (DWD)
in tests lasting up to 69 hours. For the radiotracing tests in the H-3 loop, preformed corrosion
product was injected into the loop. The particle deposition rate was then measured under both
single-phase, forced-convective flow and flow-boiling conditions on a heated test section
immediately downstream from the point of injection. This latter method measured the effect of
the dispersant on the early stage of particle deposition in 10 hour tests before much deposit had
formed on the heated surface. It also provided useful information about the rate of particle
removal, or re-entrainment, from the heat transfer surface.

All three dispersants had an effect on the particle size of the corrosion products formed in the
boiler, producing a bimodal particle size distribution with one size fraction 6 to 10 times smaller
than the other. In addition, PIPPA shifted the size of the larger particles from 0.7 to 0.2 um,
whereas with PMA and HEME the larger particles were about the same size as those formed
without dispersant. A reduction in particle size will reduce the rate of gravitational settling in the
boiler, which may have contributed to the increased iron transport in tests with dispersant. The
three dispersants also reduced the extent of fouling on the heated probe in the model boiler tests
and increased the rate of iron transport out of the boiler. Both PMA and PIPPA reduced the
DWD between 3 and 4-fold at a dispersant concentration of 10 mg/kg, while HEME reduced it
about 2-fold. Thus, PMA and PIPPA proved to be more effective at preventing deposition on the
heated probe than HEME. The iron transport data showed a significantly higher iron transport
rate out of the boiler with PIPPA than with either HEME or PMA, whereas one would have
expected PMA and PIPPA to show comparable iron transport rates based on the DWD results.
However, it should be noted that corrosion product that does not deposit on the heated probe will
either settle out somewhere in the boiler or be removed by "blowdown." The particles formed in
the presence of PIPPA tended to be smaller than those obtained with the other dispersants.
Smaller particles have a lower settling velocity than larger ones, which will favour their removal
by "blowdown" as opposed to settling out in low flow regions of the boiler.

The radiotracer tests in the H-3 loop gave complementary information which provides insights
into the mechanism by which dispersants may control particle deposition. In the H-3 tests, PMA
did not reduce the particle deposition rate under flow-boiling conditions, whereas both PIPPA
and HEME did. In addition, PEPPA and HEME reduced the deposition rates significantly more
in the H-3 tests than might have been expected from the model boiler runs. Finally, the
radiotracer deposition tests in H-3 loop testing showed clearly that dispersants which reduced the
deposition rate under flow-boiling conditions still had no effect on the deposition rate in single-
phase, forced-convection.

789



For the H-3 tests, the dispersant was added only to the loop makeup tank (see Figure 2) and not
to the slurry tank which contained the radioactive suspension of magnetite particles. This was
done deliberately to minimize the time available for the dispersant to adsorb onto the surfaces of
the particles. In this way, we could test the hypothesis that dispersants affected particle
deposition through some aspect of the boiling process rather than through adsorption onto the
surface of the particle. That dispersants which reduced the particle deposition rate under flow-
boiling conditions had no impact under single-phase, forced-convection flow supports this
hypothesis. This might not be the case for PMA, however, which reduced corrosion product
deposition in the model boiler but not in the H-3 loop tests. The lack of a clear correlation
between wall superheat temperature and deposition rate also suggests that the relationship
between boiling and deposition is not very simple.

All three dispersants reduced deposition in the model boiler tests, whereas only PIPPA and
HEME (at 20 mg/kg) reduced the deposition rate in the H-3 loop tests. The model boiler tests
were designed to replicate the field conditions as closely as possible. Thus, the effect of
dispersants on the nucleation and growth of the corrosion products was captured in the model
boiler tests. Also, there was sufficient residence time in the boiler for the dispersant to influence
deposition through both adsorption and modification of the surface tension of the liquid/vapour
interface of the growing steam bubbles. Although model boiler tests provide a good simulation
of how dispersants will perform in a field application, they do not necessarily provide a
determination of the mechanism controlling deposition. In the H-3 loop tests, preformed
corrosion product is injected into the loop and the deposition rate measured at a location
immediately downstream of the injection point. Although these tests do not replicate the field
conditions exactly, they enable one to examine the importance of specific mechanisms on the
deposition process. Both tests identified PIPPA as an effective deposit control agent; the results
from the H-3 tests suggest that the mechanism for deposit control is related to the effect of
PIPPA on surface tension. PMA performed well in the model boiler tests, but was ineffective in
the H-3 tests. Thus, surface adsorption may be a more important factor in determining the
effectiveness of PMA as a deposit control reagent than surface tension. Identification of the
mechanism responsible for deposit control is important, and can ultimately be used to help
optimize specific properties of the dispersant molecule for effective use in the field.

In addition to reducing tube bundle deposition and increasing iron transport through the boiler
via "blowdown," dispersants may also alleviate (to some degree) the negative impact of thermal
performance degradation in nuclear power plants by reducing the wall superheat temperature for
bubble nucleation in a steam generator (See table 6). The average wall superheat in the H-3 tests
was 1.6°C lower in the tests with dispersant. In a PHWR CANDU plant that operates at constant
boiler pressure, this would result in a 1.6°C reduction in the primary coolant temperature. In a
PWR plant operating at constant primary coolant temperature, this reduction in wall superheat
temperature would increase the boiler pressure by approximately 0.24 MPa (-34 psig). In both
cases, this corresponds to a significant fraction of the "fouling margin" allocated to the steam
generator at the design stage to take account of all factors that will contribute to a loss in thermal
performance throughout the plant life.
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NOMENCLATURE

ab = boiling deposition coefficient
1 = distance along test section (m)
m = deposit mass (kg/m2)
q = applied power (kW)
q = heat flux (kW/m2)
t = time (s)

C = concentration (kg/kg)
F = flow rate (kg/s)
H = enthalpy (kJ/kg)
K = deposition rate constant (m/s)

L = test section length
X = mixture quality

p = density

Subscripts

2<J> = two-phase
f-g = vaporization
in = inlet
sat = saturation

(m)

(kg/m3)
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POLYMERIC DISPERSANTS FOR CONTROL OF STEAM GENERATOR FOULING

P.V. Balakrishnan1, S.J. Klimas1, L. Lepine2 and C.W. Turner1

ABSTRACT

Fouling of steam generators by corrosion products from the feedtrain leads to loss of
heat-transfer efficiency, disturbances in thermalhydraulics, and potential corrosion problems
owing to the development of sites for localized accumulation of aggressive chemicals. This paper
summarizes studies of the use of polymeric dispersants for the control of fouling, which were
conducted at the Chalk River Laboratories. High-temperature settling studies on magnetite
suspensions were performed to screen available generic dispersants, and the dispersants were
ranked in terms of their dispersion efficiency; poly acrylic acid (PAA) and the phosphonate -
HEDP - were ranked as the most efficient. Polyacrylic acid was considered more suitable than
HEDP for nuclear steam generators and more emphasis was given to the former in these studies.
The dispersants had no effect on the particle deposition rates under single-phase forced-
convective flow, but did reduce the deposition rates under flow-boiling conditions. The extent to
which the deposition rates were reduced increased in proportion to the dispersant concentration.
Preliminary corrosion tests indicated negligible pitting or general corrosion of steam generator
tube materials in the presence of PAA. Corrosion of carbon steel, although higher in a
magnetite-packed crevice under heat flux than in bulk water, was lower in the presence of PAA
than in its absence. Some impurities (e.g., sulphate, sodium) were observed in commercially
available PAA products at small, though significant concentrations, making them unacceptable
for use in nuclear plants. However, the PAA could be purified by ion exchange. Preliminary
experiments, to assess the thermal stability of PAA at steam generator operating temperature,
showed the polymer to break down in deaerated solutions and under argon cover to give
hydrogen and carbon dioxide as the 2 major products in the gas phase and variable
concentrations of acetate and formate in the aqueous phase. These results suggest that the
predominant breakdown mechanism is decarboxylation, rather than depolymerization. More
detailed studies on thermal degradation of PAA are in progress. The implications of the results
obtained so far with respect to a field trial of dispersant at a nuclear power plant are discussed.
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POLYMERIC DISPERSANTS FOR CONTROL OF STEAM GENERATOR FOULING

P.V. Balakrishnan, S.J. Klimas, L. Lepine and C.W. Turner

INTRODUCTION

During operation, steam generators become fouled by corrosion products. Deposits form on the
tubes, thereby decreasing the efficiency of heat removal from the primary coolant. The flow
holes in the steam generator tube-support structures may become plugged, resulting in
disturbances in thermalhydraulic behaviour. A sludge pile may collect on the tubesheet, which,
along with all other areas with corrosion product deposits, provides sites for solute hideout
leading to corrosion problems. The use of dispersants was seen as a possible way of controlling
the fouling. A review of the use of dispersants for fouling prevention and control identified a
number of potential candidates for such application [1]. From among the potential candidates a
few were selected for laboratory evaluation. Because fouling of steam generators can be
expected to be minimized by the effective removal of foulants by blowdown, the ability of the
candidate dispersants to stabilize a magnetite colloidal suspension was considered a measure of
the dispersant's efficiency for fouling control. Screening tests, based on measuring the settling
rate of magnetite suspensions, were performed to rank the candidate reagents first at room
temperature and then at 250°C [2]. A polyacrylic acid (PAA) and a phosphonate (hydroxyethyl
diphosphonic acid - HEDP) were ranked the most efficient. Because phosphate is considered
undesirable in steam generators because of possible corrosion concerns, the primary focus was
placed on PAA reagents. This study describes further high-temperature dispersion studies,
preliminary studies on corrosion of steam generator materials, studies on iron oxide deposition
on heat-transfer surfaces and an examination of the hydrothermal stability and breakdown
products.

DISPERSION STUDIES

The dispersion efficiency was determined using the settling test procedure [2]. A colloidal
suspension of the corrosion product oxide (magnetite in this study), containing the dispersant
under test at the desired concentration (usually about 10 mg/kg) and morpholine to give the
desired pH25°c, was heated in a 2-L Hastelloy-C autoclave to the test temperature (253°C) and
was stirred to avoid settling of the oxide during the heatup period. Once steady conditions were
attained, the stirring was stopped and liquid phase samples were drawn from the autoclave
through a cooler at intervals. The samples were dissolved in hydrochloric acid and the dissolved
metallic species (iron) were analyzed using a colorimetric (spectrophotometric) method
employing o-phenanthroline. The length of time for which the samples contained a high
concentration of iron was taken as a measure of the effectiveness of the reagent.
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Several polymers of different composition and molecular weight, obtained from different
manufacturers, were tested. For example, PAA-A is a polyacrylic acid of molecular weight
27000 and PAA-B of molecular weight about 3500. In initial tests, all the dispersants tested in
the presence of morpholine did not perform as well as they did in the tests reported earlier in the
presence of ammonia [2]. Repeat tests, performed in the presence of ammonia, were very similar
to those obtained in the presence of morpholine. This behaviour is attributed to the nature of the
magnetite used. This is seen in the scatter in the results in the several tests done on the PAA-B
(Figure 1), which was found in earlier tests to have the best dispersion efficiency. From Figure 1
it can be seen that PAA-B stabilized the magnetite suspension at about 40-60% of the original
concentration (i.e., 10 mg/kg) for up to about 8 h. In the earlier tests, PAA stabilized magnetite
suspensions at about 9 mg/kg (90% of the original concentration) for up to 24 h. The dispersion
efficiency at pH25°c 9 in presence of morpholine for the reagents tested was found to be in the
order:

Polymer-A < Polymer-B < PAA-A (MW 27000)
< Polymer-C < HEDP « PAA-B (MW 3500)
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Figure 1: Dispersion of Magnetite at 250°C -10 mg PAA-B/kg, pH25°c 9 (Morpholine).

DEPOSITION STUDIES

The two top-ranked dispersants from the settling tests were chosen for further tests to determine
their effect on particle deposition rates under single-phase forced-convective flow and flow-
boiling, representing thermalhydraulic conditions in the feedtrain and the SG, respectively. The
experimental procedures used to measure the particle deposition rates have been described
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elsewhere [3,4]. The loop used for the deposition tests is shown in Figure 1 in Reference 4.
Morpholine was used to adjust the pH, and the dissolved oxygen concentration was kept at a
negligible level (<5 ug/kg) by maintaining approximately 50 |ig/kg hydrazine in the loop. Since
the loop was run in the once-through mode, loss of hydrazine by thermal decomposition was not
significant and very little difference in the hydrazine concentration between the feed and the
effluent was observed. Table 1 lists the conditions under which the loop tests were conducted.

Table 1: Nominal conditions for the particle deposition tests under flow-boiling and single-
phase forced convection.

pH25 " loop

Loop Pressure (MPa)

Bulk Water Temperature (°C)

Heat Flux (kW m'2)

Mass Flux (kg m"2 s"1)

Reynold's number at 0 quality

Exit quality
Magnetite Concentration (mg kg'1)

Flow-Boiling

9.2-10.1
3.9-4.1

249 - 252
98 - 134

135 - 222
16500 - 21000

<20%
0.03 - 4.5

Forced-Convection

9.5 - 10.3
5.6 - 5.8

190-230
86-111
263 - 283

18500 - 24500

-

0.15-1.5

Based on the high-temperature settling tests, PAA and HEDP were selected for loop tests to
determine their effect on particle deposition rates. Separate deposition experiments were
performed using PAA with molecular weights of 3500 (PAA-B), 5000 (not included in the
settling tests), and 27000 (PAA-A). A suspension of colloidal radioactive magnetite was injected
continuously into the loop at a rate sufficient to maintain about 1 mg/kg of magnetite in
suspension during each run. For most tests in the series, one half of the dispersant was added to
the suspension tank to equilibrate with the active magnetite before injection into the loop, and the
other half was added to the loop water before the start of the run. The exceptions were the tests
with PAA at concentrations of 10 mg/kg and 20 mg/kg (see Table 2), where all of the dispersant
was added to the loop water before the injection of magnetite. Deposition on the heated test
section throughout each run was monitored by an on-line high-efficiency y-ray detector.

The results of the deposition tests are shown in Table 2. For simplicity, the deposition rates have
been normalized to the average rate measured in the absence of dispersant. The results under
flow-boiling conditions have been separated into 2 categories: saturated nucleate boiling with
zero net steam quality, and saturated nucleate boiling, averaged over a range of steam qualities
from 0 to 20%.

The presence of either low molecular weight PAA or HEDP did not have a significant effect on
the magnetite deposition rate under single-phase forced-convective heat transfer conditions.

795



Particle deposition under these conditions can be modelled as a 2-step process: transport from the
bulk to the vicinity of the wall, followed by attachment to the wall. The rate of attachment to the
wall is strongly dependent on the relative surface charges of the particle and the wall material.
Under conditions where the surface charges are the same sign, there will be a repulsive force
acting between the particle and the wall. Thus particles must first acquire sufficient kinetic
energy from the fluid to overcome the force of repulsion before they can become attached to the
wall. It has been shown experimentally that surface repulsion can lower the particle deposition
rate by up to an order of magnitude [5,6].

Table 2: Effect of PAA and HEDP on the particle deposition rate of colloidal magnetite under
single-phase forced-convection and flow-boiling heat-transfer conditions.

Concentration
(mg/kg)

Normalized Deposition Rate
Single-Phase

Forced Convection
Flow Boiling

X = 0 0 < X < 20
PAA-B Low molecular weight (MW « 3500 - 5000)

0.2
0.6
6.0

10
20

0.9
6.0
1.5
-
-

0.71
0.82
0.40
0.30
0.17

-
-
-

0.35
0.20

PAA-A Medium molecular weight (MW « 27000)
0.6
6

-
-

0.45
2.4

0.30
0.92

HEDP
0.6
6

1.06
1.9

0.32
0.18

0.28
0.065

X = steam quality (%)

In the tests performed under single-phase forced-convection, one might have expected PAA and
HEDP to have reduced the rate of particle deposition by adsorbing onto the surface of the
particles. However, previous work has shown that, even without dispersants, the deposition rate
of magnetite particles in high-temperature alkaline water is significantly reduced by the force of
surface repulsion [3]. In addition, it was inferred from this earlier work that the surfaces of both
magnetite and Inconel 600 are negatively charged in alkaline water. Although PAA and HEDP
are both weak acids, they are appreciably dissociated under basic conditions, to produce anionic
species. Thus the evidence suggests that not only is there already a strong repulsive force acting
between magnetite and the surface of Inconel 600 in high-temperature alkaline water that limits
the particle deposition rate even in the absence of dispersant, the negative charge on these
surfaces will impede the adsorption of the anionic forms of PAA and HEDP and diminish any
further effect they might have had on the particle deposition rate. However, there is clearly
enough adsorption of the dispersants on magnetite to have a positive effect on dispersion, as seen
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from the settling tests. This apparent discrepancy between the results of deposition tests and
settling tests is yet to be resolved.

Both HEDP and PA A had a significant effect on the particle deposition rate under flow-boiling
conditions. Although the reduction in deposition rate was marginal for the low molecular weight
PAA at concentrations <1 mg/kg, substantial reductions in deposition rate were achieved for
polymer concentrations >6 mg/kg. The effectiveness of the low molecular weight polymer was
essentially constant over the range of steam qualities examined. The medium molecular weight
polymer (MW = 27,000) was relatively effective at reducing the particle deposition rate when used
at a concentration of 0.6 mg/kg, but it appeared to be less effective at 6 mg/kg. The results in the
latter case, however, are dominated by the high deposition rates measured near zero steam quality,
and more tests need to be done to better assess the effectiveness of this polymer as a deposit
control reagent. HEDP was more effective on a weight basis than PAA at reducing the particle
deposition rate under flow-boiling conditions, and appears to increase in effectiveness as the steam
quality increases.

The mechanism by which the dispersants reduce the deposition rate under flow-boiling conditions,
but not under single-phase forced-convection, is unclear at this time. Perhaps boiling at the heat-
transfer surface concentrates the dispersant so that it adsorbs onto the magnetite particles
sufficiently to affect the deposition rate. Alternatively, the dispersant may affect the surface tension
of the steam-water interface and, thereby, affect the bubble nucleation and growth process in such a
way that the particle deposition rate is altered. In this context, it is perhaps significant that the wall
superheats for bubble nucleation were generally lower by 1°C in the runs with dispersant.

CORROSION STUDIES

Preliminary tests were done to assess the corrosivity of PAA and its hydrothermal decomposition
products towards CANDU steam generator materials. For these tests, Alloy 600, Alloy 800 and
carbon steel A508 Class 2 were chosen. Coupons of these materials (1.5 cm x 1 cm x 0.1 - 0.15 cm)
were exposed for periods up to 5 weeks to solutions at 250°C containing PAA-B (MW 3500)
(10 mg/kg) and morpholine (pH25°c = 9.0) in an autoclave set up as shown in Figure 2. Some of the
coupons were placed in magnetite in the cup located on the thermowell carrying the cartridge heater.

The extent of corrosion was determined from the weight change of the coupons and from visual
examination. The observed weight change was used to calculate the corrosion rate of the
materials. The results so obtained are given in Table 3. A slight increase in corrosion of the
Alloy 600 and Alloy 800 coupons was apparent, both in the bulk water and in the heated crevice.
The negative corrosion rate values in Table 3 for some samples of these alloys are probably results
of small amounts of foreign matter (e.g., magnetite) adhereing to the coupons giving apparent
weight gains. Examination in an optical microscope at a magnification of 40X revealed no
noticeable signs of localized corrosion. However, susceptibility of these materials to intergranular
attack and stress-corrosion cracking is yet to be examined. Carbon steel corrosion was
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significantly increased in the magnetite-packed heated crevice compared to the bulk. Obviously,
the oxide in the crevice produced an oxidizing environment for carbon steel. However, corrosion
in the tests that used the PAA was lower than in those that did not use the PAA; the dispersant and
its thermal degradation products appear to have an inhibitive effect. It should be noted that in these
tests the PAA solution was not replenished, so extensive decomposition would have occurred
during the course of the tests. The results of the preliminary corrosion tests suggest that no adverse
effects are to be expected on steam generator materials that would preclude testing polyacrylate
products in the steam generator.

Cooling Coil
Cartridge Heater

Thermowell

Cup packed with magnetite

^ Test Coupons

Figure 2: Autoclave setup for corrosion testing.

-2
Table 3: Corrosion rate (mg dm" .d) of steam generator materials in presence of PAA-B at

250°C in crevice and bulk water environments

Material

Alloy 600

Alloy 800

CS A508 cl2

No Dispersant

Crevice
330 h

0.0

0.0

25.1

Bulk
330 h

0.0

-0.13

2.9

10 mg/kg PAA (MW 3500)

Crevice
330 h
0.11

0.19

6.7

718h

-0.02

0.03

11.9

Bulk
330 h

-0.04

0.09

1.1

718h
0.03 ± 0.06

0.01

1.3 ±0.6
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THERMAL DECOMPOSITION STUDIES

The preliminary studies at the Chalk River Laboratories showed the PAA reagents tested to be
very unstable in high-temperature (250°C) water in the presence of air [2]. In deaerated
solutions, however, the polymers of interest decomposed more slowly with decomposition half-
lives that are comparable to the estimated residence time of the polymer in the SG. Gurkaynak et
al. studied the decomposition of a 6000 molecular weight PAA in water as a function of pH,
ionic strength and temperature [7]. They concluded that the degradation proceeded by a first-
order decarboxylation mechanism, which is greatly affected by the pH and to a lesser extent by
the ionic strength. The results of preliminary studies at the Hydro-Quebec laboratories on
decomposition of PAA solutions at high temperatures are described below.

The sodium salt of a PAA standard (average molecular weight 5660) purchased from American
Polymer Standards Corporation (Mentor, Ohio) was used. The tests were done in a 2L stainless-
steel-316 pressure vessel equipped with a liquid dip (sampling) tube. The PAA solution
(50 mg/kg) was placed in the vessel and was degassed by purging with argon for at least 5 min,
followed by a succession of argon-purge and vacuum-depressurization cycles. The reactor was
then pressurized at 414 kPa with argon and heated at the desired temperature for the required
length of time. Samples were drawn during the course of the experiment through the sampling
tube into a 40 mL stainless-steel-316 cylinder without cooling down the pressure vessel. The
sampling cylinder was previously rinsed with water, then flushed with argon- and vacuum-
purged. At the end of the experiment, the pressure vessel was cooled down, and a gas sample
was taken through the vent valve and analyzed.

The PAA analysis was performed by size exclusion chromatography (SEC) using differential
refractometer and photodiode-array absorbance detectors and a TSK G3000PW column with
demineralized water as eluent at a flow rate of 1.0 mL/min. Organic acids were analyzed by ion
chromatography using an AS6 anion exclusion column as the analytical column, with
heptafluorobutyric acid (0.8 mM) as eluent at 1.0 mL/min and an anion micro membrane
suppressor placed after the column with a tetrabutylammonium hydroxide (5 mM) solution
circulating at 5 xnL/min. The gas phase was analyzed by gas chromatography, at conditions
described elsewhere by Jalbert et al. [8]. The gas-phase sample was taken in a 20 mL vial
previously flushed with argon and vacuum-purged, after cooling down the pressure vessel to a
temperature of ~80°C.

Three tests have been performed so far at 220, 240 and 260°C. The results of the gas-phase
analyses at the end of the 3 runs are presented in Table 4. The 2 major products are hydrogen
and carbon dioxide, with traces of some light hydrocarbon compounds (ethylene, methane and
propane). The presence of carbon dioxide is in agreement with the decarboxylation mechanism
proposed by Gurkaynak et al. [7]. In addition, however, we observed the formation of hydrogen,
which suggests a free-radical mechanism, such as the one presented in Figure 3, that would
produce some unsaturated double bonds on the polymer chain. This mechanism is consistent
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with the observation, during the SEC analysis, of the increased molar absorptivity in the low UV
range for the PAA peak.

The liquid phase was sampled at the beginning and at different intervals during the experiments.
As shown in Figure 4, the SEC analyses showed a gradual reduction in the PAA peak (retention
time: 5.3 min) and new shoulder and peaks at slightly longer retention time. This means that the
degradation products have smaller effective radii in solution than the original PAA does, which
would be the case for a decarboxylation mechanism, because it reduces the repulsion between the
charges on the polymer and consequently the effective radius in solution.

Table 4: Analysis of the breakdown products from the thermal degradation of PAA
(Molecular Weight 5000)

Temperature (°C) -»
Duration (h) —»

Gas phase:

Hydrogen H2
Carbon dioxide CO2
Ethylene C2H4
Methane CH4
Propane C3H8

Liquid phase:

Acetate as CH3COOH
Formate as HCOOH
Glycolate as HOCH2COOH

220
140

240
143

260
168

Concentration (ppm v/v)

2358.9
38.6

2.5
2.8
1.7

2547.1
333.7

1.8
1.8
1.5

3398.1
612.5

7.8
3.7
3.6

Concentration (ng/kg)

124 - 1406
37 - 475
0-135

195 - 638
123 - 248

0-65

185-2064
54 - 391
0-169

The ion chromatographic analyses indicated the formation of acetic, formic and glycolic acids;
acetic acid being the most abundant. Their concentration levels fluctuated considerably during
the course of each of the experiments. Table 4 gives the minimum and maximum values
measured at different stages during the experiments, which are only meant to provide a rough
estimate of the concentration of these acids that could be formed from PAA degradation.
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Figure 3: Mechanism for the loss of H2 and CO2 during the thermal degradation of PAA
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Figure 5 presents the rate of degradation of the PAA (M.W. 5000) standard for the 3 tests at 220,
240 and 260°C, as determined by the height of the PAA peak in the SEC analysis. Only the
result at 240°C shows a somewhat linear relation in the logarithmic plot, as expected for a first-
order reaction. There is also no logical trend from the lowest to the highest temperature.
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Figure 4: SEC chromatogram of PAA (M.W. 5000) during the thermal degradation at 260°C
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Figure 5: Degradation rate of PAA (M.W. 5000) standard in deaerated water
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The degradation tests were run at near neutral pH, under which condition PAA would ionize
partially, because PAA is a weak acid. The effect of pH on the decomposition of PAA was not
appreciated at that time. Gurkaynak et al. have observed that un-ionized PAA decomposes at a
faster rate than the ionized form [7]. The lack of coherent data on the degradation rate and the
highly variable amount of organic acids measured during the course of our tests might be
explained by the presence of varying amounts of ionized and un-ionized PAA, because the pH of
the solution was in a region were small changes in pH would cause large variations in the
degradation rate. Further experiments, with the pH adjusted high enough to fully ionize the
PAA, will be required to obtain enough coherent data to determine the expected degradation rate
under steam generator chemistry conditions.

PURIFICATION OF PAA

Analysis of the commercially available PAA reagents (e.g., PAA-B) by ion chromatography and
inductively coupled plasma (ICP) emission spectrosopy showed that they contained significant
amounts of impurities, notably sulphur. The sulphur is present mainly as sulphate, since the total
sulphur content as obtained from ICP analysis and the sulphate analysis by ion chromatography
gave essentially identical results. The presence of sulphate in the PAA is due to the use of
persulphates as polymerization initiators during the production. Sodium is present even in the
ammonia form of these reagents. Impurities at the levels determined in the reagents would be
unacceptable for use in steam generators, since this would cause the concentration of the
impurities to exceed the specifications. Obtaining pure PAA either directly from the suppliers or
by purifying by suitable means was considered essential, before these products could be
considered for use in nuclear steam generators.

Tests were done on ion exchange purification of two PAA products, PAA-B and PAA-C, from
different suppliers. The second one, PAA-C, was produced using a sulphur-free polymerization
initiator and, hence, is not expected to contain any suphur impurity. Cation exchange resin in the
ammonium or hydrogen form was tried for removal of sodium and other metallic cations. Anion
exchange resin in the hydroxide form was tried for removal of sulphate and other anionic
impurities. The tests were done using solutions which did not usually contain more than 10%
PAA. The results for the products in the as-received condition and after the ion exchange
purification are given in Table 5 normalized to the neat product (i.e., 100% PAA). Where the
results are shown as less than some value, that value was the detection limit for the analysis at the
particular concentration of the test solution used. The purification tests were done using different
concentrations of the PAA reagents and, consequently, solutions over a range of concentration
were analyzed. The detection limit, thus, is reflected at different levels in the results given in the
table. The results show that the purification method reduces the impurity concentrations in the
PAA products to levels that are sufficient at least for trial tests in nuclear steam generators.
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Table 5: Chemical analysis of purified dispersants before and after purification
(Concentration of elements in milligrams per kilogram of solution)

Element
Al
Ba
Cd
Ca
Cr
Co
Cu
Fe
Pb
Li

Mg
Mn
Ni
P
K
Na
Sr
U

s

PAA-B (Unpurified)
1.5

<0.2

<6.3
5.2
4.3

<0.3
<0.3
18.9
<3
<2.6
<2

0.45
3.6

<3
<10
196

0.035
<5

1130

PAA-B (Purified)
<2.5
<0.03
<0.3

8.9
3.4

<0.25
<0.25
11.5
<2
<0.6
<2

0.67
<1
<2.5

<10
9.0

<0.025
<10
<15

PAA-C (unpurified)
<20

<20
<20
<20
<20
<1

<20

<20
<20
<20

10,200
<20

<44

PAA-C (Purified)
<0.5
<0.6
<0.6
<1.2
<1.5
<1.5
<0.5

1.4
<4
<1
<4
<7
<2
<5

<10
<2
<0.05

<20
<15

SUMMARY AND CONCLUSIONS

The high-temperature settling studies show that the polymeric dispersants examined have
sufficient dispersion ability to make them useful for minimizing fouling in steam generators,
especially for minimizing accumulation of sludge piles on the tubesheet. The phosphonate,
HEDP, and the polyacrylate, PAA, ranked best in terms of dispersion ability. Because phosphate
is not desirable in nuclear steam generators, PAA would be the preferred dispersant for plant use.

Deposition studies using the phosphonate, HEDP, and the polyacrylate, PAA, show that they do
not affect the rate of deposition on heat-transfer surfaces significantly, relative to the case without
any dispersant, if the heat-transfer mode is forced convection. However, under boiling
heat-transfer conditions the deposition rate is decreased by dispersants by 30% to 80% of the rate
with no dispersant. The effect increased with increasing dispersant concentration and increasing
steam quality. HEDP is more effective than PAA. How the dispersants affect oxide deposition
on the heat-transfer surfaces - whether by altering the surface charges or by altering the fluid
properties, such as surface tension - is not at present clear.

Preliminary corrosion tests do not show significant effect of PAA and its degradation products on
corrosion of steam generator materials. A slight inhibitive effect was seen towards carbon steel
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corrosion. A very slight increase in the general corrosion rate of steam generator tube materials
(Alloy 800 and Alloy 600) was noted, but no localized corrosion is observed. More detailed
corrosion studies are planned.

PAA undergoes rapid degradation in high-temperature water in the presence of air. Preliminary
studies in deaerated water indicated PAA to be sufficiently stable for plant use. More detailed
studies show that PAA degrades in high-temperature water through a decarboxylation
mechanism rather than by depolymerization. Hydrogen and carbon dioxide, as well as acetate
and formate, are the major degradation products. If dispersant adsorption is important in fouling
control, the loss of the carboxyl group in the PAA by thermal decomposition could lead to loss in
efficiency of fouling control; the presence of the carboxyl group influences the surface charges.
The carbon dioxide and organic acids produced could also be a concern because of possible
corrosion in the steam generator and at the early condensation point in the turbines. Because the
decomposition kinetics is sensitive to the pH, more rigorous studies under carefully controlled
pH conditions are planned to obtain the information necessary to derive the expected usage rate
of PAA in steam generators The carbonate/bicarbonate would be determined in these studies in
addition to the analyses already performed.

Significant impurities, such as sulphate and sodium, were seen in commercially available PAA
reagents. These impurities could be removed using ion-exchange resins, to make the PAA
acceptable for plant use, at least for demonstration tests. Source of high-purity PAA products
should be identified if this technology is found acceptable for nuclear steam generators.
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APPENDIX 1

POSTER AWARD

More that 20 papers were submitted to the poster session which was open for the first two days
of the conference. The generally high quality of the posters was well received by the conference
delegates and made it a pleasant but difficult task to select a single recipient for the "Best Poster"
award. That award went to Marc Basset and his co-authors from the University of New
Brunswick for their paper titled "Deposition of Magnetite Particles onto Alloy 800 Steam
Generator Tubes". Posters were judged on their visual impact as well as the coherence,
completeness and potential value of the information. This poster exhibited all of those attributes
and will be remembered by many for the fascinating high-speed photograph of a magnetite
particle clinging to the surface of a steam bubble growing on a steam generator tube.
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APPENDIX 2

CLOSING ADDRESS

R.L. TAPPING
ATOMIC ENERGY OF CANADA LIMITED

CONFERENCE CHAIRMAN

This conference brought together people with a wide range of disciplines who have an interest in
steam generator design and operation. The intent of this conference, as in the previous
conferences in this series, and indicated by the program, was to show how all these disciplines
must interact effectively to achieve problem-free operation. We are learning more and more
about how to successfully manage ageing.

This management requires proactive life management strategies. These must involve a good
understanding of the degradation mechanisms that are plausible, of the projected evolution of
these in a given SG, and of how best to manage repair and remediation efficiently so that stem
generators no longer contribute significantly to outage time.

Much of the knowledge gained through monitoring is being applied to new designs. For those
with relatively little steam generator repair and remediation needs, this same knowledge can be
applied to putting in place effective maintenance strategies.

The conference revealed again that chemistry control is still a major imperative, and that if
Inconel 600 is used for tubing it is going to be very difficult to achieve design life. Nevertheless,
there are a few steam generators with Inconel 600 tubes with many years of good service. There
is still no clear understanding of the variability of Inconel 600 performance, nor whether we
should expect the same from Incoloy 800 or Inconel 690 tubing.

Given this, and the operational experience presented at the conference from around the world, it
is prudent to continue to operate nuclear steam generators as if the tubing is potentially highly
susceptible to corrosion. This implies the need for good chemistry control, adequate chemistry
monitoring, routine inspection and frequent cleaning.
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